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(7). Northern blot analysis of negative-strand RNAs from
transmissible gastroenteritis virus and bovine coronavirus
showed that the relative molar ratios of the various subgenomic negative-strand RNAs are comparable to those of
subgenomic mRNAs (25) late in infection. Kinetic studies of
murine coronavirus mouse hepatitis virus (MHV) negativestrand RNA synthesis (including both genomic-size and subgenomic-size RNAs) showed that at 37°C negative-strand
RNA synthesis is detectable at 3 h p.i., becomes maximal at 6 h
p.i., and then declines (21). Using cloned MHV defective interfering (DI) RNA, which contains an inserted intergenic
sequence to produce subgenomic DI RNA, Lin et al. showed
that negative-strand DI RNAs (negative-strand genomic DI
RNA and negative-strand subgenomic DI RNA were not distinguished in these experiments) are detected as early as 20
min after transfection of DI RNA into MHV-infected cells
(12). The amounts of negative-strand DI RNAs reach a plateau at 1 h posttransfection and do not increase thereafter
(12). This very rapid accumulation of negative-strand DI
RNAs reported by Lin et al. (12) differs distinctly from kinetic
characterizations of coronavirus negative-strand RNAs by others (21, 25). The kinetics of negative-strand genomic RNA and
negative-strand subgenomic RNA accumulation in early infection is not known because of the very low level of coronavirus
negative-strand RNA production early in infection.
We have investigated MHV RNA accumulation early in
viral infection by characterizing MHV DI RNA that produces
subgenomic DI RNA. We used MHV DI RNA for the following reasons. (i) Although the ratio of subgenomic DI RNA to
genomic DI RNA is lower than the corresponding ratio of
mRNA 7 to mRNA 1 (1, 14, 15), MHV DI RNA depends upon
borrowing the MHV RNA synthesis mechanism for its own
synthesis. Hence, the kinetics of MHV DI RNA synthesis most
probably is the same or very similar to that of MHV mRNA
synthesis. (ii) MHV DI RNA produces only one subgenomic
DI RNA, which makes the characterization of this genomic DI
RNA and its subgenomic DI RNA much simpler than that of
MHV genomic RNA with its six to seven subgenomic mRNAs.
(iii) DI RNA can be altered to carry non-MHV sequences,
which we can specifically target for detection of MHV DI RNA
synthesis via radiolabeled probes and oligonucleotide primers.
Our study indicated that the MHV RNA replication mech-

Coronavirus, an enveloped virus containing a large positivesense single-strand RNA, expresses its genes by producing
subgenomic mRNAs. Cells infected with coronavirus produce
six to eight species of virus-specific mRNAs that make up a
39-coterminal nested-set structure and that are expressed in
different quantities (9, 11). The 59 end of each coronavirus
genomic RNA and subgenomic mRNA starts with a leader
sequence that is approximately 60 to 90 nucleotides (nt) long
(9, 10, 27). The leader RNA joins to the body of the subgenomic RNA at the intergenic sequence (10, 17, 26, 27).
Coronavirus mRNAs are detectable within a few hours postinfection (p.i.) by metabolic labeling and Northern blot analysis
of coronavirus-specific intracellular RNAs (11, 28). Once coronavirus mRNA accumulates to a detectable level, thereafter
relative molar ratios of the different mRNAs are roughly constant (11, 25, 28); the only reported exception is an enhanced
synthesis of the genomic-size RNA late in bovine coronavirus
infection (8). The amounts of coronavirus mRNAs are low
early in infection, and whether or not the relative molar ratios
of these mRNAs are constant during this stage of infection is
unknown.
Coronavirus is a typical positive-strand RNA virus, so coronavirus RNA synthesis involves the synthesis of negativestrand RNAs that are used as template RNAs for positivestrand RNA synthesis. Coronavirus negative-strand RNAs
represent only 1 to 2% of the total intracellular virus-specific
RNAs (19, 21). In addition to negative-strand RNA of genomic
size, negative-strand subgenomic RNAs, each of which corresponds to a subgenomic mRNA species, are produced in coronavirus-infected cells (6, 25). These negative-strand RNAs
contain an antileader sequence at the 39 end and a poly(U)
sequence at the 59 end (24). The biological function of these
negative-strand subgenomic coronavirus RNAs in coronavirus
RNA synthesis has not been established; they may be active
template RNAs for subgenomic mRNA synthesis (22, 23, 25),
or they may be transcriptionally inactive, dead-end products
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We studied the accumulation kinetics of murine coronavirus mouse hepatitis virus (MHV) RNAs early in
infection by using cloned MHV defective interfering (DI) RNA that contained an intergenic sequence from
which subgenomic DI RNA is synthesized in MHV-infected cells. Genomic DI RNA and subgenomic DI RNA
accumulated at a constant ratio from 3 to 11 h postinfection (p.i.) in the cells infected with MHV-containing
DI particles. Earlier, at 1 h p.i., this ratio was not constant; only genomic DI RNA accumulated, indicating that
MHV RNA replication, but not MHV RNA transcription, was active during the first hour of MHV infection.
