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Coronaviruses are the enveloped, positive-stranded RNA viruses with the largest RNA genomes known.
Several features make these viruses attractive as vaccine and therapeutic vectors: (i) deletion of their nones-
sential genes is strongly attenuating; (ii) the genetic space thus created allows insertion of foreign information;
and (iii) their tropism can be modified by manipulation of the viral spike. We studied here their ability to serve
as expression vectors by inserting two different foreign genes and evaluating systematically the genomic
position dependence of their expression, using a murine coronavirus as a model. Renilla and firefly luciferase
expression cassettes, each provided with viral transcription regulatory sequences (TRSs), were inserted at
several genomic positions, both independently in different viruses and combined within one viral genome.
Recombinant viruses were generated by using a convenient method based on targeted recombination and host
cell switching. In all cases high expression levels of the foreign genes were observed without severe effects on
viral replication in vitro. The expression of the inserted gene appeared to be dependent on its genomic position,
as well as on the identity of the gene. Expression levels increased when the luciferase gene was inserted closer
to the 3� end of the genome. The foreign gene insertions generally reduced the expression of upstream viral
genes. The results are consistent with coronavirus transcription models in which the transcription from
upstream TRSs is attenuated by downstream TRSs. Altogether, our observations clearly demonstrate the
potential of coronaviruses as (multivalent) expression vectors.

The ability to genetically modify viruses not only has led to
extraordinary advances in the understanding of their biology
but also has opened a broad new field in which viruses are
engineered for use as vaccine vectors and therapeutic agents.
The insights in the biological properties of viruses are begin-
ning to allow investigators to rationally modify their patho-
genic properties, to provide them with new genetic informa-
tion, and to retarget them to new cells, tissues, and hosts.
Whereas many striking examples have already demonstrated
these principles, the true potential of viruses as tools for med-
ical applications has yet to be established. Obviously, the actual
prospects will be different for different viruses since these pros-
pects are ultimately determined and limited by the specific
features of each virus.

Coronaviruses are enveloped, positive-stranded RNA vi-
ruses belonging to the family Coronaviridae in the order
Nidovirales, which also comprises the families Arteriviridae and
Roniviridae. Coronaviruses have the largest known nonseg-
mented viral RNA genome (up to 31 kb), which is capped,
polyadenylated, and infectious (11, 25). The coronavirus ge-
nome has its essential genes invariably in the order 5�-repli-
case-S-E-M-N-3� and contains, in addition, interspersed
among these genes, a varying number of group-specific genes
that code for nonstructural proteins (26, 43). These genes,
which differ distinctly among the three groups of coronavi-
ruses, were shown to be nonessential for the group 1 corona-

virus feline infectious peritonitis virus (FIPV; B. J. Haijema
and P. J. M. Rottier, unpublished results) and for the group 2
coronavirus mouse hepatitis virus (MHV) (9).

The replicase domain covers some two-thirds of the genome.
It consists of the open reading frames (ORFs) 1a and 1b, which
are translated directly from the genomic RNA (gRNA), the
more downstream ORF1b by translational read-through using
a ribosomal frameshift mechanism. The genes located down-
stream hereof are expressed from a 3� coterminal nested set of
subgenomic mRNAs (sgRNAs). Except for the smallest one,
these sgRNAs are structurally polycistronic but function in
general monocistronically since only the 5�-most gene is trans-
lated. They all consist of a common leader sequence (65 to 98
nucleotides [nt]), which is identical to the extreme 5� end of the
genome, and a body sequence encompassing various lengths of
the genomic 3� end. Fusion of the leader to the body sequence
occurs at transcription regulatory sequences (TRSs; previously
named intergenic sequences) that contain a stretch of se-
quence (nearly) identical to that of the 3� end of the leader.
For MHV, the core consensus TRS is the 9-nt motif 5�-AAU
CUAAAC-3� (11, 25). The sgRNAs are transcribed via a dis-
continuous transcription mechanism that presumably takes
place during negative-strand RNA synthesis, as proposed by
Sawicki and Sawicki (39, 40). According to this model, the
TRSs serve as transcription termination or pausing signals
during negative strand synthesis. Synthesis of the nascent chain
resumes either at the same site or after translocation to the
leader TRS at the 5� end. The negative-strand sgRNAs subse-
quently function as templates for the production of the posi-
tive-strand sgRNAs (38, 39, 41, 42).
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Since the sgRNAs all have an identical capped 5� leader
sequence, their expression, rather than being regulated at the
translation level, is governed primarily by the relative levels of
their synthesis. How the transcription levels are regulated is
not well understood, but it is clear that the different TRSs play
essential roles. Studies have indicated that transcription gen-
erally appears to increase with the proximity of the TRS to the
3� end of the genome (16, 22, 42). Notable exceptions are
transmissible gastroenteritis virus (TGEV) and feline infec-
tious peritionitis virus (FIPV), where the smallest sgRNA is
synthesized in much smaller quantities than the next smallest
sgRNA, which encodes the nucleocapsid (N) protein (7, 42).
Because the technologies for manipulating coronavirus ge-
nomes have only recently been developed—infectious cDNA
clones have been available since 2000 (1, 5, 46, 49, 50)—most
of our knowledge of coronavirus transcription comes from
studies with defective interfering RNAs (DI-RNAs). These
studies showed that the sequence of the TRS itself constitutes
part of the signal for sgRNA transcription but that transcrip-
tion efficiency is also sensitive to changes in the sequences
flanking the TRS (2, 3, 9, 10, 15, 19, 21, 28, 29, 32, 33, 47).
Insertion of a TRS at different positions in an MHV DI-RNA
did not affect its transcriptional activity (19), whereas in a study
with a DI-RNA of TGEV higher sgRNA levels were observed
when a TRS was placed closer to the 3� end (2). Another
conclusion suggested by various studies is that downstream
TRSs have an attenuating effect on the transcription from
upstream TRSs (10, 18, 20, 23, 45, 48).

