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Three variants of group A rotavirus with large changes in their gene 5 structures have been analyzed at the
molecular level. The first of these, P9N5, was obtained during plaque purification undertaken as part of the
biological cloning of a field isolate of virus. The gene 5 homolog in this isolate migrated just ahead of the
normal segment 6 RNA, giving an estimated size of 1,300 bp. Molecular cloning and sequencing of this homolog
revealed it to have a single 308-bp deletion in the center of the normal gene 5 sequence extending between
nucleotides 460 and 768 of the normal gene sequence. This deletion caused a frameshift in the gene such that
a stop codon was encountered 8 amino acids downstream of the deletion point, giving a predicted size for the
protein product of this gene of 150 amino acids compared with the 490 amino acids of its normal-size
counterpart. Attempts to detect this shortened protein in virus-infected cells were not successful, indicating
that it was much less stable than the full-length protein and/or had suffered a large change in its antigenicity.
The second two variants, brvA and brvE, were generated in an earlier study following the high-multiplicity
passage of the UKtc strain of bovine rotavirus. Polyacrylamide gel electrophoresis analysis of these
nondefective variants showed that brvA had a gene 5 homolog approximately equal in size to the normal RNA
segment 2 (-2,700 bp) and that brvE had a size of approximately 2,300 bp. Both variants showed changes in
their gene 5 protein products, with brvA mimicking P9A5 in failing to produce a detectable product whereas
brvE produced a new virus-specific protein approximately 80 kDa in size. Full-length cDNA clones of the brvE
gene 5 homolog were isolated, and analysis of their structure revealed a head-to-tail concatemerization of the
normal gene 5 sequence with the first copy of the concatemer covering nucleotides 1 to 808 and the second
covering nucleotides 92 to 1579, giving a total length of 2,296 bp. Sequencing across the junction region of the
two copies of the gene showed that they were joined in frame to give a predicted combined open reading frame
of 728 amino acids with the amino-terminal region consisting of amino acids 1 to 258 fused at the carboxy
terminus to amino acids 21 to 490. The biological phenotypes, in terms of virus yield and plaque size, of brvA
and brvE were compared with those of the parent UKtc strain. This showed that both variants gave a somewhat
reduced virus yield and that brvE had plaques covering an average 2.5-fold smaller area whereas brvA gave
plaques whose area was reduced by approximately 50-fold. These results demonstrate that in rotaviruses rapid
genomic change through both deletion and concatemerization can generate nondefective virus variants whose
protein coding potential has been altered, leading to changes in biological phenotype. This new mechanism for
effecting rapid genomic change has now to be considered one by which rotaviruses are able to rapidly change
the nature of the proteins they encode, which may in turn lead to important epidemiological changes.

The group A rotaviruses are the predominant etiological
agents of acute viral gastroenteritis in the young of a wide
range of avian and mammalian species, including humans (6,
11). As a consequence, they are major medical and veterinary
pathogens, for which a clear definition of the mechanisms by
which they are able to induce variations in their genomes forms
an integral part of attempts to develop vaccines aimed at
combatting them.
The rotavirus genome is composed of 11 discrete segments

of double-stranded RNA whose overall migrational pattern
following fractionation by electrophoresis on polyacrylamide
gels (PAGE) is highly conserved and in the case of group A
viruses is 4, 2, 3, 2 (4, 25). Slight changes in the migrational
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positions of individual RNA segments have been attributed to
genomic variation being generated either by simple point
mutations resulting in possible antigenic drift events or
through the occurrence of genome segment reassortment
events between genetically distinct virus strains. The latter of
these is well recognized, particularly from studies on type A
influenza viruses (33), as a mechanism by which viruses with
segmented genomes are able to effect sudden large changes in
their genome which may give rise to antigenic shift events of
major epidemiological importance for disease prevention (24).

In addition to the minor changes in rotavirus genome
profile, two more profound types of change have been re-
ported. In the first, the tight triplet of RNA segments (genes 7
to 9) is reduced to a doublet with the displaced segment in
some cases migrating more slowly on PAGE and in other cases
migrating more rapidly (25, 26). Virus isolates exhibiting this
type of genomic change also failed to react in immunological
assays to detect the rotavirus group antigen previously thought
to be present in all rotaviruses irrespective of their species of
origin (25, 26). A combination of serologically and nucleic
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acid-based assays have been employed to show that these
atypical viruses fall into a number of distinct groups sufficiently
different from each other that they are likely to form separate
gene pools in a manner analogous to that found in the type A,
B, and C influenza viruses. As a consequence, the rotaviruses
are now recognized as being made up of a number of distinct
groups, of which five (A to E) have been clearly defined to date
(19), with the group A viruses being currently by far the most
important agents of disease.
The second type of gross genomic abnormality, first recog-