Negative-strand genomic DI RNA and negative-strand subgenomic DI RNA were first detectable at 1 and 3 h
p.i., respectively, and the amounts of both RNAs increased gradually until 6 h p.i. These data showed that at
2 h p.i., subgenomic DI RNA was undergoing synthesis in the cells in which negative-strand subgenomic DI
RNA was undetectable. These data, therefore, signify that negative-strand genomic DI RNA, but not negativestrand subgenomic DI RNA, was an active template for subgenomic DI RNA synthesis early in infection.
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TABLE 1. Synthetic olignucleotides used in this study
Sequencea (59–39)

Oligonucleotide

10401 ...........................AATCGCGTCCCTGATCTCAGCGGATTTCATCTGACTAATACTAC
10402 ...........................TATAAGAGTGATTGGCGTACTAATACTACAACACCACC
10124 ...........................AATCGCGTCCCTGATCTCAGCGG
10403 ...........................ATCCCATATCACCAGCTCAC
10066 ...........................TATAAGAGTGATTGGCGTCCG
10404 ...........................AAGCTTAATACGACTCACTATAGGGATCCCATATCACCAGCTCAC
10319 ...........................AAGCTTAATACGACTCACTATAGGGTTTGCTTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCATATCACCAGCTCAC
a

Boldface letters indicate a T7 promoter sequence; underlined nucleotides represent a 38-nt sequence that is not related to that of MHV RNA or MIGCAT RNA.

MATERIALS AND METHODS
Viruses and cells. The plaque-cloned A59 strain of MHV (9) was used as a
helper virus. Mouse DBT cells (5) were used for MHV growth and RNA transfection.
DNA construction. The synthetic oligonucleotides used in the present study
are listed in Table 1. Plasmid MIGCAT was constructed by inserting a DNA
fragment consisting of the 18-nt intergenic sequence from MHV genes 6 and 7
(59-AAUCUAAUCUAAACUUUA-39) and the 59-most 0.3-kb region of the
chloramphenicol acetyltransferase (CAT) gene into the large KpnI-EcoRV fragment of MHV DI cDNA, PR6 (15). In the present study, the first nucleotide of
the CAT sequence was defined as nt 11 (Fig. 1). Gel-purified PCR products
corresponding to a part of the CAT sequence from nt 121 to 1237 were used as
a probe (DNA probe 1; Fig. 1). PCR products used to produce riboprobe 1 were
made by incubating MIGCAT plasmid with two oligonucleotides. One is oligonucleotide 10124, which hybridizes with negative-strand MHV RNAs at nt 2112
to 290 (Fig. 1); the other is oligonucleotide 10319, which contains the T7

promoter sequence, a 38 nt-long sequence that is related to neither the MHV nor
the MIGCAT sequence, and a sequence corresponding to nt 1278 to 1297 of
the positive-strand RNA. PCR products were made by incubating MIGCAT
DNA with oligonucleotide 10401, which consists of sequences from nt 2112 to
292 and from nt 18 to 128, and oligonucleotide 10401, which consists of
sequences from nt 2112 to 292 and from nt 18 to 128, and oligonucleotide
10404, which contains the T7 promoter sequence and a sequence from nt 1278
to 1297 (Fig. 1). Gel-purified PCR products were used as a source for the
template DNA for the synthesis of competitor A RNA in vitro. A similar procedure was used for construction of DNA containing competitor B, except that
oligonucleotide 10402, which consists of a part of the leader sequence (from nt
278 to 258 in the subgenomic MIGCAT RNA) and the sequence from nt 118
to 137, was used in place of oligonucleotide 10401.
RNA transcription and transfection. MIGCAT DI RNA transcripts were
synthesized in vitro with T7 polymerase (16) and then transfected into MHV
A59-infected DBT cells (3) by using a lipofection procedure, as described previously (15). Virus released into the culture supernatant was collected 15 h after
RNA transfection and was subsequently passaged twice on DBT cells to amplify
the DI particles containing MIGCAT DI RNA (MIGCAT DI particles). This
virus preparation was designated P2.