The potential of coronaviruses as vectors has not been stud-
ied in any detail. Recent observations have, however, revealed
that these viruses have a number of attractive features that
might make them very suitable for this purpose. First of all,
coronaviruses can be attenuated by the deletion of their non-
essential, group-specific genes. This was demonstrated both for
MHV (9) and for FIPV. Whereas FIPV normally causes a fatal
disease, deletion of the group-specific genes resulted in viruses
that were viable but avirulent when inoculated into their nat-
ural host (Haijema and Rottier, unpublished). Second, species
and tissue specificity of coronaviruses can be modified by ma-
nipulation of the targeting function. Thus, MHV was retar-
geted to feline cells, loosing its ability to infect murine cells, by
exchanging the ectodomain of its S protein with that of FIPV
S (24); the reverse was demonstrated with FIPV, where the
reciprocal exchange generated a feline virus infecting murine
cells (14). Similar ectodomain replacements of the S protein
led to changes in tissue tropism of MHV (31, 34) and TGEV
(12). Third, the conserved genome organization of coronavi-
ruses can be rearranged (10). Deliberate rearrangement of the
viral genes will be important to improve the safety of corona-
viral vectors since it provides a means to reduce the risk of
generating viable viruses by recombination with circulating
field viruses. A fourth attractive feature is the unique transcrip-
tion mechanism of coronaviruses, which allows the expression
of foreign genes by simply inserting these genes preceded by a
TRS into the coronaviral genome. This principle was already
demonstrated by the expression of the green fluorescent pro-
tein (GFP) gene from full-length MHV and TGEV genomes
(6, 13, 37, 44).

The goal of the present study was to systematically analyze
the position dependence of coronavirus foreign gene expres-

sion by using MHV as a model. To this end, two unrelated
luciferase genes (firefly luciferase [FL] and Renilla luciferase
[RL]) were inserted at different positions into the MHV ge-
nome. An identical TRS was used in all our expression cas-
settes to allow the direct comparison of the foreign genes by
the different recombinant viruses. These viruses were gener-
ated by using a convenient method based on targeted recom-
bination and host cell switching (9, 24). The recombinant vi-
ruses were analyzed with respect to replication and position
dependent expression of their foreign genes.

MATERIALS AND METHODS

Cells, viruses, and antibodies. LR7 cells (24) were used to propagate the
recombinant MHVs (strain A59). The same cells were used for plaque purifica-
tions and one-step growth curves. Mouse 17 clone 1 (17Cl1) cells (kindly pro-
vided by P. S. Masters) were used for radiolabeling of intracellular viral RNAs.
Feline FCWF cells (American Type Culture Collection) were used for infection
with the interspecies chimeric coronavirus fMHV (24). The rabbit polyclonal
antiserum K134 to MHV A59 has been described previously (36).

Plasmid constructs. Transcription vectors for the production of donor RNA
for targeted recombination were derived from transcription vector pMH54 (24)
and derivatives thereof. pMH54, which specifies a defective MHV-A59 RNA
transcript consisting of the 5� end of the genome (467 nt) fused to codon 28 of
the HE gene and running to the 3� end of the genome (Fig. 1), was previously
used for the construction of a wild-type recombinant virus (MHV-WT) (9). Two
reporter genes were used, encoding RL and FL. For both genes, a plasmid was
constructed, in which the gene was preceded by an MHV TRS. From this
construct the expression cassette (gene plus TRS) could then be transferred into
the different transcription vectors (Fig. 1 and 2). As a first step, an MHV TRS
was cloned in front of the RL gene. To this end, primer 1286 (5�-GGATATCT
AATCTAAACTTTAG-3�) and 1287 (5�-CTAGCTAAAGTTTAGATTAGAT
ATCCTGCA-3�) were annealed to each other and cloned into pRL-null (Pro-
mega) treated with NheI and PstI, resulting in pXH1909. For the construction of

FIG. 1. Plasmid constructs. The transcription vectors from which
the defective RNAs were produced in vitro by using T7 RNA poly-
merase are shown. Vector pMH54 has been described before (24). The
other vectors were derived from pMH54 as described in Materials and
Methods. The arrow at the left end of each vector indicates the T7
promoter; the solid circle represents the polylinker between the 5�-end
segment of the MHV genome (denoted 5�/1) and either the HE gene
or the 3� end of the replicase gene (1b), followed by the structural and
group-specific genes and the 3�-untranslated region and the polyade-
nylated segment (denoted together as 3�/A). The “m” indicates a
126-nt segment from the 3� end of the M gene. Junctions between viral
and insert sequences are marked by numbers in circles; the actual
sequences are shown in Fig. 2. The recombinant viruses generated with
the transcription vectors are indicated at the right.
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the transcription vector containing the RL gene between genes 2a and S
(pXH22aRLS, Fig. 1) the following steps were taken. Vector p96 (4), which
contains an MHV-A59 cDNA clone, was restricted with HindIII and MluI, and
the resulting fragment was cloned into pXH1802 (9) treated with HindIII and
BssHII, yielding pXH2103. Next, the RL expression cassette was removed from
pXH1909 by restriction with EcoRV and XbaI, treated with Klenow fragment of
DNA polymerase I and cloned into pXH2103, digested with HindIII, and treated
with Klenow fragment, resulting in pXH2509A. Finally, pXH22aRLS (Fig. 1)
was constructed by cloning the fragment resulting from digestion of pXH2509A
with RsrII and AvrII into pMH54 treated with the same enzymes. For the
construction of pXH2ERLM, which contains the RL gene between the E and the
M genes (Fig. 1), the same expression cassette that was used to make pXH2509A
was cloned into pMH54 digested with EcoRV. This same expression cassette was
also cloned into pXHMeN (10) treated with EcoRV, yielding pXH2ERLN.
Subsequently, pXH2MRLN, which contains the RL gene between the M and the
N genes (Fig. 1), was constructed by cloning the fragment resulting from restric-
tion of pXHMeN with EcoRV into pXH2ERLN treated with the same enzyme.

pXHMSmNRL was constructed by cloning the RL expression cassette into
pXHMSmN (10) treated with EcoRV. Thus, pXHMSmNRL (Fig. 1) contains
the RL gene between the E and the M gene, but the S gene is placed downstream
of the M gene. For the construction of pXHEFLM, which contains the FL gene
between the E and the M genes (Fig. 1), the FL gene was first cloned behind the
same TRS as was used for the RL expression cassette. To this end, the FL gene
was removed from pSP-Luc� (Promega) by restriction with AvrII and XbaI and
cloned into pXH1909 treated with NheI and XbaI, yielding pXH2711. Subse-
quently, the FL expresssion cassette was cut out of pXH2711by restriction with
EcoRV and XbaI, treated with Klenow fragment of DNA polymerase I, and
cloned into pMH54 restricted by EcoRV, resulting in pXHEFLM. In addition,
transcription vectors were constructed that contained both the RL and the FL
gene. First, pXH2aRLSEFLM (Fig. 1) was constructed, which contains the RL
gene between the 2a and the S gene and the FL gene between the E and the M
gene, by cloning the FL expression cassette into pXH2aRLS digested with
EcoRV. Finally, pXH2aFLSERLM (Fig. 1), which contains the RL gene be-
tween the E and the M gene and the FL gene between the 2a and the S gene, was
engineered. To this end, the luciferase gene was cut out of pSPluc� (Promega)
by restriction with XbaI and AvrII and cloned into pXH2509A treated with XbaI
and NheI to remove the RL gene. The fragment removed from the resulting
vector pXH161002 by digestion with RsrII and AvrII was cloned into pXHERLM
treated with the same enzymes, resulting in pXH2aFLSERLM. All constructs
were confirmed by restriction and/or sequence analysis. The sequences of the
newly generated junctions indicated in Fig. 1 are shown in Fig. 2.

