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Natural Evolution of Coronavirus Defective-Interfering RNA Involves RNA Recombination
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Defective-interfering (DI} RNAs of RNA viruses, in general, are generated and continue to evolve in size during serial
undituted passages of viruses. This evolution was thought to occur by independent generation of DI RNAs during virus
passages and subsequent selection of new DI RNAs under new cellular conditions. Here we demonstrate that recombi-
nation between the old DI BNA and the helper viral RNA can be one of the mechanisms for natural DI RNA evolution. A
mouse hepatitis virus (MHV} DI RNA, DissE RNA, was transcribed in vitro and transfected into a mouse cell line
infected with a different MHV strain (A59), which is distinguishable from the eriginal natural helper MHV (JHM). During
subsequent serial undiluted passages of the harvested virus, several novel DI RNA species were generated, while the
original DIssE RNA disappeared by passage 11. cDNA cloning and sequence analysis of one of these novel DI RNAs,
designated DI-2, revealed that it is composed of four discontinuous regions of the genomic sequence and is different
from the structure of the original DIssE RNA. Sequence comparison among DI-2, DissE, and helper MHV-A59 RNAg
showed that DI-2 sequence is simitar to DIssE in the first and second regions, but similar to the helper AB9 virus in the
third and last regions. Thus, this D1 RNA was generated by RNA recombination between the original DissE RNA and the
hetper viral RNA, These results indicate that recombination between DI RNA and helper virus RNA can be involved in

the natural evolution of DI RNAs.

Maost RNA viruses generate defective-interfering (D)
RNAs upon serial passages at high multiplicity of infec-
tion. These DI RNAs usually consist of various noncon-
tiguous regions of the wiid-type viral RNA genome and
are thought to be generated by RNA polymerase jump-
ing during RNA transcription (7, 2}. DI RNAs generally
replicate more efficiently than the nondefective viral
RNA and suppress the replication of the latter. How-
ever, upon continuous passage of virus and cells, the
relative ratio of the DI RNA and nondefective viral RNA
fluctuates, and new DI RNA species sometimes ap-
pear, replacing the original DI RMA. This type of evolu-
tion of DI RNA bas been noted in vesicular stomatitis
virus (3, 4) and mouse hepatitis virus (MHV) (5). The
evolution of DI RNA species was thought to be the
result of selection of a new DI RNA dwring serial pas-
sages, which altered the virus-cell equilibrium (6) and
favored the new type of DI RNA. However, the mecha-
nism of the generation of the new DI RNA was not
clear. These new DI RNAs could be generated de nove
from the helper viral RNA, independently of the existing
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DI RNA, or could be the result of recornbination or rear-
rangement ol sequences between the existing DI
RNAs and helper virus RNA. These two possibilities
could not be distinguished because the primary nu-
cleotide sequences of the DI RNA and helper virus
RNA are identical, making the origin of new DI RNAs
impossible to determine. In this report, we addressed
this issue by using an /in vitro synthesized DI RNA of
MHV 1o transfect into cells preinfected with a helerolo-
gous MHV, which is different from the original helper
virus; thus, the sequences of transfected DI RNA and
helper viral RNA were distinguishable, The evolution of
DI RNA was followed during serial virus passages and
was found to result from recombination between the
transfected Dt RNA and helper virus RNA. Thus, we
conclude that RNA recoimbination plays a major role in
the natural evolution of DI RNAs.

MHV, a member of Coronaviridae, is an enveloped
virus containing a 31-kb, single-stranded, positive-
senge genomic RNA (7, 8). MHV synthesizes seven to
eight mRNAs that have a 3-coterminal, nested-set
structure (9, 10} and an identical 5-end leader se-
aguence of 72 to 77 nucleolides, which is derived from
the 5" end of the genome (77-13). The MHV mRNAs
prebably are synthesized by a discontinuous transcrip-
tion mechanism involving palymerase jumping (74).
Unlike other single-stranded RNA viruses, MHY under-
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goes RNA recombination at a very high frequency,
which is almost as high as that of viruses with seg-
mented RNA genomes (75, 76). This phenomencn
suggests that discontinuous RNA synthesis and occa-
sional copy-choice switching of RNA templates may
also be involved in the replication of coronavirus RNA.
Probably as a result of discontinuous RNA synthesis,
DI RNA is readily generated from MHV during virus
passages at high multiplicity of infection (717). Several
different kinds of DI RNA have been identified, and the
dominant DI RNA species varies with different passage
levels (5). Some of these DI RNAs have been molecu-
larly cloned and sequenced (18-20). All of them are
composed of several noncontiguous genomic regions
and contain the 5" and 3’ ends of the parental MHV
genome (18-20).