nized in group A rotaviruses recovered from profoundly
immunodeficient children, is that in which either additional
RNA segments are present on the genome profile or a
particular RNA segment has disappeared from its normal
migrational position and been replaced by an RNA migrating
much more slowly (2, 9, 14, 27). The initial studies carried out
on the isolates made from the immunodeficient children
showed that the additional RNA segments were not derived as
expected by deletion of sequence from larger RNAs but rather
resulted from some form of genomic concatemerization (27).
Detailed sequence analysis has been reported from both
human and animal virus isolates in which such concatemeriza-
tions have taken place (1, 12, 17, 23, 30). The general picture
that has emerged is exemplified by the situation found in those
isolates having such concatemerizations in RNA segment 11,
where the mobility shift was found to be due to a partial
concatemerization of gene 11 with the duplication occurring
downstream of the normal open reading frame such that a
normal protein product could be produced (12, 17, 18, 30).
Inasmuch as these concatemerizations failed to affect the
coding potential of the gene in question, they remained of
somewhat academic interest.

In a previous study from one of our groups, we reported that
similar genomic concatemerization events could be stimulated
by high-multiplicity passage in tissue culture of the UKtc strain
of bovine rotavirus (13). Among the viruses isolated in that
study were some in which a concatemerization in RNA seg-
ment 5 appeared to affect the coding capacity of the gene (13).
In the present study, we have both extended this earlier work
to define the nature of the concatemerization in one case and
studied a newly tissue culture-adapted field isolate with an
apparent large deletion in RNA segment 5 which also affects
its coding potential.

MATERIALS AND METHODS

Viruses and cells. The UKtc Compton strain of bovine
rotavirus and the brvA and brvE derivatives of it (13) were
propagated in either BSC-1 or MA-104 cells as previously
described (20). Stocks of the brvA and brvE rearranged RNA
segment variants were prepared at a low multiplicity of infec-
tion (MOI) (<0.1) from virus that had been plaque purified
three times. The P9 and P9A5 used in this study were kindly
provided by P. Isa, Moredun Research Institute; these isolates
were made by plaque picking from passage 3 of the P9 isolate
of virus. This isolate was made originally by tissue culture
adaptation of virus from a diarrheic foal (31). A low-passage
(<5) stock of this isolate was passaged (twice) at a low MOI in
MA-104 cells before being subjected to plaque isolation. Each
of these isolates was purified by three cycles of plaque-to-
plaque picking before virus stocks were prepared at a low MOI
in MA-104 cells (13, 20).

Nucleic acid analyses. Genome segment profiles of the
viruses used in this study were prepared by PAGE analysis
carried out as previously described (4) with the exception that
RNA bands were detected by staining of gels with ethidium

bromide. Northern (RNA) blotting of fractionated genomic
RNA was performed as described by Pedley et al. (27), and
gene 5 sequences were detected by using a cDNA clone of the
UKtc gene 5 (21) made radioactive by nick translation (28).
The isolation of cDNA clones of the rearranged genes 5

from the different viruses was undertaken with infected cell
RNA as a starting point. Confluent monolayers of BSC-1 cells
were infected at a low MOI (<0.1), and when approximately
10% of cells showed a cytopathic effect (3 to 4 days), RNA was
prepared from the cytoplasm as previously described (35).
Infected cell RNA was reverse transcribed and polymerase
chain reaction amplified with terminal primers as previously
described (34, 35). The sequence of the gene 5 primers used in
the cloning was as follows: 5' end primer, CCCGGGATCC
ATGGCCGGC''TYY Y'lATGA; and complementary 3' end
primer, CGATCGCGAATFCTGCAGGTCACAI'T'YAT,
with the region underlined in each case being that complemen-
tary to the terminus of the appropriate strand of gene 5. The
polymerase chain reaction-amplified cDNA either was used
directly for DNA sequencing or was inserted into BamHI-
EcoRI-digested Bluescribe and propagated in Escherichia coli
(35). DNA sequencing was carried out by the dideoxy chain
termination method (29) as previously described (35).

Protein analysis. Radioactive labelling of virus-infected cells
was carried out as previously described (20, 22). Infected cell
extracts were fractionated on 5 to 11% gradient polyacryl-
amide gels (20, 22). Immunoprecipitation studies were carried
out on both infected cell lysates and supernatants made from
them at 100,000 x g (22). Immunoprecipitation and washing
of precipitates collected with protein A-Sepharose were car-
ried out as described by Watson et al. (32). Western blotting
(immunoblotting) of fractionated infected cell lysates was
carried out (16), with viral proteins being detected with either
hyperimmune convalescent bovine serum or monospecific se-
rum against VP5 kindly supplied by J. Cohen.

Nucleotide sequence accession numbers. The sequence of
gene 5 of the UKtc strain of bovine rotavirus has the EMBL
data base accession number Z12108. The sequence of the P9A5
isolate has been submitted to the EMBL data base and given
the accession number Z24736. The junction sequence of the
gene 5 homolog of the brvE isolate has also been submitted to
the EMBL data base and given the accession number Z24735.