Generation of recombinant viruses. Incorporation of the expression cassettes
into the MHV genome by targeted recombination was carried out as described
previously (9, 17). Briefly, donor RNAs transcribed from linearized transcription
vectors were electroporated into FCWF cells that had been infected earlier with
fMHV. These cells were then plated on a monolayer of murine LR7 cells. After
24 h of incubation at 37°C, progeny viruses released into the culture media were
harvested and plaque purified twice on LR7 cells before a passage 1 stock was
grown. After confirmation of the recombinant genotypes by reverse transcrip-
tase-PCR (RT-PCR) on purified gRNA, a passage 2 stock was grown that was
subsequently used in the experiments.

Radiolabeling of viral RNAs. The metabolic labeling of virus-specific RNAs in
infected cells was carried out essentially as reported previously (18, 30). Briefly,
20-cm2 17Cl1 cell monolayers were infected with each MHV at a multiplicity of
infection (MOI) of five 50% tissue culture infective doses (TCID50) per cell. At
3 h postinfection, cells were starved in Eagle minimal essential medium contain-
ing 5% dialyzed fetal bovine serum (FBS) and 1/10 of the normal phosphate
concentration. At 7 h postinfection, cells were labeled for 2 h with either
[33P]orthophosphate or [32P]orthophosphate (83 �Ci/ml) in phosphate-free Ea-
gle minimal essential medium containing 5% dialyzed FBS and 20 �g of actino-
mycin D (Sigma) per ml. Total cytoplasmic RNA was purified by using an NP-40
lysis procedure (23), followed by phenol and chloroform extraction and ethanol
precipitation. Samples of RNA were denatured with formaldehyde and form-
amide, separated by electrophoresis through 1% agarose containing formalde-
hyde, and visualized by fluorography.

Metabolic labeling and immunoprecipitation. LR7 cells were grown and in-
fected with each virus at an MOI of 8. Before being labeled, cells were starved
for 30 min in cysteine- and methionine-free minimal essential medium containing
10 mM HEPES (pH 7.2) and 5% dialyzed FBS. The medium was then replaced
by 600 �l of the same medium containing 100 �Ci of in vitro cell-labeling mix
(Amersham). Cells were labeled from 5 to 8 h postinfection. At the end of the
labeling period, total lysates were prepared by the addition of 1/4 volume of a
fivefold-concentrated lysis buffer to the culture medium (8). Proteins were im-
munoprecipitated from the lysates as described earlier (8) with 2.5 �l of anti-
MHV serum per immunoprecipitation. Immune complexes were adsorbed to
Pansorbin cells (Calbiochem) for 30 min at 4°C and were subsequently collected
by centrifugation. Pellets were washed four times by resuspension and centrifu-
gation with wash buffers as described earlier (8). The final pellets were sus-
pended in electrophoresis sample buffer. The immunoprecipitates were heated
for 2 min at 95°C and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) in 15% polyacrylamide gels. Radioactivity in pro-
tein bands was quantitated by phosphorscanning of dried gels with a Storm 860
(Molecular Dynamics).

One-step growth curve. LR7 cell monolayers (2 cm2) were infected at an MOI
of 8. At 1 h postinfection, the cells were washed three times with phosphate-
buffered saline and then fed with Dulbecco modified Eagle medium supple-
mented with 10% FBS. Viral infectivity in culture media at different times
postinfection was determined by a quantal assay on LR7 cells, and the TCID50

values were calculated.

FIG. 2. Sequences at the junctions of the inserted luciferase gene
cassettes. Shown are the sequences of the junctions indicated by the
circled numbers in Fig. 1. The sequence of the expression cassette is in
boldface. Nucleotides outside the expression cassette that differ from
the original wild-type MHV-A59 sequence are underlined and in bold-
face.
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Determination of FL or RL expression. LR7 cell monolayers (2 cm2) were
infected as described above. At the indicated times the culture media were
removed, and the cells were lysed by using the appropriate buffer provided with
the firefly, Renilla, or dual luciferase assay systems (Promega). Intracellular
luciferase expression was measured according to the manufacturer’s instructions,
and the relative light units (RLU) were determined with a LUMAC biocounter
M2500 luminometer.

RESULTS

Recombinant MHVs expressing different luciferase genes.
Our systematic analysis of coronavirus foreign gene expression
started with the incorporation into the MHV genome of two
unrelated luciferase genes, which differ distinctly in size (RL
[936 nt] and FL [1,653 nt]), taking advantage of the opportu-
nity to differentially detect and quantitate their expression in a
simple, extremely sensitive, and technically identical way. As a
control we used a reconstructed recombinant wild-type MHV-
A59 (MHV-WT), which had been prepared previously (9) by
using transcription vector pMH54 (24). This transcription vec-
tor encodes defective RNAs composed of the genomic 5� 467
nt fused to the 3�end of the genome (ca. 8.6 kb) (Fig. 1). The
luciferase genes were inserted into similar transcription vectors
in the form of expression cassettes. An expression cassette
consisted either of a RL or a FL gene, each preceded by an
identical TRS (5�-AATCTAAAC-3�) (Fig. 2). In each case the
TRS was additionally flanked on both sides by tetranucleotide
sequences (5�-ATCT-3� and 5�-TTTA-3�), which increased the
complementarity with the leader sequence to a total stretch of
17 nt. The expression cassettes were first inserted between the
E and the M genes simply because it required a minimal
number of cloning steps to construct the transcription vectors.
The new junctions generated are indicated in Fig. 1, whereas
their sequences are shown in Fig. 2. After confirmation of both
constructs by restriction and sequence analyses, the recombi-
nant viruses MHV-ERLM, containing the RL gene, and
MHV-EFLM, containing the FL gene (Fig. 3A), were gener-
ated by homologous recombination between the genome of
fMHV and donor RNA transcribed from the transcription
vectors, as described earlier (9). fMHV is an MHV derivative
in which the S ectodomain is replaced by that of FIPV. As a
result, the virus is no longer able to grow in murine cells; it can
only grow in feline cells. Due to the presence of the MHV S
sequence in the donor RNA transcripts, recombinant viruses
containing the foreign expression cassettes can simply be se-
lected by their regained ability to grow in murine cells. The
genotypes of the recombinant viruses were confirmed by RT-
PCR on gRNA isolated after two rounds of plaque purifica-
tion.