Two particular DI RNA species have been exten-
sively studied; DissE RNA was generated from JHM
strain of MHV after 16 serial undiluted passages (5) in
DBT cells, an astrocytoma cell line (27). This DI RNA is
2.2 kb long and is composed of three discontinuous
regions of IHM genomic RNA (78). Another one, DissF
RNA, was generated also from JHM after five additional
undiluted passages of DlssE-containing virus, when
DissE RNA became undetectable (5). This RNA is 3.6
kb long and contains five discontiguous regions, some
of which, including the &- and 3-ends and part of the
second domain, are identical to DlssE {19). The se-
quence relationship hetween DIssE and DissF RNAs,
particularly the fact that they have the same junction
site between the first and second domains in these two
RNAs, suggests a possibility that DissF may have been
directly derived from DlssE rather than generated inde-
pendently. However, this possibility could not be fur-
ther examined since both RNA species were gener-
ated from the cells infected with the same helper virus.
Nevertheless, these RNAs offer an experimental sys-
tem to examine the mechanism of evolution of DI RNAs
in MHV-infected cells.

DlssE RNA was transcribed from a pT7 vector, DE25
(22), by T7 RNA polymerase and transfected into DBT
cells which had been infected with A59, an MHV strain
different from the original helper virus IHM strain. Previ-
ously, it has been demonstrated that the in vitro tran-
scribed DE25 RNA can replicate in the presence of a
helper MHV and, despite the absence of a specific
packaging signal, can be passaged with high efficiency
{22). The viruses were harvested from the DE25-trans-
fected and Ab9-infected cells and passaged senally in
DBT cells without dilution of virus samples. A total of
11 passages was carried out. **P-labeled intracellular
viral RNA patterns at selected passage levels were
then examined after denaturation of RNA with glyoxal
by agarose gel electrophoresis. Figure 1 shows that at
passage 3, an RNA with a size equivalent to that of
DissE was the major RNA species, while the synthesis
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Fic. 1. Agarose gel electrophoresis of glyoxal-denatured intracel-
lular RNAs of DissE-transfected cells at different passage levels.
Plasmid DE25 (22}, which containg the T7 promoter sequence pre-
ceding the complete Dissk cDNA, was transcribed as described
previously {22). The Dissk RNA was transfected into MHY AB3-in-
fected L2 cells by DEAE-dextran as previously described (34). The
virus was harvested from the media and serial passages were
carried out on DBT cells using undiluted virus. #P-labeled intracellu-
lar viral RNA was extracted as described previcusly (35). The arrow-
head and arrow represent DissE and DI-2 RNAs, respectively. The
number over each lane denotes the passage level, and in the lane of
passage level 0, only the helper virus, MHV Ab9, was propagated in
the cells. The intracellular RNA species cf the standard MHY ABS
are dencted on the side of the gel.

of most of the MHV-Ab9-specific mRNAs was inhib-
ited. At passage 7, very little DissE RNA and helper
virus mRNAs could be detected. Only a small amount
of genomic RNA and a new RNA in between mRNAs 6
and 7 could be detected. Interestingly, at passage 11,
large amounts of viral RNA synthesis resumed, and
several new RNA species of different sizes were de-
tected; three of them migrated between MHV-A59
mRNA 3 and 4, and another new RNA species (DI-2)
was slightly smailer than MHV-ABS mRNA 5.

To study the origin of these new RNA species, we
cloned several of them. We first focused on the most
prominent RNA, DI-2 (arrow, Fig. 1), since it is the small-
est and most prominent new RNA and has apparently
different size from DIssE. The DI-2 RNA from the intra-
cellular RNA at passage 11 was purified from the gel as
previously described (22) and used for oligo{dT)-primed
cDNA synthesis. The double-stranded DNAs were
cloned into EcoRl-linker-ligated pBluescript according
to the published procedures (79). cDNA clones were
screened by colony hybridization using DissE RNA as a
probe {79). Several overlapping cDNA clones were iso-
{ated and their structure was analyzed by sequencing.
Any sequence gaps and ambiguous regions were fur-
ther examined by reverse transcription-polymerase
chain reaction (RT-PCR) using specific primers to make
cDNA clones covering the gaps. Finally, every se-
quence jumping site was further confirmed by RT-PCR
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DI-2 AAARTCTAATCTAATCTAAACGGCA B0
TCTAA

DIB’E ........................

