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It has previously been shown that the murine coronavirus mouse hepatitis virus (MHV) undergoes RNA
recombination at a relatively high frequency in both tissue culture and infected animals. Thus far, all of the
recombination sites had been localized at the 5’ half of the RNA genome. We have now performed a cross
between MHV-2, a fusion-negative murine coronavirus, and a temperature-sensitive mutant of the A59 strain
of MHV, which is fusion positive at the permissive temperature. By selecting fusion-positive viruses at the
nonpermissive temperature, we isolated several recombinants containing multiple crossovers in a single
genome. Some of the recombinants became fusion negative during the plaque purification. The fusion ability
of the recombinants parallels the presence or absence of the AS9 genomic sequences encoding peplomers.
Several of the recombinants have crossovers within 3’ end genes which encode viral structural proteins, N and
E1. These recombination sites were not specifically selected with the selection markers used. This finding,
together with results of previous recombination studies, indicates that RNA recombination can occur almost
anywhere from the 5’ end to the 3’ end along the entire genome. The data also show that the replacement of
AS59 genetic sequences at the 5’ end of gene C, which encodes the peplomer protein, with the fusion-negative
MHYV-2 sequences do not affect the fusion ability of the recombinant viruses. Thus, the crucial determinant for

the fusion-inducing capability appears to reside in the more carboxyl portion of the peplomer protein.

Mouse hepatitis virus (MHV), a member of the corona-
virus family, contains a single-stranded RNA genome of plus
polarity (22, 41). The virus is enveloped and contains three
structural proteins. The nucleocapsid protein (N) is a 60-
kilodalton phosphoprotein (36), which complexes with virion
genomic RNA to form the helical nucleocapsid (37). Sur-
rounding the nucleocapsid is the viral envelope, which
contains two viral glycoproteins, designated E1 and E2 (38).
E2 is composed of two 90-kilodalton subunits and consti-
tutes the peplomers on the surface (38, 39). It is essential for
viral binding to host cells and, in some strains, for induction
of cell fusion (9, 12, 39). E1 is a 23-kilodalton glycoprotein,
which interacts with the N protein and may play a role in
virus assembly (38, 40).

Upon infection, viral genomic RNA is translated into an
RNA-dependent RNA polymerase (6), which transcribes the
viral RNA into a full-length minus-stranded RNA (6, 21).
Subsequently, genomic RNA and six subgenomic mRNAs
are transcribed from this minus-stranded template (6, 7).
These mRNAs contain a 3’ nested-set structure, in which
each mRNA contains a 5’ unique translatable sequence and
all the sequences of the next smaller mRNAs (18, 26). Each
genomic and subgenomic mRNA also contains a 72-nucleo-
tide leader sequence (16, 19, 35), which is derived from the
5’ end of the genome by a unique discontinuous transcription
mechanism; i.e., a free leader RNA serves as a primer for
subgenomic mRNA transcription (3). The two smallest
mRNAs, mRNAs 6 and 7, representing the 3’ end of the
genome, encode the E1 and N proteins, respectively,
whereas the middle of the genome, mRNA 3, encodes the E2
protein (25, 34).

Recently, researchers in our laboratory have demon-
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strated that MHYV can undergo RNA recombination at a very
high frequency both in tissue culture (14, 17, 28) and in
infected animals (13). Recombination occurs at such a high
frequency that when two selection markers were used, the
recombinants not only contained a crossover between the
two markers, but frequently had additional crossovers in
other parts of the genome, where no selection pressure was
used (27). Thus, many recombinants isolated with only two
selectable markers have multiple recombinational events.
However, most of the crossover sites in the recombinants
isolated thus far are localized in the 5’ half of the genome (14,
17, 28), which encodes viral nonstructural proteins. More
recently, by using temperature-sensitive mutants and virus
strain-specific monoclonal antibodies, we have succeeded in
isolating recombinants with crossovers within the gene en-
coding the peplomer protein E2 (27). However, we still have
not been able to demonstrate recombinational events within
the 3’ end genes of the MHV genome. Is there any structural
feature in this part of genome, or any constraint on the
process of RNA replication, which may prevent RNA re-
combination? This issue remained to be studied.