Intracellular RNA synthesis of MHV-ERLM and MHV-
EFLM. To examine the patterns of viral RNA synthesis of
MHV-ERLM and MHV-EFLM, infected cells were metabol-
ically labeled with [33P]orthophosphate in the presence of ac-
tinomycin D. Purified total cellular RNA was analyzed by elec-
trophoretic separation (Fig. 3B). For the reconstructed wild-
type virus (MHV-WT), the mobilities and relative amounts of
the sgRNA species were similar to those observed previously
(9, 10). For MHV-ERLM and MHV-EFLM, the expected
additional sgRNA species were observed (RL-M-N and FL-
M-N, respectively), whereas the sizes of all sgRNAs generated
from TRSs located upstream of the foreign expression cas-

settes had increased proportionally. These sgRNAs were larger
after insertion of the FL gene than after insertion of the RL
gene, a finding consistent with the size difference of these
luciferase genes. The sgRNA RL-M-N of MHV-ERLM mi-
grated just ahead of sgRNA 4a/b-5a/E-M-N of MHV-WT (cal-
culated size, 3.66 kb), as predicted by its theoretical size of 3.55
kb. For MHV-EFLM, the sgRNA FL-M-N (expected size, 4.31
kb) migrated in between sgRNAs 5a/E-RL-M-N and 4a/b-5a/
E-RL-M-N of MHV-ERLM, which have calculated sizes of
4.19 and 4.59 kb, respectively. Two additional, unexpected
RNA species were observed in cells infected with MHV-EFLM
(FL* and FL** [see below]). Strikingly, the labeling intensities
of the RL-M-N and FL-M-N sgRNAs differed profoundly,
whereas the intensities of the other sgRNA species were more
or less comparable. MHV-ERLM and MHV-EFLM differ only
in the sequence downstream of the TRS in the inserted ex-
pression cassette. Apparently, the transcription levels of the
sgRNAs can be affected by sequences downstream of the TRS,
i.e., by the foreign gene itself. The results confirm the geno-
types of the recombinant viruses and indicate that different
foreign genes can be transcribed after insertion into the coro-
naviral genome.

We assumed that the additional smaller RNA species FL*
and FL** observed for MHV-EFLM were sgRNA species
originating from unintended leader-to-body fusion events that
occur in regions in the FL gene with fortuitous homology to the
leader. The identity of the additional RNAs was studied by
RT-PCR on purified cellular RNAs, followed by sequence
analysis. The RT-PCR strategy and the results are shown in
Fig. 4A. For the analysis of FL*, the RT-step was performed
with primer 1092 (9), which is complementary to a sequence in
the 5� end of the M gene, whereas the PCR was performed
with primers 1495 and 1814, which are complementary to se-
quences in the 5� end of the leader and in the 3� end of the FL
gene, respectively. A predominant RT-PCR product of ca. 0.75
kb was obtained. Sequence analysis showed that the leader was
fused to the body of the sgRNA at a small stretch of homology
between the leader sequence and the FL gene 920 nt down-
stream of the FL start codon (5�-AUCUAA-3�). The resulting
sgRNA had a predicted size of 3.37 kb, which was slightly
larger than the calculated size of the 5a/E-M-N sgRNA (ca.
3.28 kb) synthesized in cells infected with MHV-WT and cor-
responded with the electrophoretic mobility of RNA FL* (Fig.
3B). For the analysis of RNA FL**, a similar strategy was
performed with primer 1814 in the RT step, whereas the PCR
was performed with primers 1495 and 1828, the latter one
corresponding to a sequence in the FL gene just upstream of
the FL* leader-to-body fusion site. Two RT-PCR products of
ca. 0.5 and 1.0 kb were obtained. Sequence analysis of the
largest RT-PCR product showed that the leader was fused to
the body of the sgRNA at the TRS in front of the FL gene, i.e.,
at the intended leader-to-body fusion site (designated FLi)
(Fig. 4A). In the smaller RT-PCR product, the leader was
fused to the body of the sgRNA at a small stretch of homology
(5�-UCUAAA-3�) between the leader sequence and the FL
gene 462 nt downstream of the FL start codon. The predicted
size of this sgRNA (ca. 3.83 kb) corresponded to the electro-
phoretic mobility of sgRNA FL** (Fig. 3A).

Although aberrant sgRNAs could not be observed by elec-
trophoretic separation of metabolically labeled RNAs synthe-
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sized in cells infected with MHV-ERLM (Fig. 3B), a similar
RT-PCR analysis was performed on cellular RNAs purified
from these cells (Fig. 4B). The first RT step was performed
with primer 1092, while the PCR was performed with primers
1495 and 1855, the latter being complementary to a sequence
in the 3� end of the RL gene. Two predominant RT-PCR

products were observed of ca. 0.4 and 1.0 kb. Sequence analysis
showed that in the largest RT-PCR product the leader was
fused to the body of the sgRNA at the intended position
(designated RLi, i.e., the TRS in front of the RL gene; Fig. 4).
In the smaller RT-PCR product the leader was fused to the
body of the sgRNA at a small stretch of homology (5�-AUCU-

FIG. 3. Recombinant viruses with luciferase gene cassettes between the E and the M gene. (A) Genomic organization of the recombinant
wild-type MHV-A59 (MHV-WT) and of the recombinants containing either an RL or an FL expression cassette between the E and M genes.
(B) Intracellular RNA synthesis by the recombinant MHVs was analyzed as described in Materials and Methods. Purified total cytoplasmic RNA
was separated by electrophoresis through 1% agarose containing formaldehyde, and labeled RNA was visualized by fluorography. The position of
each RNA species is indicated by triangles alongside the panels. An I, II, or III in parentheses indicates the viral source of the RNA species as
being MHV-WT, MHV-ERLM, or MHV-EFLM, respectively. (C) Single-step growth kinetics of the MHV recombinants. LR7 cells were infected
with each recombinant MHV at an MOI of 8. Viral infectivity in the culture media at different times postinfection was determined by a quantal
assay on LR7 cells, and TCID50 values were calculated. Independently generated recombinants are indicated by the addition of A and B. (D) In
a parallel experiment, the intracellular expression of RL and FL was determined at different times postinfection by using a luminometer (in RLU).
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3�) between the leader sequence and the RL gene 605 nt
downstream of the RL start codon. Theoretically, this would
correspond with an sgRNA of 2.97 kb (RL*).

