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dsRNA segments. Most of the clones were partial copies of
the corresponding gene. A total of 16 clones for segment 4,
19 clones for segment 6, 12 clones for segment 8, and 36
clones for segment 9 were partially or fully sequenced by the
procedure of Maxam and Gilbert (15). On the average, 200
bases were read from each clone.
When a total of 16,600 sequenced bases, representing
several regions of the SAil genome (some regions were read
more than twice), were compared, differences at eight positions were observed. From this value, a frequency of one
nucleotide substitution per 2,070 bases sequenced was obtained. One of these differences in base sequence is illustrated in Fig. 1. Each difference observed is explained in
detail in Table 1.
The 16,600 bases compared amounted to only 20% of the
rotavirus genome, because these bases represented regions
sequenced 2 or more times and up to 11 times in one case (in
segment 9). The base substitution frequency obtained from
this study is similar to that reported by Domingo et al. (6) for
QB RNA using a completely different methodology. In
two-dimensional polyacrylamide gel electrophoresis of the
oligonucleotides resistant to RNase T1, they observed that
about 15% of the clones (plaque-purified phages) that were
derived from a multiply passaged QB population showed
fingerprint patterns which deviated from that of the RNA of
the total population. Since the oligonucleotides which they
examined represented only about 10% of the entire genome,
they concluded that for each nucleotide change detected
there must have been about nine not detected. Since four
different types of variant (about 16%) were found among 25
clones, they concluded that the RNA sequence of each
plaque-purified virus differed on the average by 1.6 positions
from the composite sequence of the population from which it
was derived. We used the same reasoning to analyze our
data. Sequences of about 200 bases (representing about 1%
of the rotavirus genome) were compared from each clone.
Since among 83 clones eight different types of variant (about
10%) were found, each genome in the population differs in 10
positions. If correction is made for the genome size of 4,500
nucleotides in QB (9) and of 20,000 nucleotides in rotavirus

When the base sequence for a virus type is reported, it is
customary to compare the sequence with those of different

virus types, whether obtained by the same or different
methods and investigators. For example, when two independently reported nucleotide sequences for segment 9 of the
rotavirus SAil are compared (1, 4), a total of 12 nucleotide
differences can be observed.
Because of our concern over the meaning of the base
substitutions observed among equivalent genes in rotavirus
isolates (1, 4, 7), we sequenced the same regions of the
double-stranded (ds) RNA genome of rotavirus several times
to determine the possible cause(s) for these differences.
Intrinsic differences may occur because, as originally proposed for QB RNA bacteriophage (6), the genome of each
rotavirus isolate should not be considered as a unique,
defined sequence, but rather as a weighted average of a large
number of different individual sequences. Differences in the
base sequence may also arise because of the infidelity of the
DNA polymerases employed for cloning the RNA (2). The
sequence obtained from the cloned cDNA therefore probably corresponds to one of the different individual sequences
that make up the viral genomic population. This sequence
may contain nucleotide substitutions that originated through
incorrect base pairing during DNA synthesis. In this paper,
we report that the sequences obtained from cDNA clones for
equivalent regions of the genome of a multiply passaged
population of rotavirus SAil differed in about 1 position per
2,000 sequenced bases.
SAil rotavirus was obtained form H. H. Malherbe in 1977
and has been repeatedly propagated for more than 6 years
without being plaque purified. Total genomic dsRNA was
prepared from this virus stock and, after denaturation, was
used as the template for the synthesis of cDNA by the DNA
polymerase from avian myeloblastosis virus (AMV) as previously reported (1). The cloning of this cDNA and the
selection of bacterial clones containing hybrid plasmids with
sequences of different dsRNA genes has been described
previously (1). Several clones were obtained for each of the
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The nucleotide sequences for several complementary DNA clones of the rotavirus genome were determined.
When the sequences obtained from different clones for the same regions (16,000 bases) were compared,
differences in eight base positions were observed. These discrepancies, approximately 1 in 2,000 bases, may be
due to (i) differences in individual RNA genomes resulting from multiple passages; (ii) infidelity of DNA
synthesis in the cloning procedure; or (iii) both factors. Whatever the cause, this frequency of base substitution
found in sequences of complementary DNA obtained from the same isolate should be considered when
comparing DNA sequences obtained from independent isolates. On the other hand, the frequency of base
changes observed suggests that the rotavirus genome is very conserved since the virus used for cDNA synthesis
has been continuously passaged for 6 years without plaque purification.
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FIG. 1. Sequence analysis of two different cDNA clones derived from dsRNA segment 9 of rotavirus SA1l. A portion of the sequencing
gel autoradiogram that displayed a single nucleotide change between these two clones is shown. Nucleotide 267 (marked with an asterisk) is
clearly shown to be altered from a G (clone A and the other clones of this region) to a T (in clone B, the variant clone). The sequence shown
corresponds to a cDNA copy of the plus strand of the dsRNA gene; therefore, the change in the plus strand would be C -. A. For each clone,
four sequencing reactions described by Maxam and Gilbert (15) are shown.