So far, all of the recombination studies were carried out
between the A59 and JHM strains of MHV. In this report,
we studied RNA recombination between A59 and a different
strain of MHV, MHV-2. These strains have been shown by
serological studies (8) and oligonucleotide fingerprinting
analysis (23) to be related. We found that recombination
occurred readily between these two MHV strains. Surpris-
ingly, many of these recombinants contain crossovers in the
3’ end genes, which encode the N and E1 proteins, even
though no selectable markers were used specifically to
isolate recombinants within these regions. We conclude that
RNA recombination of MHV could occur almost anywhere
in the genome.
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MATERIALS AND METHODS

Viruses and cells. The MHV wild-type strain MHV-2 and
the temperature-sensitive mutant of A59, LA7, were used in
this study. LA7 was isolated by mutagenesis with 5-azacy-
tidine of MHV A59 (J. Egbert et al., unpublished observa-
tion). It is RNA positive at the nonpermissive temperature
(39°C). The viruses were grown on the murine astrocytoma
cell line DBT (11), as described previously (18, 31).

Isolation of recombinants. MHV-2 and LA7 were adsorbed
to monolayer cultures of DBT cells at a multiplicity of
infection of 6 and incubated at 37°C for 1 h. After adsorption,
virus was removed and replaced with Dulbecco modified
Eagle essential minimal medium containing 10% fetal calf
serum, and the mixture was incubated at 39°C. At 12.5 h
postinfection, medium containing the virus progeny was
harvested. The virus progeny was amplified by passaging in
DBT cells twice under the same culture conditions. Serial
dilutions of virus samples were plaqued on 100-mm plates of
DBT cells for plaque purification. Plaques were examined
after incubation at 39°C for 2 days. Fusion-positive plaques
were isolated and were further plaque purified four times to
eliminate the MHV-2 contamination. The plaque-purified
viruses were then used for biochemical studies.

Radiolabeling and isolation of virion genomic and intracel-
lular RNAs. Genomic RNA was labeled with *?P; as previ-
ously described (17). Briefly, DBT cells were infected with
viruses at a multiplicity of infection of 1 and incubated at
37°C for 1 h. The inoculum was removed and replaced with
phosphate-free Dulbecco modified Eagle essential minimal
medium. At 2 h later, 3?P; (200 n.Ci/ml) was added. At 100%
cytopathic effect the medium was harvested, and the virus
was purified by sedimentation on continuous 20 to 60%
(wt/wt) sucrose gradients. The virus band was collected and
pelleted by centrifugation at 27,000 rpm for 4 h in a Beckman
SW28.1 rotor. RNA was extracted with phenol-chloroform
and precipitated with ethanol as described previously (22).

Intracellular viral RNA was labeled and harvested as
previously described (30, 31). Briefly, DBT cells were
treated with actinomycin D (2.5 pg/ml) for 1 h prior to being
labeled. 3?P; (200 wCi/ml) was added at 4 h postinfection, and
the cells were harvested at 8 h postinfection for phenol-
chloroform extraction.

Genomic and intracellular virus-specific RNAs were sep-
arated by electrophoresis on 1% agarose gels (30). The RNA
was identified by autoradiography and eluted from the gel by
the method of Langridge et al. (24).

Two-dimensional RNase T,-oligonucleotide fingerprints.
The ?P-labeled RNA was digested with RNase T, and
fingerprinted as described previously (18, 31). The first-
dimension fingerprinting was performed on 10% poly-
acrylamide-0.125% bisacrylamide gel slabs in citrate buffer
(pH 3.3)-6 M urea. Electrophoresis was done for 4 h at 750
V. The second-dimension fingerprinting was performed on
22% polyacrylamide—0.15% bisacrylamide gel slabs in Tris-
borate buffer (pH 8.0) at 700 V for 16 h. After electrophore-
sis, the fingerprints were exposed to an X-ray film with an
intensifying screen at 4°C.

Base composition analysis of oligonucleotides. The RNase
T,;-resistant oligonucleotides identified by autoradiography
were eluted from the gel by incubation in 0.5 M NaCl at
room temperature overnight. The oligonucleotides were
precipitated in ethanol by using 10 wg of tRNA as carriers
and then digested with RNase A (10 wg/ml) for 30 min. The
digested RNA was separated by electrophoresis in acetic
acid-pyridine buffer at pH 3.5 as described (5, 20). The
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marker nucleotides were made by digestion of 3?P-labeled
total rRNA with both RNase T, and RNase A and then
separated by electrophoresis under the same conditions as
used for the other RNA samples.