In vitro growth and luciferase expression of recombinant
viruses. The viral recombinants were analyzed for their in vitro
growth characteristics. Pairs of independently generated re-
combinant viruses were taken to exclude the possibility that the
observed phenotypes were a consequence of accidental, unin-
tended mutations. The recombinant viruses appeared to be-
have very similar to MHV-WT with respect to syncytium for-
mation, as well as for their one-step growth (Fig. 3C). All
recombinant viruses reached high titers, although the yields of
MHV-EFLM seemed slightly lower than those of MHV-WT.
In a parallel experiment, the luciferase expressions were ana-
lyzed. All recombinant viruses, except MHV-WT, expressed
high levels of either RL or FL, the enzymatic activities peaking
at about 9 h postinfection (Fig. 3D). Luciferase expression
could be demonstrated as early as 1.5 h postinfection (data not
shown). Comparison with a standard curve of purified FL
indicated that cells infected with MHV-EFLM expressed 1 to
2 �g of luciferase per 106 cells at 9 h postinfection (data not
shown). The results demonstrated that insertion of a foreign
expression cassette of 0.97 or 1.69 kb in length hardly affected
the in vitro growth characteristics of the recombinant viruses
and resulted in high levels of expression of the foreign genes.

Position-dependent expression of RL. A next set of recom-
binant viruses was constructed to study the genomic position
dependence of foreign gene expression. RL expression cas-

settes, identical to the one positioned between the E and the M
gene, were now inserted in the transcription vector between
the M and the N gene (MHV-MRLN) and between the 2a and
the S gene (MHV-2aRLS) (Fig. 1 and 5A). In the latter case
the sequence of the HE pseudogene, which is not expressed in
the A59 strain of MHV (27), was deleted. The new junctions
generated are indicated in Fig. 1, and their sequences are
shown in Fig. 2. The viruses were generated by targeted re-
combination and their genotypes were confirmed as described
earlier.

The patterns of viral RNAs synthesized by MHV-MRLN
and MHV-2aRLS were compared to that of MHV-ERLM. As
is shown in Fig. 5B, the electrophoretic mobilities of the
sgRNA species were as expected. For instance, sgRNA RL-N
of MHV-MRLN migrated slightly more slowly than sgRNA
M-N of MHV-ERLM, a finding consistent with the RL expres-
sion cassette being 274 nt larger than the sequence of the M
gene, including its TRS. However, as predicted, the sgRNAs
M-RL-N and RL-M-N, as well as all corresponding larger
sgRNAs of MHV-MRLN and MHV-ERLM, comigrated. The
sgRNA pattern of MHV-2aRLS was very similar to that of
MHV-WT, with the exception of the additional sgRNA species

FIG. 4. PCR and sequence analysis of aberrant sgRNAs. RT-PCR
was used to amplify regions of cytoplasmic RNA isolated from cells
infected with MHV-EFLM (A) or MHV-ERLM (B). The approximate
locations of primers 1092 (9), 1814 (5�-GGTACTTCGTCCACAAAC
AC-3�), 1828 (5�-GGCGAAGAAGGAGAATAGG-3�), and 1855 (5�-
GAGAACTCGCTCAACGAAC-3�) in the recombinant MHV ge-
nomes are shown. Primers 1092 and 1814 were used in the RT steps,
whereas primer pairs 1814-1495, 1828-1495, and 1855-1495 were used
for the PCR. The 3� end of primer 1495 (5�-CCCGGGATCCATTTA
GGTGACACTATAGAATATAAGAGTGATTGGCGTCC-3�) cor-
responds to the leader sequence of MHV. FLi and RLi indicate the
intended leader-to-body fusion sites located just 5� upstream of the FL
and RL gene, respectively. FL*, FL**, and RL* indicate the aberrant
leader-to-body fusion sites. The homology between the sequence of
the fusion site (upper sequence) and the 5� end of the genome (lower
sequence) is marked by vertical bars. The arrows below the sequences
indicate the sites of fusion of the body sequence to the leader sequence
of the sgRNA.

FIG. 5. Recombinant viruses with RL gene cassettes at different
positions. (A) The genomic organization of the recombinant viruses
containing the RL gene cassette between the M and the N genes
(MHV-MRLN), between the E and the M genes (MHV-ERLM), and
between the 2a and S genes is shown. (B) Intracellular RNA synthesis
by the recombinant MHVs was analyzed as described in Materials and
Methods and in the legend to Fig. 3. The position of each RNA species
is indicated by triangles alongside the panels. An I, II, or III in paren-
theses indicates the viral source of the RNA species, i.e., MHV-WT,
MHV-ERLM, or MHV-EFLM, respectively. (C) Titers and luciferase
expression levels of the MHV recombinants at 9 h postinfection. LR7
cells were infected in quadruplicate with each recombinant MHV at an
MOI of 8. Viral infectivity in the culture media was determined by a
quantal assay on LR7 cells, and TCID50 were calculated. In the same
experiment the intracellular expression of RL (in RLU) was deter-
mined by using a luminometer; standard deviations are indicated.
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RL-S-4a/b-5a/E-M-N. The results confirm the genotypes of the
recombinant viruses and show that the foreign expression cas-
sette was transcriptionally active at each selected position in
the viral genome.

For each type of recombinant virus, a pair of independently
generated viruses was analyzed to study their phenotypes. Af-
ter we established that in each case both viruses had very
similar one-step growth curves and luciferase expression levels
after a high-MOI infection (data not shown), we compared the
different RL expressing viruses to each other (one of each
pair). Since in all cases the luciferase expression levels peaked
at about 9 h postinfection, this time point was chosen for the
analysis. After a high-MOI infection of LR7 cells, the viral
titers in the culture medium and the amount of luciferase
activity in the cell lysates were determined. As shown in Fig.
5C, the different recombinant viruses all reached comparable
high titers, indicating that the expression cassettes were toler-
ated at the different positions without affecting viral replication
to an appreciable extent. However, the viruses differed signif-
icantly in their RL expression levels. The luciferase expression
exhibited a clear position dependence, being increasingly
higher as the inserted gene was closer to the 3� end of the
genome.