Virus inoculation and preparation of virus-specific intracellular RNA. DBT
cells were infected with the P2 sample at a multiplicity of infection of 5 and
incubated at 0°C for 30 min for virus adsorption. Unadsorbed virions were
removed by washing the cells once with chilled minimum essential medium

FIG. 1. Schematic diagram of the structure of genomic MIGCAT RNA and subgenomic MIGCAT RNA. The locations of leader sequences, an intergenic sequence,
and CAT sequences are indicated. Oligonucleotides used for RT-PCR and the preparation of riboprobe 1, competitor A, and competitor B are shown by open
arrowheads. T7 Pr, the T7 promoter sequence present at the 59 ends of oligonucleotides 10319 and 10404. The short boldface line between the open arrowhead and
the T7 promoter sequence in oligonucleotide 10319 represents a unique sequence that does not hybridize with either MIGCAT or MHV RNA sequences. Structures
of probes used in the present study are also shown; the positions of riboprobe 1 and competitor A relative to genomic MIGCAT RNA and the positions of DNA probe
1 and competitor B relative to subgenomic MIGCAT RNA are shown. Riboprobe 1, competitor A, and competitor B are complementary to positive-strand
MIGCAT-specific RNAs. Nucleotide numbers shown for these probes start from the beginning of the CAT sequence.
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anism, but not the RNA transcription mechanism, was active
very early in infection. Furthermore, we provide evidence that
negative-strand genomic DI RNA, but not negative-strand subgenomic DI RNA, serves as a template for subgenomic DI
RNA synthesis early during MHV infection.
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RESULTS
Positive-strand MIGCAT RNA synthesis early in infection.
We used MIGCAT DI particles to study MHV RNA accumulation kinetics. The 59-most 3.1-kb region of MIGCAT RNA
was made from the corresponding region of a cloned MHV
strain JHM (MHV-JHM) DIssF DI RNA (18), PR6 (15).
Downstream of the 3.1-kb region was an intergenic sequence
and the 59-most 0.3-kb region of the CAT gene. The 0.46-kb
region closest to the 39 end of MIGCAT RNA was derived

from the corresponding region of the MHV-JHM genomic
RNA (Fig. 1). We prepared a P2 virus sample that contained
both helper MHV and MIGCAT DI particles by passaging
twice the virus sample from the MHV-infected, MIGCAT
RNA-transfected cells. To study the kinetics of MIGCAT
RNA accumulation, DBT cells were inoculated with virus sample and then incubated at 0°C for 30 min for virus adsorption;
virus adsorption, but not penetration, occurs during incubation
at 0°C. Washing the cells with medium removed unadsorbed
virus. Immediately after the washing, total intracellular RNA
was extracted from the cells to determine the amount of
MIGCAT RNA in the adsorbed virions. This RNA sample is
referred to as the 0-h p.i. sample. The remaining virus-infected
cells were then incubated at 37°C. Viral penetration is a synchronous event that begins immediately after incubation at
37°C. Intracellular RNAs were extracted hourly from 1
through 11 h p.i. Northern blot analysis using the 32P-labeled
CAT gene-specific probe, DNA probe 1, showed an accumulation of the 3.8-kb genomic MIGCAT RNA and the 0.8-kb
subgenomic MIGCAT RNA as early as 4 h p.i. (Fig. 2A). The
amount of MIGCAT-specific RNAs gradually increased from
4 to 8 h p.i., remained constant from 8 to 10 h p.i., and declined
slightly at 11 h p.i. Because the majority of cells were still
attached to the bottom of the plates at 11 h p.i., the slight
reduction of MIGCAT-specific RNAs at 11 h p.i. was not due
to the reduced number of cells in the sample preparation.
Phosphorimager analysis of Northern blot membranes showed
that the relative molar ratio of subgenomic MIGCAT RNA to
genomic MIGCAT RNA was approximately 0.9 to 1.0 and
remained constant from 5 to 11 h p.i. The relative molar ratios
of MHV mRNAs were also constant during this period (11),
so these data indicated that the accumulation of MIGCATspecific RNAs faithfully reflected the accumulation of MHV
mRNAs.
Northern blot analysis was not sensitive enough to detect
minute amounts of MIGCAT-specific RNAs early in infection;
therefore, we used an RNase protection assay to detect
MIGCAT-specific RNA synthesis from 0 to 4 h p.i. In this
assay we used a radiolabeled 440-nt RNA probe, riboprobe 1,
whose 59-end 38 nt were not related to nucleotides from either
MIGCAT RNA or MHV RNA and whose remaining sequence
was complementary to that part of the genomic MIGCAT
RNA sequence extending from the end of the CAT sequence
to 112 nt upstream of the CAT gene (Fig. 1). We anticipated
that hybridization of radiolabeled riboprobe 1 with genomic
MIGCAT RNA and subgenomic MIGCAT RNA followed by
treatment of the hybrids with single-strand-specific RNases,
should produce 0.41- and 0.32-kb labeled RNA bands, respectively. The RNase protection assay showed a gradual accumulation of genomic MIGCAT RNA from 1 to 4 h p.i. (Fig. 2B).