Primer extension and sequence analysis of leader RNA. The
sequencing procedure for leader RNA and the primer used
were described previously (14, 16). The primer used, 5'-
AGGAACAAAAGACAT-3’, is complementary to nucleo-
tides 84 to 98 from the 5’ end of mRNA 7 of MHV A59 (1).
The primer was 5’ end labeled with polynucleotide kinase by
using [y->2P]JATP. It was then hybridized to the total intra-
cellular RNA from MHV-infected cells and primer extended
with reverse transcriptase as described (16). The primer-
extended products were separated by electrophoresis on
12% polyacrylamide gels. The major extended product (98
nucleotides long), which represents the leader sequence on
MHV mRNA 7, was eluted and then sequenced by the
Maxam-Gilbert chemical sequencing method (32).

Radiolabeling of viral polypeptides. Virion and intracellular
viral polypeptides were radiolabeled with [>S]methionine.
For radiolabeling of virion particles, DBT cells were pretreat-
ed with methionine-free medium for 2 h prior to infection.
After virus adsorption, the virus inoculum was replaced with
methionine-free medium containing 15 pCi of [**S]methio-
nine per ml. At 14 h postinfection the medium was harvested
and the virus particles were purified as described above. The
virus pellets were suspended in Laemmli sample buffer (15)
before being subjected to electrophoresis. For radiolabeling
of intracellular viral polypeptides, the infected cells were
incubated with methionine-free medium at 7 h p.i. for 1 h and
then pulse-labeled with [>*S]methionine (50 wCi/ml) for 20
min. After being labeled, the cells were washed with phos-
phate-buffered saline and then incubated with 0.5% Nonidet
P-40 in NTE (0.1 M NaCl, 0.01 M Tris hydrochloride [pH
7.4], 0.001 M EDTA) for 10 min on ice. The resulting lysate
was vortexed and then centrifuged at 12,500 X g for 5 min.
The supernatant was immunoprecipitated with a mouse
monoclonal antibody specific for the N protein of MHV (10)
and precipitated with Staphylococcus aureus Cowan 1. The
immunoprecipitate was suspended in Laemmli sample buffer
and boiled for 3 min before being subjected to electrophore-
sis on a polyacrylamide gel.

Polyacrylamide gel electrophoresis. Sodium dodecyl sul-
fate—polyacrylamide slab gel electrophoresis (12.5% poly-
acrylamide) was performed as described by Laemmli (15).
For separation of E1 polypeptides, the gels were run at 50 V
for 14 h or until the Coomassie blue reached the bottom of
the gel. For separation of intracellular N proteins, the gel
was run at 100 V for 14 h. Both gels with fixed in 50%
methanol-7% acetic acid, dried, and exposed to Kodak
X-ray film at —70°C.

RESULTS

Oligonucleotide mapping of the MHV-2 RNA genome. As
we have shown previously, the nature of RNA recombina-
tion between two viruses may be unequivocally established
by comparing the T,-oligonucleotide fingerprints of parental
viruses and progeny viruses (14, 17, 27, 28). To study
recombination with MHV-2, we first needed to map the
RNase T,-resistant oligonucleotides of MHV-2 genomic
RNA. Although MHV-2 genomic RNA has been finger-
printed (23), the locations of the oligonucleotides on the
genomic map had not been determined. The oligonucleotide
map of MHV-2 was established by oligonucleotide finger-
printing analysis of the genomic RNA and subgenomic
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FIG. 1. Oligonucleotide fingerprints of the genomic and subgenomic mRNAs of MHV- 2. Each mRNA species is denoted by a number at
the lower right-hand corner of the fingerprint. For instance, 7 denotes mRNA 7. The small numbers in each fingerprint represent arbitrary
numbers assigned to each oligonucleotide. Only the large T, oligonucleotides were studied. Oligonucleotides 8a and 8b are the leader-body

fusion sequences of mRNA 7 and mRNA 6, respectively. Their presence in the larger nRNAs was probably due to contamination of smaller
mRNAs.