RESULTS

Overall genome analysis of rearranged variants. In a previ-
ous study, a number of replication-competent variants of the
UKtc bovine rotavirus were derived by high-multiplicity pas-
sage in MA-104 cells (13). Two of these, brvA and brvE, were
selected for further analysis in this study. When the genome
profiles of these two viruses were examined by PAGE analysis,
a large change in the pattern of RNA segments was observed
(Fig. 1). In both variants, the RNA segment migrating in the
normal gene 5 position had disappeared and a new band,
comigrating with RNA segment 2 in the case of the brvA
variant and just ahead of RNA segment 4 in the case of brvE,
was evident on the electropherogram (Fig. 1). In the previous
work, the new band from one of these variants (brvA) was
analyzed by two-dimensional RNA fingerprinting which indi-
cated that it contained gene 5-specific sequences. To confirm
and extend this result, Northern blot analysis was performed
on the fractionated RNA segments with a full-length cDNA
clone of gene 5 from the UKtc strain of bovine rotavirus as the
probe. Results from this (Fig. 2) showed that the new bands
present on both the brvA and the brvE electropherograms
contained gene 5 sequences.
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FIG. 1. PAGE fractionation of genomic double-stranded RNAs.
Viral genomic double-stranded RNA was prepared from virus-infected
cells and fractionated on a 6% polyacrylamide gel as described in
Materials and Methods. Following electrophoresis, the RNAs were
stained with ethidium bromide and photographed under UV light. The
arrows and labelling down the left-hand side of the gel indicate the
migrational positions of the various genomic RNA segments of the
UKtc strain of bovine rotavirus. The arrows and labelling down the
right-hand side of the gel indicate the migrational positions of the
normal UKtc gene 5 and of bands with altered migration in the three
isolates studied. Lanes: M, DNA size markers (the visible separated
bands have sizes, in ascending order from the bottom of the gel, of 1.0,
1.6, 2.0, 3.0), 4.0, and 5.t) kb); A and F, UKtc strain of bovine rotavirus;
B, brvA isolate; C, brvE isolate; D, P9A5 isolate; E, P9 isolate.

The P9A5 variant was isolated during plaque picking carried
out as part of adapting the P9 isolate to growth in tissue
culture. PAGE analysis carried out on virus stocks grown from
individual P9 plaques revealed a number of electrophoretic

variants, indicating that the original field isolate was almost
certainly a mixed population (14a). The predominant virus
population had the electropherogram designated as P9 in Fig.
1 with a normal pattern of RNA segments. In common with the
brvA and brvE isolates, P9z5 did not have an RNA segment
migrating in the normal gene 5 position, but in this case, the
new band present on the electropherogram did not migrate
more slowly than the normal gene 5 but rather migrated faster
to a position just ahead of RNA segment 6 (Fig. 1). It is evident
from comparison of the P9 and P9A5 profiles that in addition
to the major difference in gene 5 migration small migrational
differences can be seen for other segments (Fig. 1), indicating
that P9A5 is probably not derived directly from P9, and
certainly its isolation did not require high-multiplicity passage
in tissue culture. Northern blot analysis of P9A5 showed that in
this case the new band appearing on the electropherogram also
contained gene 5 sequences (Fig. 2).

Protein studies on rearranged variants. To examine the
effects of the rearrangements in gene 5 on its protein coding
potential, pulse-chase studies were performed. The normal

C
P C

brvA brvE UKtc C 9

PC T P C T PC TT 0

I_YP5

I-_VP5A B C D E A B C D E

-brv.A P a
4 ,e -_i1A_

_a
UiKtc

PP9A55

7

8-9 _

FIG. 2. Northern blot analysis of gene 5 variants. Viral genomic
RNAs were fractionated on a 6% polyacrylamide gel, transblotted
onto nylon membrane, and probed with a 32P-labelled cDNA probe of
the UKtc gene 5 all as described in Materials and Methods. The
left-hand panel of the figure shows a photograph of the ethidium
bromide-stained gel covering the gene 1 to 9 region, and the right-hand
panel shows an autoradiogram of the Northern blot of the gel after
having been probed with gene 5 cDNA. The arrows and labelling down
the left-hand side of the figure indicate the migrational positions of the
various genomic RNAs of the UKtc strain of bovine rotavirus. The
arrows and labelling between the two panels indicate the positions on

the two panels of gene 5 of the UKtc strain and the gene 5 homologs
in the other virus isolates. Lanes: A, UKtc strain of bovine rotavirus; B,
brvA isolate; C, brvE isolate; D, P9A5 isolate; E, P9 isolate.