(3), differences of 1 per 2,800 nucleotides for QB and 1 per
2,070 nucleotides for rotavirus are observed. However,
when sequences obtained from cDNA are compared, an
additional cause for the observed differences should be
considered. In this case, nucleotide substitution may occur
TABLE 1. Nucleotide changes found in a cDNA library of
rotavirus SAl1
Gene
Nucleotide
Amino acid
Nuicleotide
Trpe hne

segment

no.-

change

4
6
6
6
9
9
9
9

305
320
385
267
311
385
527

C -G
T -C
G -A
C G
C A
T C
G A
C T

Triplet change

CTA
AAT
GAG
GCC
CCA
GCT
GGA
AAC

GTA
AAC
GAA
GGC
ACA
GCC
GAA
AAT

change

Leu -Val
Silent
Silent
Ala Gly
Pro Thr
Silent
Gly -Glu
Silent

"The nucleotide number was assigned by the methods of Estes et al.
(segment 6) (8) and Arias et al. (segment 9) (1). For RNA segment 4, no
position is shown since the sequence of this segment has not yet been
completed (14).

during DNA synthesis with reverse transcriptase (AMV
DNA polymerase) or during filling in by DNA polymerase I
of the partially ds molecules obtained after hybridization (1).
The frequency of incorrect incorporation of paired bases by
the latter enzyme (about 10-6) is well below the differences
observed in our comparison (12). However, AMV DNA
polymerase, which lacks the proofreading 3'->5' exonuclease activity, is more error prone. The frequency of error
observed with this enzyme is approximately 1 in 600 when
copying homopolymer templates and 1 in 6,000 when copying alternating copolymer templates (2). Frequencies from 1
in 329 to 1 in 17,000 have been observed when kX174 DNA
is copied (5, 12). Since the values reported are variable and
depend on many factors, such as conditions of synthesis,
nature of the mismatch considered, and even the preparation
of the DNA polymerase used (2, 5, 13), it is not possible to
infer to what extent the AMV DNA polymerase contributes
to the differences observed between clones. However, the
observation that every difference found was silent or conservative (with the exception of the Gly to Glu change in
gene 9; Table 1) indicates that these differences may be
maintained in the population as viable variants that might be
expected for a multiply passaged virus.
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The assumption that the differences are randomly distributed may not hold for the whole extent of the genome: in
viable rotaviruses some dsRNA segments or some regions of
these segments probably accept fewer nucleotide changes
than do others. In fact, the existence of conserved sequences
in the terminal regions of the rotavirus dsRNA segments is
well documented (3, 11). However, in this work, the regions
compared correspond in every case to the coding regions of
the segment. When the differences found for each analyzed
segment were considered, one difference was found in 16 of
the clones analyzed for segment 4, three in 19 clones
analyzed for segment 6; zero in 12 clones analyzed for
segment 8, and four in 36 clones analyzed for segment 9.
Even though the values seemed at first sight quite dissimilar,
they are not statistically different from those expected if the
differences follow a Poisson distribution. Values of P greater
than 0.1 were obtained when the frequencies (number of
different clones/total number of clones examined) obtained
for each segment were compared with those expected to be
found in a Poisson distribution.
Twelve nucleotides were found to differ when two sequences of dsRNA segment 9 of rotavirus SAl were
compared, independently reported by Both et al. (4) and
Arias et al. (1). If the infidelity of the AMV DNA polymerase
under the conditions employed by Both et al. is less than or
the same as that under our conditions, the differences
observed are probably due to the divergence between independently passaged virus populations because, according to
the difference found between equivalent regions of about 1 in
2,000, only 0.5 difference owing either to heterogeneity in
the genome or to miscopying would be expected in the
1,062-nucleotide-long segment 9 (1, 4).
A difference of about 1 per 1,000 nucleotides has been
reported between cDNA clones of vesicular stomatitis virus,
a single-stranded RNA virus (16). Considering that vesicular
stomatitis virus was plaque purified before cDNA synthesis
whereas the rotavirus used in this study was not, it appears
that the rotavirus genome may be more conserved than the
vesicular stomatitis virus genome.
The high mutation rate and the consequent rapid evolution
and large variability observed in single-stranded RNA viruses has been explained by the lack of a proofreading
mechanism for single-stranded RNA replication (10). The
high conservation which was observed between cDNA
clones obtained from a rotavirus which has been continuously passaged for 6 years without plaque purification suggests a very low mutation rate for dsRNA which, in turn,
suggests the possible existence of a proofreading mechanism
in its RNA polymerase. If the sequence of the genome
segments of rotavirus is indeed highly conserved, the differences observed between independent isolates probably arise
by reassortment of segments in mixed infections rather than
through sequential point mutations.

1209