Insertion of foreign genes affects the expression from up-
stream TRSs. The genomic position dependence of foreign
gene expression might be explained by an attenuating effect of
downstream TRSs on the transcription from upstream TRSs
(18, 20, 23, 45, 48). For this reason, it was of interest to study
the effect of the insertions of the TRS/luciferase cassettes on
the expression of the viral genes. It has been shown that the
MHV structural proteins are synthesized in very similar rela-
tive ratios throughout the infection (35). LR7 cells were in-
fected at a high MOI with the different recombinant viruses
and labeled for 3 h with 35S-labeled amino acids starting at 5 h
postinfection. Subsequently, combined lysates of cells and cul-
ture media were prepared (8). These lysates were processed
for immunoprecipitation with an anti-MHV serum that recog-
nizes the major structural proteins S, M, and N, followed by
SDS-PAGE. An example of such an experiment is shown in
Fig. 6A for MHV-WT. The radioactivity in each protein was
quantitated by phosphor scanning of the dried gels obtained
from three independent experiments. The relative amounts of
the proteins present in the cultures were determined and nor-
malized to those of the wild-type virus, as described previously
(10). Figure 6B shows that in cells infected with MHV-MRLN
the S/N and M/N ratios were significantly decreased, whereas
the S/M ratio was not appreciably altered. For MHV-ERLM,
the M/N ratio was not altered, but the S/N and the S/M ratios
were both significantly decreased. In MHV-2aRLS infected
cells the protein ratios were not severely affected, although the
S/N and S/M ratios were somewhat lower than those of MHV-
WT. When cells were infected with MHV-EFLM, the S/N and
S/M ratios were decreased, just as for MHV-ERLM, but now
the M/N ratio was also lower. All observed changes were rel-
atively small, i.e., twofold or less. In general, insertion of an
expression cassette resulted in a lower relative expression of
the genes located upstream of the cassette (S and M for MHV-
MRLN; S for MHV-ERLM and EFLM), which is consistent
with an attenuating effect of the downstream expression cas-
sette on the transcription from upstream TRSs. In some cases

the relative expression of the gene located immediately down-
stream of the expression cassette was also decreased (S for
MHV-2aRLS; M for MHV-EFLM).

Context versus position dependence of foreign gene expres-
sion. As concluded above, an inverse correlation appears to
exist between the level of foreign gene expression and the
distance of the expression cassette relative to the 3� end of the
genome. We were interested whether also the sequence con-
text around the inserted cassette might somehow contribute to
the expression level. We therefore generated a recombinant
virus, MHV-ERLMSmN, in which the entire gene cluster 4a/
b-5a/E-RL-M as it occurs in MHV-ERLM was moved to a
position upstream of the S gene (Fig. 7A). As a result the
distance of the RL gene relative to the genomic 3� end was
much larger than in the control virus MHV-ERLM, i.e., ca. 7.4
and 3.3 kb, respectively, whereas the immediate upstream and
downstream sequences of the luciferase gene had remained
the same. Thus, whereas the gene order in MHV-ERLM is
5�-replicase-2a/HE-S-4-5a/E-RL-M-N-3�, in MHV-ERLMSmN
the genes occur in the sequence 5�-replicase-4-5a/E-RL-M-S-
N-3�. In addition to the rearrangement of the gene order, the
2a and HE genes were deleted. We have shown previously that
viruses from which the nonessential genes had been deleted or
in which the gene order had been rearranged still replicated
efficiently in vitro (9, 10). The genotype of the recombinant
MHV-ERLMSmN virus was verified by RT-PCR analysis, and
its RNA synthesis pattern was confirmed by radiolabeling and
gel electrophoresis, which showed that the foreign expression
cassette was transcriptionally active (data not shown).

Viral multiplication and luciferase expression levels of
MHV-ERLM and MHV-ERLMSmN were compared in a one-
step growth experiment. The results (Fig. 7B) show that the
rearranged virus reached lower titers and expressed lower lev-
els of luciferase at all time points. Since the stability and trans-

FIG. 6. Viral protein synthesis by different luciferase-expressing
MHV recombinants. LR7 cells were infected with recombinant viruses
and subsequently labeled with 35S-labeled amino acids from 5 to 8 h
postinfection. (A) Total lysates of cells and culture media were pre-
pared and used for immunoprecipitation with the anti-MHV serum
K134, and the precipitates were analyzed by SDS–15% PAGE. An
example is shown for MHV-WT. The positions of the different viral
proteins are indicated on the left, while those of molecular mass
marker proteins are indicated on the right of the gel. (B) For quanti-
tative analysis, the amounts of radioactivity in the M, S, and N proteins
were determined by phosphorimager scanning of the dried gels from
three independent experiments, with the indicated recombinant vi-
ruses. The ratios of the amounts of the S and N (S/N), M and N (M/N),
and S and M (S/M) proteins synthesized in the cells infected with the
luciferase-expressing viruses were calculated relative to those in MHV-
WT-infected cells (set at 1.0); the standard deviations are indicated.
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lational efficiency of the FL encoding sgRNAs of both viruses
are likely to be similar, the luciferase expression levels (in
RLU) can be considered as a direct measure of the FL sgRNA
transcription levels. To correct for the difference in viral rep-
lication between the two viruses, we calculated the luciferase
production at each time point relative to the actual viral titer
(RLU/TCID50). The curves thus obtained, shown in Fig. 7B
(right panel), appear indistinguishable, indicating that the rel-
ative levels of luciferase expressed by both viruses are similar
throughout the replication cycle. Interestingly, the highest
value was obtained at 6 h postinfection, a time point at which
the (extracellular) amount of virus just starts to rise, whereas
the synthesis of luciferase is already nearing its maximum. A
more detailed analysis of the relative luciferase expression was
performed in an independent experiment carried out four
times. Viral titers and luciferase expression were determined at
9 h postinfection, at which time these parameters have reached
their maximal values. The results are shown in Fig. 7C. Again,
MHV-ERLMSmN reached significantly lower titers and ex-
pressed significantly less luciferase. However, no significant
difference in the relative luciferase expression level (RLU/
TCID50) was observed. The results indicate that the relative
luciferase gene expression levels of the viruses do not differ,
although the distance of their luciferase gene relative to the 3�
end of the genome differs by more than 4 kb. These results
indicate that a reciprocal relationship between the distance of
the luciferase gene relative to the 3� end of the genome and the
luciferase expression level does not necessarily exist.