mRNAs (Fig. 1). Since MHV mRNAs have a 3'-coterminal
nested-set structure (18), the smallest mRNA 7 represents
the sequence of the 3’ end of the genome, and the unique
spots in mRNA 6 not present in mRNA 7 represent se-
quences further to the 5’ side (18). By similar analysis of all
of the subgenomic mRNAs in Fig. 1 and the fingerprints of
some of the recombinants (see below), a tentative oligonu-
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l. 8 19,22 2 30 zl.s.l.n.zt.zl.iu.m.i 4, 11,33,16,14,13, 7! 15149, 38.26,41,61,62.68

cleotide map was obtained for MHV-2 RNA (Fig. 2). It
should be noted that some oligonucleotides, such as oligo-
nucleotides 2, 3, and 6, could not be determined with
certainty because of ambiguity in the fingerprints. Also, the
relative positions of most of the oligonucleotides within the
assigned genes are arbitrary. Therefore, this map could be
used only to determine the MHV genes in which a particular

c ,D,E,F, G
1
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FIG. 2. Schematic oligonucleotide map of MHV-2 RNA genome. The data were derived from Fig. 1. An oligonucleotide was assigned to
a specific gene corresponding to the smallest mRNA which contains this oligonucleotide, on the basis of the nested-set structure of MHV
mRNAs (18, 31). The numbering of oligonucleotides is the same as in Fig. 1. A through G represent the seven genes of MHV. L represents
the leader sequence.
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oligonucleotide is localized, but not the precise location of
oligonucleotides within the gene. Nevertheless, by compar-
ing it with the oligonucleotide map of A59 (18), which is
mapped in greater detail, it is possible to determine the
relative positions of many MHV-2 oligonucleotides within
genes (see below).

Subgenomic mRNAs of MHV contain a leader sequence
of approximately 72 nucleotides, which is derived from the
5’ end of the genome (16, 19, 35). Because of the discontin-
uous nature of MHV subgenomic mRNAs and the paucity of
G residues in the 3’ half of the leader sequence (16, 20),
every mRNA has a large and easily identifiable (over 20
bases) leader-specific oligonucleotide and a leader-body fu-
sion oligonucleotide, whose genetic locations are not con-
sistent with the nested-set structure (20, 26). By comparison
with the oligonucleotide fingerprints of AS9 (18) and JHM
(31), we identified the MHV-2 oligonucleotide 8 (Fig. 1) as
representing the leader sequence, since its electrophoretic
mobility is similar to that of the leader oligonucleotide of A59
(20). This identification was confirmed by base composition
analysis of this oligonucleotide and sequence studies of the
leader RNA of MHV-2. The base composition of oligonucle-
otide 8 was found to be Uy ;4 C¢ ,(AC),(AAAC)G. The
sequence of the MHV-2 leader RNA was determined by
primer extension with a 5’-end-labeled synthetic oligodeoxy-
ribopucleotide complementary to the 5’ end of the coding
region (nucleotides 84 to 96) of mRNA 7 (1) as a primer and
mRNA 7 of MHV-2 as the template. The primer-extended
product, which should include the leader region, was then
eluted and sequenced by the Maxam-Gilbert method (Fig. 3).
One of the underlined regions (#8) in Fig. 3 corresponds to
oligonucleotide 8, as judged by the predicted base composi-
tion. The second underlined region (#8a) represents the
sequence of the leader-rmRNA 7 fusion oligonucleotide 8a.
The latter oligonucleotide is identical to the leader-body
fusion oligonucleotide of A59 mRNA 7 (20). Overall, the
MHV-2 leader sequence has five single-base changes and
one base insertion compared with the corresponding leader
of AS59. This result establishes that MHV-2 oligonucleotide 8
represents the leader sequence, which can be distinguished
from the leader oligonucleotide of AS9 in two-dimensional
oligonucleotide fingerprints.

Isolation of recombinants between MHV-2 and A59. To
isolate recombinants between MHV-2 and AS59, we used two
genetic markers. The first was the temperature sensitivity of
A59 mutant LA7. This virus does not produce virus parti-
cles, but synthesizes RNA at the nonpermissive tempera-
ture. The second was the cell-cell fusion ability of the
viruses: A59 causes cell fusion, whereas MHV-2 does not.
Therefore, when cells are infected with both LA7 and
MHV-2, any progeny virus which can grow at the nonper-
missive temperature and induce cell fusion should represent

10 20
A59 A u
MHV-2 UAUAUGAGUG AAUGGCGUCC
60 70
AS9 -
MHV-2
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a recombinant virus with a crossover point between the two
selectable markers.