U
FIG. 3. Protein analysis of gene 5 variants. Protein labelling of

virus-infected cells and subsequent fractionation of those cells on 5 to
I I% linear gradient polyacrylamide gels were carried out as described
in Materials and Methods. The lanes labelled P were produced from
cells that had been labelled for 15 min with [35S]methionine and then
immediately harvested for gel analysis. The lanes labelled C were
produced by labelling the cells as for the P lanes but then chasing the
samples by overlaying them with medium containing 100 times the
normal level of methionine and incubating for 2 h before harvesting.
The lanes labelled T were produced by maintaining the cells in the
presence of 5 ,ug of the N-linked glycosylation inhibitor tunicamycin
per ml up to and including the labelling period which was done exactly
as for the pulse-labelled (P) lanes. The two left-hand lanes and the
right-hand lane of the gel represent controls made by labelling
uninfected cells. The particular virus used to generate each group of
three lanes is indicated above each block. The positions of the normal
gene 5 product (VP5) and of its homolog produced by the brvE variant
(VP5*) are indicated on the right-hand side of the gel.
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1 GGCTTTTTTTATGAAAAGTCTTGTGTGAGCCATGGCGACTTTTAAAGACGCTTGCTATCATTACAAAAAACTGAATAAAT 80

lllllllllllllllllllllllllllllllllllllllllllll11111 11 11111 1111111 1
1 GGCTTTTTTTATGAAAAGTCTTGTGTGAGCCATGGCGACTTTTAAAGACGCTTGTTATCACTATAAAAAGTTGAATAAGT 80

M A T F K D A C Y H Y K K L N K L

N S L V L K L G A N D E W R P A P V T K Y K G W C L
81 TAAATAGCTTAGTACTTAAACTAGGAGCAAATGATGAATGGAGACCAGCACCAGTGACAAAATACAAAGGGTGGTGTTTA 160

1111 11111111111 11111111111111111111111111 I1111111111111111111 11111 111111111
81 TAAACAGCTTAGTACTCAAACTAGGAGCAAATGATGAATGGAGGCCAGCACCAGTGACAAAATATAAAGGATGGTGTTTA 160

N S L V L K L G A N D E W R P A P V T K Y K G W C L

D C C Q Y T N L T Y C R G C A L Y H V C Q W C S Q Y N

161 GACTGCTGTCAATATACAAATTTAACATATTGCAGAGGATGTGCTTTGTACCATGTATGTCAGTGGTGCAGTCAATATAA 240

11 11111111111111111111 11111111111Hl11111 11 I 11111111111111111111111 11111
161 GATTGCTGTCAATATACAAATTTGACATATTGCAGGGGATGCGCCCTATACCATGTATGTCAGTGGTGCAGTCAGTATAA 240

D CC Q Y T N L T Y C R G C A L Y H V C Q W C S Q Y N

R C F L D E E P H L L R M R T F K D V I T K E D I E G
241 TAGGTGTTTCTTAGATGAAGAACCTCACTTGTTAAGAATGCGAACATTCAAGGATGTAATAACGAAAGAGGATATAGAAG 320

11111111111111111111111111 ~ ~ ~ ~ I11111111111111111111111 11111 11 1111111
241 CAGGTGTTTCTTAGATGAAGAACCTCATTTGTTAAGAATGCGAACATTTAAAGATGTAATAACAAAAGAAGACATAGAAG 320

R C F L D E E P H L L R M R T F K D V I T K E D I E G

L L T M Y E I L F P I N E K L V N K F I N S V K Q R
321 GATTGCTGACCATGTATGAAATATTGTTTCCAATAAATGAAAAATTAGTGAATAAATTCATAAATTCTGTGAAACAACGT 400

11 1111 1111111111111 111111 11111111111 111111111IIIIIIIIIII 11111 11 11 III
321 GACTGCTAACCATGTATGAAACATTGTTCCCAATAAATGAGAAGTTAGTGAATAAATTCATAAACTCTGTAAAGCAGCGT 400

L L T M Y E T L F P I N E K L V N K F I N S V K Q R

K C R T E Y L L E W Y N H L L M P I T L Q A L T I K L
401 AAATGCAGGACTGAGTATCTGTTAGAATGGTATAATCATCTACTGATGCCAATAACATTACAAGCATTAACTATAAAACT 480

11 11 11 I 1111111111111111111111111111 1 111111 11111111
401 AAGTGTAGAAATGAGTATCTGTTAGAATGGTATAATCATTTGCTAATGCCAGTAACATTA.................... 460

K C R N E Y L L E W Y N H L L M P V T L Y A T A S V

E D S T Y Y I F G Y Y D C M E H E N Q T P F Q F I N L
481 TGAAGATAGCACATACTATATATTTGGATACTATGACTGTATGGAACATGAGAACCAGACACCATTCCAGTTTATTAATT 560

L E K Y D K L L L D D R N F N R M L H L P T I L Q Q
561 TATTAGAAAAGTATGACAAATTACTATTAGATGATAGAAATTTCAATAGAATGTTACATTTACCAACAATATTGCAGCAA 640

E Y A L R Y F S K S R F L S K G K K R L N R N D F S D
641 GAATATGCGTTAAGATATTTTTCAAAATCAAGATTTTTAAGTAAAGGAAAGAAAAGATTGAATAGGAACGATTTTTCAGA 720