Two foreign genes expressed from a single genome. Having
established that two different luciferase genes can be expressed
from different locations of the MHV genome, we next inves-
tigated whether simultaneous expression of the two genes from
a single genome was also feasible. Therefore, the FL expres-
sion cassette was inserted between the E and the M genes in
the transcription vector previously used to construct MHV-
2aRLS (Fig. 1). Again, two independently generated recombi-
nant viruses (MHV-RLFL; Fig. 8A) were generated, the ge-
netic make-up of which was verified by RT-PCR. They
expressed similar levels of FL and RL and reached similar
titers after a high-MOI infection (data not shown). Next, the
luciferase expression levels and the viral titers of MHV-RLFL
were compared to those of MHV-2aRLS and MHV-EFLM
(Fig. 8B). To this end, LR7 cells were infected in duplicate with
the different recombinant viruses at high MOI. At 8 h postin-
fection, virus titers in the culture media were determined, and
the intracellular RL and FL expression levels were measured.
Figure 8 (left panel) shows that the recombinant viruses
reached high titers, although those of the FL-containing vi-
ruses were somewhat lower (consistent with the results shown
in Fig. 3C). Clearly, the presence of the RL gene in addition to
the FL gene did not have a further negative effect on viral
replication. While MHV-2aRLS and MHV-EFLM expressed
only one type of luciferase, i.e., RL and FL, respectively,
MHV-RLFL expressed both luciferases to a high extent. The
results show that two foreign genes can be expressed efficiently

FIG. 7. Expression of RL from a virus with a rearranged genome. (A) Genomic organization of two recombinant viruses each containing the
RL gene between the E and M genes: one in the context of a “normal” genome (MHV-ERLM) and the other in a genomically rearranged
background (MHV-ERLMSmN). The “m” indicates a 126-nt segment from the 3� end of the M gene. (B and C) LR7 cells were infected with each
recombinant MHV at an MOI of 8. Viral infectivity in the culture media was determined by a quantal assay on LR7 cells either at different times
(B, left graph) or at 9 h (C, left graph) postinfection, the latter in quadruple, and TCID50 values were calculated. In the same experiment, the
intracellular expression of RL was determined (in RLU) at the same times postinfection (B and C, middle graphs) by using a luminometer. The
right panels of B and C show the RL expression as calculated relative to the virus titer (i.e., RLU/TCID50). The standard deviations are indicated.

VOL. 77, 2003 CORONAVIRUS HETEROLOGOUS GENE EXPRESSION 11319

 on M
arch 13, 2015 by U

S
C

 N
orris M

edical Library
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


from a single genome simultaneously, without severely affect-
ing coronavirus viability.

In view of the observed position dependence of foreign gene
expression, we finally investigated whether the RL and FL
expression levels could be manipulated in a predictable way.
To this end, we created a second dual expression virus similar
to MHV-RLFL but in which the RL and FL expression cas-
settes had changed places. Based on our earlier findings this
virus, MHV-FLRL (Fig. 8A), although containing the same
expression cassettes as MHV-RLFL, was expected to have
relatively lower FL but higher RL expression levels. Again, two
independently generated recombinant viruses were generated,
and their genotype and phenotype were verified. Next, the
relative amounts of RL and FL expressed by MHV-FLRL
were compared to those of MHV-RLFL (Fig. 8C). LR7 cells
were infected in duplicate with the different recombinant vi-
ruses at a high MOI. At 8 h postinfection the two luciferase
activities were measured, and the ratio of RL and FL expres-
sion (RL/FL ratio) was determined. As expected, the RL/FL
ratio was much higher for MHV-FLRL than for MHV-RLFL.
The results demonstrate again the position dependence of
coronavirus foreign gene expression and show that expression
levels can be manipulated in a rational way by inserting the
foreign genes at specific positions in the coronavirus genome.

DISCUSSION

The results presented here demonstrate the potential of
coronaviruses as viral vectors. Foreign genes appropriately in-
serted into the MHV genome and preceded by a TRS were
efficiently expressed without significantly affecting the in vitro
growth properties of the virus. Expression cassettes containing

different, unrelated luciferase genes were successfully tested at
several genomic positions, both individually and combined
within a single MHV genome. The expression levels were de-
pendent on the identity of the particular foreign gene, as well
as on the insertion site, with expression being higher the closer
that the gene was to the genomic 3� end. The insertion of
foreign genes was also combined with the deletion of nones-
sential genes and with the rearrangement of the conserved
coronavirus gene order. While the deletion of nonessential
genes has been shown to yield viruses that are attenuated in
vivo but not in vitro (9; Haijema and Rottier, unpublished),
rearrangement of the genome organization (10) aims to reduce
the chances that recombination with virulent field virus will
result in transfer of the foreign genes.

In view of their huge RNA genomes, their pleomorphic
shapes, and their apparently variable sizes and of the extended
helical nature of their nucleocapsids, coronaviruses are likely
to accommodate large insertions of foreign sequences. In ad-
dition, the ability to delete several nonessential genes further
expands this genetic space. By the combined insertion of the
two luciferase gene cassettes, we showed that extension of the
MHV genome by ca. 10% of its natural size (total insertion size
of 2.7 kb) was indeed accepted without adverse effects on viral
growth. Consistently, insertion of the GFP gene (0.7 kb) in
TGEV or MHV genomes also had little effect on the in vitro
replication characteristics (6, 13, 37) (44), the GFP-expressing
MHVs being attenuated in their virulence (37). Although in
our system luciferase expression levels of 1 to 2 �g/106 cells
were obtained, GFP production levels of more than 40 �g/106

cells were achieved by using optimized TGEV vectors (12, 44).
These amounts are quite similar to those observed for other
positive-strand RNA virus vectors, such as poliovirus and car-

FIG. 8. Expression of RL and FL from a single genome. (A) The genomic organization of the recombinant viruses containing the RL gene
between the 2a and S genes (MHV-2aRLS), the FL gene between the E and M genes (MHV-EFLM), or a combination thereof (MHV-RLFL)
or containing the FL gene between the 2a and the S genes and the RL gene between the E and the M genes (MHV-FLRL) is shown. (B) Titers
and luciferase expression of the MHV recombinants at 9 h postinfection. LR7 cells were infected in duplicate with each recombinant MHV at an
MOI of 8. Viral infectivity in culture media was determined by a quantal assay on LR7 cells, and the TCID50 values were calculated. In the same
experiment the intracellular expression of RL and FL was also determined (in RLU). (C) Ratio of RL and FL luciferase expression (RL/FL ratio)
of MHV-RLFL and MHV-FLRL. LR7 cells were infected as described above. At 8 h postinfection, the intracellular expression of RL and FL was
determined, and the RL/FL ratio was calculated. The standard deviations are indicated.
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diovirus, but are significantly lower than those obtained with
most alphavirus-based vectors, for which values of 50 to 300
�g/106 cells have been reported (see the review by Enjuanes et
al. [12]).