DBT cells were coinfected with these two viruses at 39°C,
the nonpermissive temperature for LA7. Progeny viruses
were plaque assayed at 39°C, and the fusion-positive plaques
were selected and further purified by serial plaque purifica-
tions. Early during the purification, two of these isolates,
ML-3 and ML-11, converted to the fusion-negative pheno-
type. All of the isolates were examined by two-dimensional
oligonucleotide fingerprinting of their mRNA 7 to determine
whether they were recombinants. The rationale for this
approach is that mRNA 7 is composed of the leader se-
quence derived from the 5’ end of the genome and the body
sequence derived from the 3’ end. Thus, any recombinant
with an odd number of crossovers would have a hybrid
mRNA 7 containing a leader RNA from one parental virus
and the coding sequence from the other parent. All of the
viruses examined except ML-11 appear to be recombinants,
since they contain an MHV-2-specific leader oligonucleo-
tide, no. 8, and at least some of the remaining oligonucleo-
tides derived from A59 (Fig. 4). Most interestingly, some of
the oligonucleotides within the body of mRNA 7 of ML-3
and ML-8 were derived from A59 and some were derived
from MHV-2. This result suggests that these two viruses
have a recombination within the 3’-most gene, gene G, of the
MHYV genome. These are the first recombinants we have
ever obtained which have a crossover site in the 3’ end gene
of the RNA genome. The only virus which did not seem to be
a recombinant virus was ML-11, which has an mRNA 7
identical to that of MHV-2 (Fig. 1). However, this approach
does not rule out the possibility that ML-11 is a recombinant
virus with an even number of crossovers.

Genemic characterization of recombinant viruses. To prove
that the viruses examined are indeed recombinants and to
determine the sites of recombination, we performed oligo-
nucleotide fingerprinting of the genomic RNAs of these and
additional viruses. Figure 5 shows the fingerprints of the
viruses and their schematic diagrams. All of these viruses
contain some oligonucleotides of both parental origins. Also,
they have lost some oligonucleotides of each parental virus.
By comparing the oligonucleotide maps of MHV-2 (Fig. 2)
and A59 (18), it is possible to determine the approximate
sites of recombination (Fig. 6). This result shows that all of
the viruses examined, including ML-11, are recombinants. It
should be noted that a recombination site is considered
established only when oligonucleotides from one parent are
present and the corresponding oligonucleotides from the
same location on the genome of the other parent are missing.
Thus, they represent homologous recombination. Both the
fusion-negative recombinants ML-3 and ML-11 have a gene
C of MHV-2 origin, whereas the remaining recombinants, all
of which are fusion positive, have a gene C with at least

30 40
C A A

GUACGUACCC UUUCUACUCU CAAACUCUUG

50

UUAGUUUAAA UCUAAUCUAA ACUUUAAGG..ccceocesccsacscsasacs

#8a

FIG. 3. Leader sequence of MHV-2 RNA. The sequence was obtained by primer extension of a synthetic primer complementary to the
5’ enc! (nucleotides 84 to 96) of the coding region of mMRNA 7 of MHV-2. The extended primer was eluted from the gel and sequenced by the
chemical cleavage method (32). The sequence is compared with that of AS9 (16). The underlined sequences correspond to the T,

oligonucleotides 8 and 8a in Fig. 1.
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FIG. 4. Oligonucleotide fingerprints of mRNA 7 of different potential recombinant viruses. These fingerprints are compared with that of
A59. ML-11 is identical to mRNA 7 of MHV-2 (Fig. 1). The other fingerprints are similar to AS9, except for the spots denoted by arrows,
which are derived from MHV-2. Oligonucleotide 10 of A59 is derived from the leader region. Oligonucleotide 8 of MHV-2 is the corresponding

oligonucleotide derived from the leader region.