N L V E D R H S P T S L I Q V V R N C I S T H P N D Y
721 TAATCTTGTGGAAGACAGACATAGTCCAACATCATTAATACAGGTGGTACGTAACTGTATTAGTACACATCCAAATGATT 800

1111 11111 11 1111 1111 1111111
461 .TACGCAACTGCATCAGTATACATATGAATGATT 493

Y A T A S V Y I *

E W N K A C T F V V D A R N Y I N I M N S S Y T E H
801 ATGAATGGAATAAGGCATGTACGTTTGTGGTTGATGCTAGAAATTATATTAACATTATGAACTCATCGTATACCGAACAT 880

111111111111 111111111 11 111111 11111111111111 111111111111II 11 11 11 III
494 GTGAATGGAATAAAGCATGTACGCTTATAGTTGATATTAGAAATTATATTAGTATTATGAACTCATCCTACACTGAGCAT 573

FIG. 4. Comparison of the sequence of the gene 5 homolog from P9A5 with that of the UKtc bovine rotavirus strain. The sequence of gene
5 of the UKtc strain of bovine rotavirus given in the upper row of the comparison was obtained in this laboratory (33a). The sequence of the P9A5
isolate given in the lower row of the comparison was determined from cDNA clones as described in Materials and Methods. The alignment of the
two sequences was carried out with the Bestfit program which forms part of the Wisconsin sequence analysis package (7).

protein product encoded by RNA segment 5 is a protein of allowing a 2-h chase before harvesting the sample or carrying
approximately 53 kDa designated VP5 in the case of the UKtc out the pulse-labelling in cells that had been maintained after
strain of bovine rotavirus (20) and NS53 in the simian SAl1 infection in the presence of the N-linked glycosylation inhibitor
strain (10). The normal gene 5 protein product was synthesized tunicamycin. This confirmed that VP5 is not rapidly turned
in amounts that could be easily detected when the proteins over in infected cells, nor does it appear to be posttranslation-
labelled during a 15-min pulse with [35S]methionine carried ally modified by N-linked glycosylation. Corresponding analy-
out at 6 h postinfection were analyzed by PAGE (Fig. 3). The sis carried out on the brvA and brvE variants revealed that in
mobility and quantity of this protein were not affected by either both cases the only protein product whose mobility appeared
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Y S V S Q R C K L F T K Y K F G I I S K L V K P N Y I
881 TATAGTGTTTCACAAAGATGTAAGCTGTTTACTAAATATAAATTTGGGATTATATCAAAATTGGTAAAGCCAAATTACAT 960

574 TATAGTGTGTCGCAAAGATGTAAATTGTTTACTAAGTATAAATTTGGGATTATATCAAGATTAGTGAAACCGAATTACAT 653

F S S H E S C A L N V H N C R W C Q I N S H Y K V W E
961 TTTTTCTAGTCATGAATCATGTGCATTAAATGTACATAATTGTAGATGGTGTCAGATAAACAGCCATTACAAAGTGTGGG 1040

111111 11 111 1111111 I111111111111111111111 111111 11 11 1I 1
654 TTTTTCCAGCCATAAATCATGCGCATTAAATGTACATAATTGTAAATGGTGCCAAATCAACAACCATTACAAAGTGTGGG 733

D F R L K K I Y N N V M D F I R A L V K S N G N V G
1041 AAGATTTTAGACTGAAGAAGATATATAATAATGTGATGGATTTTATCAGGGCACTTGTAAAGTCAAACGGAAATGTTGG 1120

111111111 111 111111 1111II1I11111111111111111111111II 11111 1111111
734 AAGATTTTAGACTTAAGAAAATATATAATAATATAATGGATTTTATCAGGGCACTTGTGAAGTCGAACGGAAATGTTGGA 813

Q C S S Q E S V Y K C I P D I F L I C K M E K W N E A
1121 CAGTGTTCGTCACAAGAATCAGTGTATAAATGTATACCAGATATATTTTTAATTTGTAAAATGGAAAAATGGAATGAAGC 1200

11 11111111111 1111111111111111 111111111111111111111 1111111 111111111111111111
814 CATTGTTCGTCACAGGAATCAGTGTATAAATATATACCAGATATATTTTTAATCTGTAAAACGGAAAAATGGAATGAAGC 893

V E V L F N Y L E P V D I N G T E Y V L L D Y E V N W
1201 TGTCGAAGTATTATTTAATTATCTAGAACCAGTGGATATAAATGGAACGGAGTATGTGCTATTGGACTATGAAGTGAACT 1280

1111111 11111111111111111111111111111111111111 11111111 1111111!11111111111111
894 TGTCGAAATCTTATTTAATTATCTAGAACCAGTGGATATAAATGGAACAGAGTATGTATTATTGGACTATGAAGTGAACT 973