TTTA )

As 9 ........................

DI-2 CrICCTGLGTGTCCATGOCCETGEGCCTSGTCTTGTCATAGTGCTGACATTTGTGGTTCCTTGACTTTCGTTCTCTGCCA 160

DI s ’E ................................................................................

AS59  cecec et aianaaaana [ R L LR T R R T T R . R I R R R I

DI-2 TGACGTGTCCAT TCGGCGLCAGCAGCCCACCCATAGGT TGCAT. GATGGGCARATACGGTCTCGGCTTCAM 240

DI’.E ................................................................................

ABY  cec st inaaaas T T T T T

DI-2 ATGGGCCCCAGAATTTCCATCGATGCTTCCGAACGCATCGGAGAAGTTHGETAACCOTGAGAGGTCAGAGGAGGATGGGT 320

DIBAE =+« ' "t == asuaataareeeasasionaratasasatastentasnosasasastetoteeeatertostoetinnnnesns

Asg ................................................................................

DI-2 TTTGCCCCTCPGCTGCGCARGAACCGAARGTTAAAGGARAAACTTTCGT TAATCACGTGAGGGTGGATTGTAGCCGGCTT 400

D I' HE ................................................................................

As 9 ................................................................. A ........... A ..

DI-2 CCAGCCTTGGAGTGCTGTGTTCAGTCCGCCATAATCCGTGATATTTTTGTTGACGACGGATCCCCAGRAGGTGCAGGCCTC 480

D I a ‘E ................................................................................

AS59 .. L R L R [ I T F O I T

DI-2 GACTATGATGGCATTGCAGTTCGGTAGTGCTGTCT TGGTCAAGCCATCCAAGCGCTTGTCTGTTCAGGCATGGGCTAAGT 560

D I a 'E ................................................................................

35 9 A ............................. c ........ T ..................... n ........... A T

DI-2 TGGETGTGCTGCCTARAACTCCGCCCATGGGGTTCTTCAAGCGCTTCTCCCTCTGTAACACCAGEGAGTGCGTTTGTGAC 640

DI -] sE ...............................................................................

A59 .......... T c ----- m - T --------------------- G .......................... Tc .......

DI-2 GCCCACGTGGCCTTTCAACTTTTTACGGT CCAGOCCGATCETGTATGCCTGEECTAACGGCCGTTTTATAGGCTGGTTCGT 720

D I ] 'E ................................................................................

A59 o I I (o R b I T I SRS R T .......................

DI-2 TCCAGTCACAGCCATACCGGAGTATGCGARAGCAGTGCTTGCAACCCTGGTCCATCCTTCTTCGTAAGGGTGGTAACAAAG 800

DI;,E ................................................................................

35 9 ................................................................................

DI-2 GGICTGTGACATCCCGCCATTTCCGCCGCGCTGTTACCATGCCTGTGTATGACTTTAATGCAACAGATGTTGTATATGCA 880

DI I’ ’E .............. G .................................................................

ABY et N T

DI-2 GATGARARCCAARGATGATGATGCTGACGATCCTGTAGTCCTTGTCGCCGATACCCARGAAGAGGACGGCGTTGCCARGGA 960

D I! .E ............................................................................ G =

DI-2 GCAGGITGATTCGGCTGATTCGGARATTTCTGT TGCGCACACTGGTGCTCAAGAAATGACTGAGCCTGATGTCSTCGGAT 1040

DI s .E ................................................................................

DI-2 CTCAARACTCCCATCGCCTCTGCTGAGGARACCGAAGTCGCTGAGGCATGCHACAGCCGAAGGGATTGCTGAGGTCARGSGCA 1120

DIssE ................................................................................