some A59 sequences. The details of these maps were further
confirmed by studying oligonucleotide fingerprints of subge-
nomic mRNAs of these recombinants. Since the subgenomic
mRNAs are much smaller than the genomic RNA, the
oligonucleotide fingerprints are less complex and each oligo-
nucleotide can be more unequivocally discerned. For in-
stance, ML-3 has an mRNA 6 containing all of the A59-
specific oligonucleotides unique to gene F (Fig. 7), but an
mRNA § containing all of the MHV-2-specific oligonucleo-
tides unique to gene E. These data, coupled with the finding
that mRNA 7 of ML-3 contains part of the MHV-2-derived
sequence and part of the AS9-derived sequence (Fig. 4),
indicate that ML-3 has two crossover sites located within
gene G and at the junction between genes E and F, respec-
tively. Very similar crossover events also occurred in ML-
11, except that its recombination sites are localized at the
junctions between genes E and F and between genes F and
G, respectively. This conclusion is supported by detailed
analysis of the fingerprints of the subgenomic mRNAs (data
not shown). In addition, both ML-11 and ML-3 probably
contain multiple crossovers in gene A, although the presence
of the crossovers in gene A of ML-11 is less certain, since
only one detectable oligonucleotide was exchanged between
the two parental viruses (Fig. 5).

Three additional viruses, ML-7, ML-8, and ML-9 have
crossovers within genes B and C (Fig. 6). These recombina-
tion sites were confirmed by additional analysis of subgeno-
mic mRNAs 2 and 3 of these viruses (data not shown). Most
notably, the 5’ end of gene C sequences was derived from

MHV-2, whereas the remaining gene C sequence was from
AS9. Because the MHV-2 oligonucleotides within gene B
could not be mapped with certainty, the crossover sites
within gene B of these recombinants were only tentatively
mapped, as shown in Fig. 6, which was based on the
contiguity of oligonucleotides, thus requiring a minimum
number of crossovers.

Several of the recombinants have crossovers in gene A.
We have tentatively mapped these crossovers (Fig. 6).
Again, because of the uncertainty of the order of oligonucle-
otides within MHV-2 gene A, we are not certain that the
MHYV-2 oligonucleotides missing in these recombinants are
indeed contiguous. If they are not contiguous, there would
be additional crossovers in these recombinants.

These results clearly show that the genetic cross between
A59 and MHV-2 produced a variety of RNA recombinants
with ‘multiple crossovers. Most notably, recombination in
the 3’ end of the genome could also be detected.

Characterization of structural proteins of recombinants.
Since some of the recombinants have crossovers within the
3’ end genes, which encoded the N and E1 proteins, the
structural proteins of these recombinants might reflect the
characteristics of both parental viruses. We therefore exam-
ined the sizes of their structural proteins. The [**SImethio-
nine-labeled intracellular proteins from virus-infected cells
were precipitated with a monoclonal antibody which reacts
with the N proteins of both A59 and MHV-2 (10) and were
separated by polyacrylamide gel electrophoresis (Fig. 8A).
Two major N protein species could be detected from each
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ML-9

FIG. 5. (A) Oligonucleotide fingerprints of the genomic RN As of different recombinant viruses and their parental viruses A59 and MHV-2.
(B) Schematic diagrams of these fingerprints. Symbols: @, A59-derived oligonucleotides; O, MHV-2-derived oligonucleotides.

virus-infected cell. These two protein species probably rep-
resent different processed forms of the N protein (33). The
sizes of both proteins, particularly the fast-migrating one,
are clearly different in MHV-2 and A59. Among the recom-
binants, ML-11 has an N protein with a size similar to that of
MHV-2, whereas ML-7, ML-9, and ML-10 each have an N
protein similar to that of AS9. Interestingly, the sizes of the
N proteins of ML-3 and ML-8 are intermediate between

those of the two parental viruses. These protein sizes are in
agreement with the genetic structures of these recombinants
(Fig. 6). When [**SImethionine-labeled virion proteins were
analyzed by electrophoresis, a size difference between the
El of both parents was also seen (Fig. 8B). All of the
recombinants examined were found to have an E1 protein
with a size like that of A59. Thus, size comparisons of the
viral structural proteins N and E1 of recombinants confirmed
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the genetic structure of the 3’ ends of these recombinants

(Fig. 6).