No signal was detected in the sample extracted at 0 h p.i.; the
RNA signal corresponding to genomic MIGCAT at 1 h p.i.,
therefore, represented genomic MIGCAT RNA synthesized
during the first hour of infection and was not coming from
input genomic MIGCAT RNA present in MIGCAT DI particles. We thought that the lack of a signal corresponding to
subgenomic MIGCAT RNA at 1 h p.i., which we consistently
saw in repeated experiments, was very interesting. An RNA
signal corresponding to subgenomic MIGCAT RNA was first
detectable at 2 h p.i. and then increased gradually from 2 to 4 h
p.i. Phosphorimager scanning of the gels revealed that the ratio
of the RNA signal corresponding to subgenomic MIGCAT
RNA to that corresponding to genomic MIGCAT RNA was
constant from 3 to 4 h p.i. The deduced relative molar ratio of
subgenomic MIGCAT RNA to genomic MIGCAT RNA from
3 to 4 h p.i. was 0.9, which was similar to that of subgenomic
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(MEM) and once with prewarmed MEM. Immediately after the washing of the
cells total intracellular RNAs were extracted by using the Totally RNA kit
(Ambion). This sample was denoted the 0-h p.i. sample. Other virus-infected
cells were cultured at 37°C, and total intracellular RNAs were extracted at
various times p.i.
Northern (RNA) blotting. Northern blot analysis using 32P-labeled randomprimed DNA probe 1 (approximately 2 3 109 cpm/mg) (Fig. 1) was performed as
previously described (20).
RNase protection assay. The RNase protection assay was carried out as described by Zinn et al. (32) with some modification. Briefly, a 32P-labeled 440-nt
RNA probe, riboprobe 1, was prepared by using in vitro transcription of the
riboprobe 1-specific PCR products (see above). The 59-end 38 nt of riboprobe 1
were not related to nucleotides from either MIGCAT or MHV, while the rest of
the probe was complementary to genomic MIGCAT RNA from nt 2112 to 1297
(Fig. 1). Intracellular RNAs extracted from 0 to 4 h p.i. were heat denatured at
90°C for 2 min and quickly chilled on ice. Heat-denatured RNA was incubated
with 32P-labeled riboprobe 1 in a 30-ml solution containing 80% formamide, 40
mM PIPES (piperazine-N,N9-bis(2-ethanesulfonic acid; pH 6.4), 400 mM NaCl,
and 1 mM EDTA at 60°C. After 8 h of incubation, 300 ml of a solution containing
100 mM NaCl, 10 mM Tris-HCl (pH 7.5), 5 mM EDTA, 15 mg of RNase A per
ml, and 1 mg of RNase T1 per ml was added, and the mixture was incubated for
10 min at 15°C. The RNase reactions were terminated by adding 10 ml of 10%
sodium dodecyl sulfate and 2 ml of 5-mg/ml proteinase K, followed by incubation
at 37°C for 15 min, phenol extraction, and ethanol precipitation. Precipitated
RNA was then applied to a 6% sequencing gel.
RT-PCR. To amplify negative-strand genomic MIGCAT RNA, the RNA sample was heated at 90°C for 2 min and quickly chilled on ice. Heat-denatured RNA
was then incubated with oligonucleotide 10124 in 25 ml of avian myeloblastosis
virus reverse transcriptase (RT) reaction buffer containing avian myeloblastosis
virus RT for cDNA synthesis (Promega). Then, 1 ml of cDNA sample was mixed
with 99 ml of PCR buffer (Promega) including oligonucleotide 10124 and oligonucleotide 10403, which hybridizes with the positive-strand MIGCAT sequence
at nt 1278 to 1297 (Fig. 1). One piece of AmpliWax wax (Perkin-Elmer) was
added to seal the sample mixture, and the PCR was started by incubating the
sample mixture at 94°C for 2 min and then cooling it to 4°C. After this, Taq DNA
polymerase was placed on top of the wax layer. The sample mixture was incubated at 72°C for 5 min once; at 94°C for 45 s, 60°C for 45 s, and at 72°C for 45 s
for 34 cycles; and at 72°C for 5 min. For the detection of negative-strand
subgenomic MIGCAT RNA, oligonucleotide 10066, which hybridizes with the
antileader sequence of MIGCAT RNA at the first 21 nt from the 39 end of the
antileader sequence, was used in the place of oligonucleotide 10124 for cDNA
synthesis and PCR. MIGCAT-specific RT-PCR products were detected by
Southern blot analysis using 32P-labeled DNA probe 1 as a probe (Fig. 1).