As demonstrated here with MHV, foreign gene expression
by coronaviruses is dependent on several conditions. One is the
insertion site relative to the genomic 3� end. As could most
clearly be deduced from the RL activities expressed from dif-
ferent genomic positions (cf. MHV-MRLN, MHV-ERLM,
and MHV-2aRLS), expression levels are generally higher
when the foreign gene is inserted closer to the 3� end of the
genome. This relationship is, however, not necessarily linear
since the effect is likely to be caused, at least in part, by the
contribution of TRSs occurring between the expression cas-
sette and the 3� end rather than by the distance between the
latter per se. Studies with DI-RNAs (20, 23, 45, 48) and full-
length genomes (10, 18) have shown that downstream TRSs
generally have an attenuating effect on the transcription from
upstream TRSs. According to the prevailing theory TRSs func-
tion as transcriptional attenuators or terminators during neg-
ative-strand synthesis. Transcription either resumes at the
same site or at the 5� end of the positive template after a
“jump” to the leader sequence (38, 39). Thus, the efficiency
with which the RNA polymerase reaches a particular TRS
decreases with the number of preceding TRSs. Accordingly,
the luciferase expression levels we observed correlated in-
versely with the number of TRSs located downstream of the
luciferase gene. Consistently, insertion of the luciferase expres-
sion cassettes in turn also had an attenuating effect on the
relative expression of the viral genes located at more upstream
positions.

Proximity of the heterologous gene to the 3� end of the
genome is, however, not the sole factor determining the effi-
ciency of expression. The sequence context of the expression
cassette is another important aspect. This was demonstrated
most clearly when we compared the RL expression levels of
MHV-ERLM and MHV-ERLMSmN. In these viruses the RL
gene context is identical: the cassette is flanked by the M gene
and by the gene cluster 4/5a/E at its 3� and 5� sides, respec-
tively. However, the distance of the foreign gene with respect
to the genomic 3� end is very different (3.3 kb versus 7.4 kb).
Nevertheless, the relative levels of luciferase activity expressed
from the viruses appeared to be quite similar. Thus, the per-
formance of MHV-ERLMSmN was not essentially affected by
the positioning of the RL gene farther away from the 3� end or
by the consequent presence of an additional downstream TRS.
The findings further show that the drastic genomic rearrange-
ment realized in this vector is without severe consequences for
the viability of the coronavirus, a finding consistent with our
earlier observations (10).

Another important factor determining the expression level
of an inserted gene cassette is the sequence context around the
TRS. As was demonstrated in many studies with DI-RNAs (2,
3, 15, 19, 29, 33), flanking sequences can affect the transcrip-
tional activity of a certain TRS, presumably by changing the
local secondary or tertiary structure or by modulating RNA-
protein interactions. Except when used in its natural genomic
position the TRS of an inserted expression cassette will find
itself in an artificial environment. The impact of the sequences
upstream of the TRS will depend on the particular construct.

Sequences flanking the core TRS (5�-AAUCUAAAC-3�) will,
for instance, affect the complementarity with the leader se-
quence and thereby the transcriptional activity. The effects of
upstream sequences may be negative or positive. This was
demonstrated by a recombinant MHV in which transcription
of the M gene appeared to be reduced by placing it immedi-
ately downstream of the S gene (10) and by another MHV in
which three nucleotide changes introduced just upstream of
the gene 4 TRS led to a strong increase in its transcriptional
activity (9, 32). Consistently, insertion of foreign sequences
may also alter the transcription of viral genes located imme-
diately downstream of the insertion site. Examples thereof
were observed here showing that the expression of the M and
the S gene was decreased by the upstream presence of the
luciferase gene in the cases of MHV-EFLM and MHV-2aRLS,
respectively.

Also, sequences located downstream of a TRS can modify its
transcriptional activity. Again, nucleotides immediately flank-
ing the core sequence will do so by their direct effect on the
complementarity with the leader sequence. However, the for-
eign sequences also contained in an expression cassette can
affect their own expression by somehow influencing the TRS.
This became clear when we compared the transcription pat-
terns of the viruses MHV-ERLM and MHV-EFLM, which
differ only in the identity of their luciferase genes. Dramatic
differences were observed in the transcription levels of the
mRNAs specifying the foreign genes, whereas the transcription
of the viral mRNAs remained quite similar for the two viruses.
How these foreign sequences exert these specific effects is not
yet clear. It will, however, be important to gain more insight
into this phenomenon since it should eventually allow predic-
tion of foreign gene expression efficiencies, thereby enabling
the rational design of future coronaviral vectors.

Besides the synthesis of the intended sgRNAs, insertion of
foreign gene expression cassettes into coronavirus genomes
has thus far almost invariably revealed the appearance of ad-
ditional, smaller sgRNAs (13, 44) (the present study). These
are the products of aberrant leader-to-body fusions that occur
due to the occurrence of TRS-like sequences in the inserted
gene. The unintended leader-to-body fusion sites in the FL and
RL genes contained stretches of 6 or 4 nt homologous to the
canonical TRS, respectively. Interestingly, identical stretches
of sequence present in the MHV genome (21) and in a DI-
RNA (29) have previously been shown not to direct the syn-
thesis of sgRNAs. Apparently, the sequences flanking the un-
conventional leader-to-body fusion sites in the foreign genes
have a positive effect (or lack an inhibitory effect) on the
functioning of the TRS-like sequence. Alternatively, long-
range RNA effects or processes involving the ribonucleopro-
tein interactions, as suggested by Fischer et al. (13), might play
a role in determining the site of transcription initiation. Elim-
ination of the TRS-like sequences, by mutations not affecting
the encoded protein, might result in higher foreign gene ex-
pression levels as this is likely to reduce the attenuating effect
of downstream TRS(-like) sequences on the expression from
upstream TRSs.

Recently, genetic engineering of coronaviruses has become
feasible by the availability of infectious cDNA clones (1, 5, 46,
49, 50) and by the development of efficient RNA recombina-
tion systems (14, 24). This allows us now to study the complex
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interplay of factors determining sgRNA synthesis in the con-
text of the complete genome. This is important because,
whereas most data on coronavirus transcription have been
generated by using DI-RNAs, these results may not always be
directly applicable to full-length viral genomes (25). For the
further evaluation of coronaviruses as vectors, an important
issue will be the genetic stability of the viruses carrying foreign
gene cassettes, since this will eventually determine the appli-
cability of these vectors. While expression of the GFP gene was
found to be stable in several coronaviruses (6, 13, 37, 44), our
current studies with RL- and FL-expressing viruses indicate
that the stable maintenance of foreign genes is dependent on
the nature of the heterologous gene, on the particular corona-
virus vector used, and on the particular site of gene insertion
(C. A. M. de Haan, B. J. Haijema, and P. J. M. Rottier,
unpublished results). Thus, while the RL gene was stably ex-
pressed from various genomic positions, the FL gene was much
less stable, its expression being lost gradually through deletions
in the FL expression cassette. Interestingly, moving the cas-
sette to a more upstream position or inserting it in the FIPV
genome resulted in a more stable phenotype.
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