E V R G L V M Q S M D G K V P R I L N I N D T K K I
1281 GGGAAGTGAGAGGATTAGTTATGCAGAGTATGGATGGAAAAGTACCAAGAATTTTGAACATAAATGATACAAAGAAGATA 1360

11111111111111 1111 11111 111111111 11111111 11111111111 11 111111111111111111
974 GGGAAGTGAGAGGACTAGTCATGCAAAATATGGATGGGAAAGTACCGAGAATTTTGAATATGAATGATACAAAGAAGATA 1053

L S T I I F D W F D V R Y M R E T P M T T S T T N Q L
1361 TTAAGTACAATAATATTTGATTGGTTTGACGTAAGATACATGAGAGAAACGCCAATGACGACGTCAACAACGAATCAGCT 1440

1111111111111111 11111111111111 11111111111 11111111 IllIll11111 11 11 11
1054 CAAAGTGCAATAATATTTGACTGGTTTGACACAAGATATATGAGAGAAACACCAATGACAACGTCAACAACAAACCAACT 1133

R T L N K R N E L I D E Y D L E L S D V E *
1441 TAGAACACTGAATAAAAGGAATGAGCTCATAGATGAGTACGACTTAGAACTTTCAGATGTTGAATAAATATGGTCACAAA 1520

l 11 11 Hill 111111111 1111 11 1111 111
1134 TCGGACGCTAAATAAGAAGAATGAGCTTATAGATGAGTACGATTTAGAACTTTCAGATGTTGAATAAGTATGGTCACAAC 1213

1521 1579

1214 TACGCCAGCACAAGACCGTCTGCACTAGAGTAGCGCCTAGGCAGCAATAAAATGTGACC 1271

FIG. 4-Continued.

altered was VP5; in the case of brvA, the normal VP5
disappeared from the protein profile and no new protein bands
were detected, whereas for brvE, the normal VP5 was replaced
by a much larger protein (VP5*) migrating just ahead of VP4
on PAGE (Fig. 3). Allowing for its difference in methionine
content (see below), about the same amount of VP5* was

synthesized and, in common with VP5, its amount and mobility
were not affected by either a 2-h chase prior to harvesting or

the use of tunicamycin (Fig. 3). Similar studies were carried out
on P9A5, but in this case the polyacrylamide gels were run for
a shorter time than that for Fig. 3 to ensure that the predicted
150-amino-acid VP5 homolog would not have migrated off the
bottom of the gel. Despite this, the results obtained mirrored
what was found for brvA, with no new protein band being
evident on the gel profile (data not shown). In an attempt to
identify a VP5 homolog(s) in brvA- and P9A5-infected cells
that may have been masked by other viral proteins, both

immunoprecipitation and Western blot studies were carried
out with a monospecific VP5 serum. These experiments (data
not shown) gave a strong specific signal in the case of wild-type
UKtc, P9, and the brvE variant but failed to identify any VP5

analog in the other two variants, indicating that they either
were much less stable than the normal protein or alternatively
were so altered in their antigenicity that they were no longer
recognized by the monospecific serum.

Molecular cloning and DNA sequence analysis. To defini-
tively characterize the nature of the gene rearrangements in
these gene 5 variants, molecular cloning with a polymerase
chain reaction-based strategy (34) was undertaken. Full-length
cDNA clones of the rearranged genomic segments were ob-
tained from both P9A5 and brvE, but we were not successfully
able to obtain such a clone from brvA, although this has
recently been achieved by others (24a). Dealing with P9A5
first, we found that the full-length clones were approximately
1,300 nucleotides in length, and because this was an indepen-
dent variant not derived by tissue culture passage under
unusual conditions, we decided to completely sequence the
variant gene 5. This revealed that P9zA5's gene 5 homolog was

1,272 nucleotides long compared with the 1,579 nucleotides of
the normal gene from the UKtc bovine strain. When these two
sequences were compared (Fig. 4), a high level of sequence
homology, 90% at the nucleotide level and 98% at the protein
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32 FULL LENGTH UKtc GENE 5 1579bp 1504 NORMAL UKtc 1579bp

,l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
460 768

32: 4839A5 GENE 5 1272bp

460 768

ATGCCAGTAACATTATACGCAACTGCATCAGTATACATATGA
M I P lV I T I L Y I A I T I A I S V YI lI *

JUNCTION POINT
FIG. 5. Overall gene arrangement and junction sequence of the

gene 5 homolog of the P9A5 isolate.

level in the normal reading frame, was found for the aligned
sequences. This alignment also showed that the relationship
between the two sequences was that P9A5 had a single deletion
of 308 bases extending between nucleotides 460 and 768 of the
normal gene 5 sequence (Fig. 4). The effect of this deletion was
to shift the reading frame of the gene such that a termination
triplet would be encountered 8 amino acids downstream of the
point of deletion (Fig. 5), leading to a predicted protein
product of only 150 amino acids compared with the 490 of the
normal VP5.