Competitive RT-PCR. Competitor A transcripts and competitor B transcripts
were synthesized separately by T7 polymerase-mediated transcription in vitro,
and the samples containing competitor A and competitor B were incubated with
DNase I to digest DNA. The amounts of competitor A and competitor B were
quantitated by using a spectrophotometer and by a visual inspection of RNA
bands after agarose gel electrophoresis of the transcripts; 40-ng amounts of
competitor A and competitor B were used as the undiluted samples. Total
intracellular RNA extracted from MIGCAT-replicating cells (2 3 106 cells) was
dissolved in 20 ml of water. To estimate negative-strand genomic MIGCAT
RNA, 2 ml of intracellular RNA sample was mixed with oligonucleotide 10124
and with serially diluted in vitro-synthesized competitor A. After heat denaturation of RNAs, cDNA synthesis was performed. After cDNA synthesis, 1 ml of
sample was mixed with 99 ml of PCR buffer containing oligonucleotides 10124
and 10403, and one piece of AmpliWax was added to the sample. After incubation of the sample mixture at 94°C for 2 min and subsequent cooling to 4°C, Taq
DNA polymerase was added to the wax layer. The sample mixture was first
heated to 94°C for 1 min and then immediately incubated at 94°C for 1 min, 63°C
for 1 min, and 72°C for 1 min for 35 cycles. After the final cycle of incubation, the
sample mixture was incubated at 72°C for 5 min. Aliquots of the sample were
electrophoresed on 2% agarose gels, and RT-PCR products were detected by
Southern blot analysis with 32P-labeled DNA probe 1 as the probe. To estimate
negative-strand subgenomic MIGCAT RNA, a similar procedure was used, except that competitor B was used as an internal control, oligonucleotide 10066 was
used for cDNA synthesis, and a combination of oligonucleotides 10066 and
10403 was used for PCR.
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MIGCAT RNA to genomic MIGCAT RNA from 5 to 11 h p.i.
(Fig. 2A), demonstrating that the relative molar ratio of subgenomic MIGCAT RNA to genomic MIGCAT RNA was constant from 3 to 11 h p.i. The relative molar ratio of subgenomic
MIGCAT RNA to genomic MIGCAT RNA at 2 h p.i. was
about two-thirds of that from 3 to 11 h p.i. These data demonstrated that MIGCAT DI RNA replication, but not transcription, occurred during the first hour of infection, suggesting
that RNA replication activity, but not RNA transcription activity, was active very early in MHV infection.
Negative-strand MIGCAT RNA synthesis early in infection.
We next examined the kinetics of negative-strand MIGCAT
RNA accumulation. We chose an RT-PCR procedure because
Northern blot analysis using various 32P-labeled riboprobes or
32
P-labeled oligonucleotide probes was not sensitive enough to
detect negative-strand MIGCAT RNAs (data not shown).
After heat denaturation of intracellular RNA extracted
from MIGCAT-replicating cells, negative-strand genomic
MIGCAT RNA-specific cDNA and negative-strand subgenomic MIGCAT RNA-specific cDNA were synthesized by
using primer oligonucleotides 10124 and 10066, respectively
(Fig. 1). The RT was inactivated by heating, and oligonucleotide pairs 10124 and 10403 and 10066 and 10403 (Fig. 1) were
used to generate negative-strand genomic MIGCAT RNAspecific PCR products and negative-strand subgenomic MIGCAT RNA-specific PCR products, respectively. Southern blot
analysis of RT-PCR products by using 32P-labeled DNA probe
1 indicated that negative-strand genomic MIGCAT RNA
gradually accumulated from 1 to 6 h p.i., became constant from
6 to 10 h p.i., and then declined at 11 h p.i. (Fig. 3A). No signal
was detectable in the RNA sample extracted at 0 h p.i. in
repeated experiments, indicating that the PCR signal in the
sample at 1 h p.i. indeed represented the newly synthesized
negative-strand genomic MIGCAT RNA. To our surprise, the
PCR products corresponding to negative-strand subgenomic
MIGCAT RNA were not detectable in the RNA samples extracted from 0 to 2 h p.i. (Fig. 3B), even after longer exposure
of the gels or changing PCR conditions (data not shown),

demonstrating that negative-strand subgenomic MIGCAT
RNA most probably was not produced or was produced in
extremely minute amounts from 0 to 2 h p.i. Negative-strand
subgenomic MIGCAT RNA-specific PCR products were consistently detected at 3 h p.i. The amount of the RT-PCR
products of negative-strand subgenomic MIGCAT RNA increased from 3 to 5 h p.i., remained constant up to 10 h, and
slightly decreased at 11 h p.i. No RT-PCR products corresponding to the negative-strand MIGCAT-specific RNAs were
detected in MHV-infected cells and in non-MHV-infected
cells, demonstrating that these RT-PCR products were specific
for MIGCAT RNAs (Fig. 3A and B). RT-PCR with 100 times
less or 10 times more cDNAs than were used for Fig. 3A and
B showed that, in both cases, the amounts of negative-strand
MIGCAT RNA-specific RT-PCR products were constant from
6 to 10 h p.i. (data not shown). RT-PCR with 100 times less
cDNA produced fewer products than the RT-PCR shown in
Fig. 3A and B; that with 10 times more cDNA produced more
products. Furthermore, when PCR was performed with positive-strand MIGCAT RNA-specific cDNAs, under the same
PCR conditions, the amounts of PCR products were significantly higher than the amounts of RT-PCR products shown in
Fig. 3A and B (data not shown). These data demonstrated that
sufficient amounts of primers and deoxynucleoside triphosphates were provided in the RT-PCR.