The data previously presented by researchers in our
laboratory (13, 14, 27, 28) and contained in this report show
that murine coronaviruses can undergo RNA recombination
at a relatively high frequency. This conclusion is supported
not only by the presence of a large number of recombinants
among the progeny of a single genetic cross (13, 28), but also
by the observation that most of the recombinants obtained
contain multiple crossovers (13, 27). The multiple crossovers
may have resulted from a series of crossing-over events
during a single round of RNA replication or during subse-
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quent virus passages. Our observation that some recombi-

nants converted from the fusion-positive to the fusion-
negative phenotype during plaque purifications suggests that
RNA recombination could continue to occur in every repli-
cation cycle. Half of the recombinants obtained between

MHV-2 and AS59 have crossovers in the 3’ end genes
encoding virion structural proteins. There does not seem to
be a linkage between the ability of recombinants to induce
cell-cell fusion and the parental origin of the 3' end se-
quence. Thus, crossovers in this region were most probably
not specifically selected for. These recombinational events
between MHV-2 and A59 at the 3’ ends of genomic RNA
were unexpected, since we have not seen any recombination
in this region between A59 and JHM in the approximately 40
different recombinants studied so far (13, 14, 17, 27, 28). It
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FIG. 8. Polyacrylamide gel electrophoresis of virus-specific pro-
teins of recombinants. (A) The [**S]methionine-labeled intracellular
N proteins were precipitated with a monoclonal antibody specific for
N and separated by polyacrylamide gel electrophoresis (12.5%
polyacrylamide). (B) The [**S]methionine-labeled virion proteins
were electrophoresed on a 12.5% gel. Molecular mass markers are
indicated in kilodaltons.

should be noted that the temperature-sensitive mutant LA7
of A59 used in this study has previously been used in other
recombination studies (27, 28), which did not yield any
recombination events in the 3’ end regions of the genome. It
is not clear why the particular genetic cross between LA7
and MHV-2 conducted in this study resulted in many cross-
overs within this region. Whether the sequence of MHV-2
contributed to the generation of these recombinants remain
to be studied.

Among the MHV-2-A59 recombinants obtained, the abil-
ity of the virus to induce cell-cell fusion corresponds to the
presence of A59-specific sequences at least at the 3’ end of
gene C. This finding is consistent with the notion that the
peplomer protein (E2) is responsible for the fusion activity of
the virus (9, 12, 39). Interestingly, several recombinants
have replaced part of the 5’ end of gene C, corresponding to
the N terminus of the protein, with MHV-2 sequence.
Despite the presence of MHV-2 sequence at the N terminus
of the peplomer, these recombinants retain the ability to
cause cell-cell fusion. This result suggests, but does not
prove, that the portion of the peplomer protein crucial for
the fusion activity does not reside in the N terminus. This
interpretation is consistent with our previous recombination
study which shows that the epitopes of binding of a mono-
clonal antibody which can inhibit cell fusion reside in the
C-terminal half of the peplomer protein (27).

It is interesting that all of the recombinants we have
obtained have MHV-2-derived leader sequences. This was
not the result of the selection markers used, inasmuch as
multiple crossovers occurred throughout the entire genome
in most of these recombinants. It is more reasonable to
suggest that the MHV-2 leader sequence may have conferred
some growth advantages to these recombinants. In DBT
cells, MHV-2 appears to grow slightly faster than A59 does.
Sequence analysis of the leader region indicates that the
MHV-2 leader sequence differs from that of A59 by five
single-base changes and one nucleotide insertion (Fig. 3). It
is not clear whether these sequence differences are respon-
sible for the altered growth property of the virus. We have
previously shown that the A59 leader differs from the JHM
leader by a single-base substitution and deletion of a 5-
nucleotide (UCUAA) repeat and that A59 grows faster than
JHM does. Furthermore, the majority of recombinants be-
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tween AS59 and JHM obtained contain the A59 leader. It
would be interesting to determine the leader sequence of
additional coronaviruses and compare their growth poten-
tials.

The origin of the ML-10, which contains only leader
sequence derived from MHV-2 and the rest of the genome
derived from A59, is puzzling. As judged from the previous
recombination studies (14), it is unlikely that the tempera-
ture-sensitive lesion of LA7 is localized in the leader RNA.
Thus, ML-10 must have been derived from recombination
between MHV-2 and a revertant of LA7. A similar recom-
binant was obtained previously between A59 and JHM (14).
Although we could not determine the exact site of recombi-
nation in these recombinants, the possibility that only the
leader sequence is exchanged may suggest that the free
leader RNA (2, 4, 29) is involved in the generation of this
recombinant.
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