Full-length cDNA clones of the brvE gene 5 homolog were
approximately 2,300 nucleotides in length (Fig. 6). As the
sequence of the normal gene 5 from the UKtc bovine strain,
which was the progenitor of brvE, had already been completed
in parallel studies being carried out in this laboratory (33a), the
initial characterization of brvE clones was done by restriction
enzyme analysis (data not shown). This revealed that in
common with P9A5 the rearrangement in brvE occurred at a
single point but in this case appeared to involve a duplication
of sequence with the normal sequence proceeding for the first
approximately 800 nucleotides and then returning to approxi-
mately nucleotide 90 before proceeding to the normal 3'
terminus. To define the exact nature of the rearrangement, the
region extending from a unique XmnI site at nucleotide 370 in
the first copy of the sequence to the corresponding base
position in the second copy was subcloned from three inde-
pendent full-length clones into m13. In these subclones, the
region corresponding to nucleotides 750 to 900 of the rear-
ranged gene was sequenced (data not shown). This revealed
that they all had the same junction point occurring between
nucleotide 808 of the first copy of the sequence and nucleotide
92 of the second copy (Fig. 6). The consequence of this fusion
was to join the coding sequences of the two partial copies of
gene 5 together in frame, giving a predicted protein size for
VP5* of 728 amino acids.

Biological properties of bovine rotavirus variants. The three
rearranged variants examined in this study were all nondefec-
tive, able to grow to high titer in tissue culture, and capable of
giving virus plaques. Comparison of the genome profiles of P9
and P9A5 (Fig. 1) revealed small differences in migrational
positions of RNA segments other than gene 5, suggesting that
these two viruses may not be closely related to each other and
hence that any comparison of their biological properties with a
view to defining possible biological functions for gene 5 would
not be valid. The brvA and -E isolates were, however, derived

92 1579

brvE 2296bp Al

808 92

CCAAATGATTATGAATGGGTACTTAAACTAGGAGCA
P I N I D I Y E IW VI LI K I L G I A

JUNCTION POINT
FIG. 6. Overall gene arrangement and junction sequence of the

gene 5 homolog of the brvE isolate.

directly from the UKtc bovine strain, so some comparison of
their biological phenotypes was undertaken. The results (Table
1) showed that the two variants showed a 9- to 60-fold lower
yield in single-step growth experiments although the kinetics of
virus growth were not changed (data not shown). In addition,
both viruses gave smaller plaques in MA-104 cells, with the
brvE variant showing an approximately 2.5-fold reduction in
plaque area and brvA showing a more than 50-fold reduction
in mean plaque area (Table 1).

DISCUSSION

This study has focused on three virus isolates showing the
loss of an RNA segment 5 migrating at its normal position on
PAGE and its replacement by a new RNA band which in two
cases, brvA and -E, migrated more slowly on the gel, indicating
a concatemerization of sequence, and in the third, P9A5,
migrated more rapidly, suggesting deletion of sequence. These
three isolates were of particular interest because protein
analyses carried out on them in this and previous work
demonstrated that the changes seen in gene 5 were reflected in
alterations in the protein that it encodes, namely, VP5. The
Northern blot analysis confirmed and extended previous work
done solely on brvA, showing that the new RNA bands seen on
PAGE analysis did contain gene 5 sequences.

Cloning and sequencing of the first of these isolates, P9A5,
revealed that the gene had a 308-bp deletion extending from
nucleotides 460 to 768. The effect of this deletion was to shift
the reading frame of the translated protein such that a
termination triplet would be encountered 8 amino acids be-
yond the point of deletion and hence the protein product
would have a predicted length of 150 amino acids. This
truncated protein had a predicted pI of 8.25 compared with the
pI of 7.76 of the full-length protein and contains the amino-
terminal region zinc finger motif which lies between amino
acids 53 and 69 and has been found in all nine of the group A
genes 5 sequenced to date (33a). With the exception of this
deletion of sequence from the center of the gene, the segment
5 homolog P9A5 showed a very high level of sequence homol-
ogy with the UKtc gene 5, and consequently, it seems reason-
able to suppose that the transcription of the deleted gene
occurred at levels similar to that previously established for the
UKtc virus (15). Despite this, attempts to demonstrate the
synthesis of the VP5 homolog were not successful in straight-
forward pulse-chase labelling studies, and the use of either
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TABLE 1. In vitro growth properties of UKtc and bovine
rotavirus variants

Log PFU/ml
at time Plaque diarm (mm) at Mean plaqueVirus postinfection': 7 days (nlean + SD) size (mm-)

30 h 46 h

UKtc 8.9 8.5 7.6 ± t).8 (n = 9) 45.4
brvE 7.8 7.5 4.8 ± 0.7 (ii = 16) 18.1
brvA 7.2 7.1 1.0 ± 0.7 (n = 50) 0.4