To estimate the difference in the amounts of negative-strand
subgenomic MIGCAT RNA at 3 h p.i. and putative negativestrand subgenomic MIGCAT RNA, which might be present at
2 h p.i., intracellular RNA extracted from MIGCAT DI particle-infected cells at 3 h p.i. was diluted by 10-, 25-, or 100-fold
and mixed with a constant amount of intracellular RNAs that
were extracted from MHV-infected cells at 3 h p.i.; intracellular RNA was added to maintain a constant amount of helper
virus-derived RNAs in each diluted sample. An undiluted intracellular RNA sample that was extracted from MIGCAT DI
particle-infected cells at 3 h p.i. served as a control. RT-PCR of
these samples readily demonstrated the presence of negativestrand subgenomic MIGCAT RNA in 10-fold dilutions of the
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FIG. 2. Accumulation of positive-strand MIGCAT-specific RNAs. (A) Northern blot analysis of MIGCAT-specific RNAs. Total intracellular RNAs were extracted
from MIGCAT DI particle-infected cells at the times shown above the gel. The sample at 0 h p.i. represents intracellular RNAs that were extracted immediately after
30 min of virus adsorption at 0°C. 32P-labeled DNA probe 1 was used as a probe. (B) RNase protection assay of genomic MIGCAT RNA and subgenomic MIGCAT
RNA. Heat-denatured intracellular RNA and radiolabeled riboprobe 1 (see Fig. 1) were hybridized and then treated with RNase A and RNase T1. Riboprobe 1
fragments that were protected from RNase digestion were detected by separating the sample on 6% sequencing gels. Lanes 1 and 2 represent intracellular RNAs from
non-MHV-infected and MHV-infected cells, respectively. Lane 8 is the same as lane 4, except that RNase treatment was omitted. G, genomic MIGCAT RNA; SG,
subgenomic MIGCAT RNA.
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sample (Fig. 3C). After extended exposure of the gel, negativestrand subgenomic MIGCAT RNA-specific RT-PCR products
were also visible in the sample that was diluted 25-fold. We
could not detect negative-strand subgenomic MIGCAT RNAspecific RT-PCR products at 2 h p.i. after long exposure of the
gels in repeated experiments (Fig. 3B). As a result we feel that
the amount of putative negative-strand subgenomic MIGCAT
RNA at 2 h p.i., if any such RNA existed, was at least 25 times
less than the amount of negative-strand subgenomic MIGCAT
RNA at 3 h p.i.
Quantitative analysis of negative-strand MIGCAT RNAs
early in infection. Because different sets of primers were used
for PCR to amplify negative-strand genomic MIGCAT RNA
and negative-strand subgenomic MIGCAT RNA, we could not
directly compare the amounts of these RNAs in the above
experiments. For comparing the amounts of negative-strand
subgenomic MIGCAT RNA and negative-strand genomic
MIGCAT RNAs early in infection, we used competitive RTPCR. In competitive RT-PCR, a sample containing an unknown amount of the RNA of interest is added to serial dilutions of a known amount of a competitor RNA fragment that
differs from the RNA of interest by having a small internal
deletion. A primer which specifically binds to both the RNAs
is used for cDNA synthesis, and a pair of primers is used to
coamplify both RNAs. The ratio of the amount of PCR products of the RNA of interest to that of the competitor RNA
should remain constant through the amplification, and the

results should not be dependent on cycle number or on the
concentrations of primers or deoxynucleoside triphosphates
(4). At the point where the amounts of PCR products of the
RNA of interest and of the competitor are equal, the starting
concentration of the RNA of interest prior to PCR is equal to
the known starting concentration of the competitor; in this way
the amount of the RNA of interest can be easily estimated.
To estimate the amount of negative-strand genomic MIGCAT
RNA, intracellular RNAs extracted from MIGCAT DI
RNA-replicating cells were mixed with serially diluted known
amounts of an in vitro-synthesized RNA transcript, competitor
A, which contains a sequence corresponding to negative-strand
genomic MIGCAT RNA with an internal deletion of 117 nt
(Fig. 1). Oligonucleotide 10124 was used for cDNA synthesis
and a pair of oligonucleotides, 10124 and 10403, was used for
coamplification. For quantitation of negative-strand subgenomic MIGCAT RNA, serial dilutions of a known quantity
of competitor B, which contains a sequence corresponding to
the negative-strand subgenomic MIGCAT RNA with an internal deletion of 75 nt, were mixed with the intracellular RNA
samples (Fig. 1). Oligonucleotide 10066 was used for cDNA
synthesis, and oligonucleotides 10066 and 10403 were used for
PCR. Equal amounts of competitor A and competitor B were
prepared, diluted serially, and individually added with the
same intracellular RNA sample prior to cDNA synthesis.
Competitive RT-PCR showed that the amounts of RT-PCR
products of negative-strand genomic MIGCAT RNA at 2 and
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FIG. 3. Accumulation of negative-strand MIGCAT-specific RNAs. (A) Southern blot analysis of RT-PCR of negative-strand genomic MIGCAT RNA. Total
intracellular RNAs were extracted from MIGCAT DI particle-infected cells at the times shown above the gel. Oligonucleotide 10124 was used for cDNA synthesis, and
PCR amplification was performed by using oligonucleotides 10124 and 10403. PCR products were separated by agarose gel electrophoresis, and Southern blot analysis
was performed by using 32P-labeled CAT-specific probe DNA probe 1. For lane 13, RNA was extracted at 9 h p.i. from MHV-infected cells that did not contain
MIGCAT DI RNA; for lane 14, RNA was extracted at 9 h p.i. from mock-infected cells. G, negative-strand genomic MIGCAT RNA-specific PCR products. (B)
Southern blot analysis of RT-PCR of negative-strand subgenomic MIGCAT RNA. Total intracellular RNAs were extracted from MIGCAT DI particle-infected cells
at the times shown above the gel. Oligonucleotide 10066 was used for cDNA synthesis, and PCR amplification was performed by using oligonucleotides 10066 and
10403. PCR products were separated by agarose gel electrophoresis, and Southern blot analysis was performed by using 32P-labeled DNA probe 1. For lane 13, RNA
was extracted at 9 h p.i. from MHV-infected cells that did not contain MIGCAT DI RNA; from lane 14, RNA was extracted at 9 h p.i. from mock-infected cells. SG,
negative-strand subgenomic MIGCAT RNA-specific PCR products. (C) Southern blot analysis of RT-PCR of negative-strand subgenomic MIGCAT RNA with serial
dilutions. Total intracellular RNAs were extracted from MIGCAT DI particle-infected cells at 3 h p.i. Total intracellular RNA was diluted 10-, 25-, or 100-fold and
mixed with a constant amount of intracellular RNA extracted from MHV-infected cells at 3 h p.i. Oligonucleotide 10066 was used for cDNA synthesis, and PCR
amplification was performed by using oligonucleotides 10066 and 10403. PCR products were separated by agarose gel electrophoresis, and Southern blot analysis was
performed by using 32P-labeled DNA probe 1. SG, negative-strand subgenomic MIGCAT RNA-specific PCR products.
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DISCUSSION
FIG. 4. Comparative RT-PCR of negative-strand MIGCAT-specific RNAs.
(A) Total intracellar RNAs that were extracted from MIGCAT DI particleinfected cells at 2 (lanes 1 to 6) or 3 (lanes 8 to 13) h p.i. were mixed with serially
diluted competitor A RNA. RT-PCR was performed to coamplify negativestrand genomic MIGCAT RNA and competitor A RNA. The accumulation of
RT-PCR products was demonstrated by Southern blot analysis using 32P-labeled
DNA probe 1. Lanes 1 and 8 lack competitor A RNA, while lanes 7 and 14 lack
intracellular RNA. (B) Total intracellular RNAs that were extracted from
MIGCAT DI particle-infected cells at 3 h p.i. were mixed with serially diluted
competitor B RNA. RT-PCR was performed to coamplify negative-strand subgenomic MIGCAT RNA and competitor B RNA. The accumulation of RT-PCR
products was demonstrated by Southern blot analysis using 32P-labeled DNA
probe 1. Lane 1 and lane 7 lack competitor B RNA and intracellular RNA,
respectively. The amounts of competitor A and competitor B RNA in the undiluted samples in panel A (lanes 7 and 14) and panel B (lane 7) were identical.

3 h p.i. were roughly equivalent to the amount of RT-PCR
products of competitor A, which was diluted initially about 15to 20-fold (Fig. 4A). These data indicated that there was no
efficient accumulation of negative-strand genomic MIGCAT
RNA from 2 to 3 h p.i. Increased RT-PCR signal from negative-strand genomic MIGCAT RNA from 2 to 3 h p.i., shown
in Fig. 3A, probably did not reflect an actual change in the
amount of negative-strand genomic MIGCAT RNA; small differences in each RT-PCR affected the amount of RT-PCR
products. The amount of genomic MIGCAT RNA increased
by approximately threefold during the same period of time
(Fig. 2B), indicating that MHV positive-strand genomic RNA
synthesis was more active than negative-strand genomic RNA
synthesis at 3 h p.i. The amount of negative-strand subgenomic
MIGCAT RNA at 3 h p.i. was approximately the same as the
amount of RT-PCR products of competitor B when competitor B was diluted about 15-fold (Fig. 4B). In other experiments
the amount of PCR products of negative-strand subgenomic
MIGCAT RNA at 3 h p.i. was similar to the amount of RTPCR products of competitor B when competitor B was diluted
20-fold (data not shown). The amounts of undiluted competitor A and undiluted competitor B at 3 h p.i. were the same,
and the amounts of negative-strand genomic MIGCAT RNA
and negative-strand subgenomic MIGCAT RNA were roughly
the same. At 3 h p.i., the amount of genomic MIGCAT RNA
was also similar to that of subgenomic MIGCAT RNA (Fig.