" Single-step growth experiments were carried out in MA-104 cells infected at
an MOI of 10 PFU per cell.

immunoprecipitation or Western blotting failed to help in its
detection. This strongly suggested that the VP5 homolog is
either turned over much more rapidly than its normal coun-
terpart or alternatively is sufficiently changed in its antigenicity
that it is no longer able to interact with the monospecific serum
used. The fact that P9A5 is nondefective for growth in tissue
culture also indicates that any essential role that VP5 plays in
the growth of the virus is encoded in the amino-terminal 150
amino acids of the protein; formally of course, the possibility
exists that at least for replication in vitro this protein may be
completely dispensable. Given the recent evidence suggesting
that gene 5 may be involved in the pathogenicity of rotaviruses
(3), it will be interesting to examine its effect on this viral
property when reassorted into a pathogenic strain background.
In contrast to P9A5, the gene 5 of the brvE isolate had not
suffered a deletion event but a concatemerization of sequence
with the first copy of the gene extending from nucleotides 1 to
808 of the normal sequence, at which point it was fused to a
partial second copy of the sequence extending from nucleoti-
des 92 to 1579, giving a total size for the gene 5 homolog of
2,296 bp, which was commensurate with its migration position
on PAGE analysis just ahead of gene 4, which has a size of
2,359 bp (10). The junction point between the two copies of the
gene occurred in frame, and hence, the effect of the concate-
merization was to generate an extended open reading frame in
which amino acids 21 to 490 of the normal protein were fused
onto the carboxy terminus of amino acids 1 to 258, giving this
VP5 homolog a total length of 728 amino acids, an approxi-
mately 50% increase over that of the normal VP5. In this case,
protein labelling experiments showed that the protein is made
in approximately the same amount as the normal VP5 and
there was no major change in its stability. As in the case of
P9A5, the nondefective nature of this isolate indicates that this
extended VP5 homolog is still able to fold in a way that
preserves any essential function(s) that it may possess for virus
replication in vitro. In this study, we were unable to generate a
full-length cDNA of the altered-mobility RNA segment from
the brvA isolate. Therefore, apart from demonstrating in
Northern blot analysis that it contained sequence derived from
gene 5 and showing that it did not synthesize a detectable VP5
homolog in virus-infected cells, we were unable to further
characterize this variant. However, others have recently been
able to obtain full-length cDNA clones of the gene 5 homolog
in brvA and complete the sequencing of it (24a). This revealed
that in this case the homolog was 2,693 bp in length, with the
same general head-to-tail partial duplication as seen in brvE
with the first copy of the gene extending from nucleotides I to

1450 and the second copy extending from nucleotides 337 to

1579. In this case, the two copies were not joined in frame, but
this fact was somewhat irrelevant as a point mutation at
nucleotide 808 of the first copy of the gene introduced a

termination codon, giving rise to a predicted size for the VP5
homolog of 258 amino acids. Also in contrast to our results,
Patton et al. were able to detect this protein product in
Western blots made from virus-infected cells (24a).
The three rotavirus variants examined in this study are the

first to be studied in detail in which sudden rearrangements of
gene sequence either by deletion or by concatemerization have
resulted in changes in the protein coding potential of the gene
involved. The main genetic mechanism by which sudden
epidemiologically important changes are thought to occur in
the genome of rotaviruses is gene reassortment, and there is
ample evidence in the literature to indicate that when two
genetically distinct rotaviruses infect a single cell in tissue
culture reassortment occurs at high frequency. However, the
evidence that such events play a role in the genetic diversity of
viruses circulating in animal and human populations is more
scanty (5). By contrast, there have now been several reports of
genomic rearrangements having taken place in rotaviruses
present either in the clinical sample itself or in viruses that
have been isolated from it by standard tissue culture adapta-
tion techniques (1, 2, 9, 12, 14, 17, 18, 23, 27, 30). In addition
to rotaviruses, gene rearrangements of a similar type in
orbiviruses have also been reported (8). Where these events
have been analyzed in detail, they have been found to result
from gene concatemerization events that do not affect the
normal coding potential of the gene in question and are hence
of somewhat academic interest as far as providing a route to
rapid epidemiological change is concerned. The present study
has shown that replication-competent viruses with altered
protein coding potential can be generated by rearrangement
events, both deletions and concatemerizations. In two of the
examples studied here, the rearranged variants have a measur-
able difference in a biological phenotype. This change in
phenotype may well have resulted directly from the rearrange-
ment event although additional work involving both complete
sequencing of the brvE gene 5 homolog and reassortant studies
to show that the altered phenotype cosegregates with the
segment 5 homologs will be required before a definitive
conclusion can be reached.

Therefore, although further work will clearly be needed
before any assessment of the importance of rearrangement
events to the generation of overall genetic diversity in rotavi-
ruses can be made, nevertheless it must now be considered
another mechanism available to viruses for bringing about
rapid changes in their genomes of potential epidemiological
importance.
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