2B), demonstrating that the relative molar ratio of genomic
MIGCAT RNA to subgenomic MIGCAT RNA was similar to

Presence of MHV RNA replication activity, but not transcription activity, immediately after infection. We demonstrated that genomic MIGCAT RNA was synthesized at 1 h
p.i., while subgenomic MIGCAT RNA was not (Fig. 2B). Assuming that MIGCAT RNA synthesis reflected the MHV
RNA synthesis mechanism, our data indicate that MHV
genomic RNA replication, not subgenomic RNA transcription,
was active within the first hour of MHV infection. The absence
of coronavirus RNA transcription activity very early in infection has not been described previously. Our data also suggested that the mechanism used for coronavirus RNA replication and that used for transcription are not identical. Similarly,
a recent study suggested that the arterivirus equine arteritis
virus, which is closely related to coronavirus, has different
requirements for genome replication and transcription (29).
We do not know how MHV transcription is activated between the first and second hours p.i. RNA replication activity
during the first hour of infection probably increases the
amount of genomic-size mRNA 1, which encodes MHV gene
1 proteins which are believed to be essential for MHV RNA
synthesis. Increased amounts of mRNA 1 probably result in an
increased concentration of MHV gene 1 proteins. A higher
concentration of gene 1 proteins at 2 h p.i. may facilitate the
change in relative molar ratios among MHV gene 1 proteins;
this change may be important for the activation of MHV RNA
transcription. The change in the relative molar ratio of particular gene 1 proteins may be mediated by the efficiency of trans
cleavage of the precursor gene 1 proteins by virus proteinases
(2, 13, 31), since the efficiency of trans cleavage is likely to be
increased when the concentration of substrate is increased.
MHV RNA replication activity appears to be a continuous
activity that begins immediately after infection. How is replication maintained after transcription begins? One possibility is
that MHV transcription activity may be used for both genomic
RNA replication and subgenomic mRNA transcription after
1 h p.i. Another possibility is that RNA replication and RNA
transcription may take place at different sites in the cells according to different distributions of gene 1 proteins; RNA
replication and RNA transcription may use different combinations of gene 1 proteins. Also, accumulation of N protein,
which occurs after activation of transcription activity, may involve regulation of RNA replication and transcription activities.
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that of negative-strand genomic MIGCAT RNA to negativestrand subgenomic MIGCAT RNA at 3 h p.i. The amounts of
negative-strand genomic MIGCAT RNA at 2 and 3 h p.i. and
that of negative-strand subgenomic MIGCAT RNA at 3 h p.i.
were similar (Fig. 4). The amount of subgenomic MIGCAT
RNA at 2 h p.i. was approximately two-thirds that of genomic
MIGCAT RNA (Fig. 2B), whereas negative-strand subgenomic MIGCAT RNA was not detected at 2 h p.i. (Fig. 3B).
If negative-strand subgenomic MIGCAT RNA existed at 2 h
p.i., its amount appeared to be at least 25 times less than that
at 3 h p.i. (Fig. 3C). These data demonstrated that at 2 h p.i.,
the ratio of the amount of subgenomic MIGCAT RNA synthesized in cells to the amount of newly synthesized genomic
MIGCAT RNA was about two-thirds, while the amount of
putative negative-strand subgenomic MIGCAT RNA was at
least 25 times less than that of negative-strand genomic
MIGCAT RNA. Thus, our data strongly indicate that at 2 h
p.i., subgenomic MIGCAT RNA was synthesized from negative-strand genomic MIGCAT RNA, but not from negativestrand subgenomic MIGCAT RNA.
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curs prior to subgenomic-size DI RNA synthesis (14). Our
present data were consistent with these published studies.
Is negative-strand genomic-size RNA an active template
RNA for subgenomic mRNA transcription throughout MHV
infection? Transfection of MHV DI RNA into MHV-infected
cells at both 1 and 6 h p.i. results in the accumulation of
genomic DI RNA and subgenomic DI RNA (7). The relative
molar ratios of subgenomic DI RNA to genomic DI RNA at
9 h p.i. are the same for both transfection times. These data
suggest that all of the activities necessary for each step of MHV
RNA synthesis exist continuously through the first 6 h of MHV
replication (7). The present study indicated that negativestrand genomic-size DI RNA was a template RNA for subgenomic DI RNA synthesis early in infection. Therefore, it is
likely that subgenomic DI RNA is initially synthesized from
negative-strand genomic-size DI RNA at the time that DI
RNA is transfected into MHV-infected cells, i.e., at 6 h p.i. (7);
an MHV transcription activity that uses negative-strand
genomic RNA as a template for subgenomic mRNA synthesis
probably is present throughout infection.
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