DI-2 ACTGIGTGTGCTGATGCTTTAGATGCCTGOCCCCATCAAGTGGAGGCATTTGATATTGAARAGGTTGARGACTCTATCTT 1200

B . ¥ R R L I R T R N I} AG- -

DI-2 AARGTGAGCTTCAARCCGAACTTARTGCGCCCGCGEACAAGACCTATGAGGATGTCTTGGCATTCGATGCCATATACTCAG 1280

DisskE

Fic. 2. Nucleotide sequence comparison cf DI-2 with the corresponding regions of DIssE and MHV AS59 genamic RNA. Sequences of DlssE,
MHV A59 genes 1a, 1b, and gene 7 were derived from published data {18, 24-26). The open box indicates AUG initiation codon and the
underline indicates termination codon of ORF of DI-2. Nucleotide insertions are identified with brackets underneath. Solid triangles indicate the
sites where fusion of discontinucus sequences cccurred. Numbers of nuclectides from the 5-end are according to the DlssE sequence {78).
cDNA cloning of DI-2 was carried out according 10 the procedure described previously {79) except for linkers and cloning vector. EcoRli linkers
and EcoRI-digested plasmid pBluescript SK+ (Stratagene) were used for cDNA cloning. Recombinant DNAS were screened by colony hybridiza-
tion (36) using a complete cDNA clone of DIssE as the probe (22). For RT-PCR, the entire RNA was made into two overlapping PCR products by
using two pairs of primers separately for the &-half and 3"-half of the DI-2 RNA. cDNA cloning by PCR was carried out as described previously
{19). Sequencing was carried out by Sanger's dideoxyribonucleotide chain termination methad (37), Since one of the primers used for PCR
cloning is complementary to the §'-end of the leader of MHV-JHM RNA, the sequence of the very & end of DI-2 could not be determined.

using primers across the junction sequences. Using
these cDNA clones, the entire sequence of DI-2 ex-
cept the very 5 end was obtained {Fig. 2).

The sequence analysis of DI-2 RNA showed that this
DI RNAis 2924 nucleotides long and composed of four
regions derived from discontiguous regions of the

MHV genome (Figs. 2 and 3). The entire third region
and part of the fourth region of DI-2 are not present in
DissE. The first region {864 nuclectides) and the sec-
and region {445 nucleotides) represent a sequence
corresponding to the same regions of DIssE RNA, and
the junction between these two regions is identical to
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DI-2 AGACGTTGTCTGCATTCTATGCTGTAGGCCCACAACGTGCOCGATTI TGARTCGCGTAGTTGTGGAGAAAGTTGGAGATTCT 1360
DIBBE *+*+*-evvcmoracaccencnons
. 5

DI-2 GATGIGGAATTTITGGTTTGCTGTGCGTAAAGACGETGACRRATGTTAT CT TCAGCCGTACAGGGAGCCTTGAMCCGAGCCA 1440
T T T T T T T T S Y

DI-2 TTACCGEAMGCCCACARGGTARTCCEEGTGEFTAATCCCGTGEETGATCTCAGCGGTAATGARGCTCTAGCGCGTGECACTR 1520

PI-2 TCTTTACTCAARGCAGATTATTATCCTCT TTCACACCTCGRATCAGAGAT GGAGARAGATTTTATCGATTTAGRATGATGAT L5600
N T T T

DI-2 GIGTTCATTGCAAAATATAGTTTACAGGACTACGCGTTTGRAACACGTTGTTTATGGTAGTTTTARCCAGAAGATTATTIGG 1680
Y T T T S

DI-2 AGGTTTGCATTTGCTTATTGGCTTAGCCCGTAGGCAGCARRAATCCART CTGGTAATTCARGAGTTCGTGACATACGACT 1760
F- 1T I I T R R I T R L I I T SRR

DI-2 CTAGCATTCATTCGTACTTTATCACTGACGAGARCAGTGGTAGTAGTAAGAGTGTGTGCACTGTTATTGATTTATTGTTA 1840
X7 T

DI-2. GATGATTTTGTGGACATTGTAAAGTCCCTGAATCTAAAGTGTGTGAGTAAGGTTGTTAATCGCGCTAGAAGCAGTTCCAR 1920
Y. T T

DI-2 CCAGCGCCAGCCTGCCTCIACTGTAARACCTGATATGGCCGAAGAARTTGCTGCTCTTGTTTTGECTRAGCTCGGTAAAG 2000
- T S Y

DI-2 ATGCCGGCCAGCCCAAGCAMGTAMACGAMGCAMGTGCCAAAGAAGTCACGCAGAARATTTTARACARGCCTCGCCAARAG 2080
XL T T T

DI-2. AGGACTCCAAACAAGCAGTGCCCAGTGCAGCAGTGTTTIGGAMAGAGAGGCCCCAATCAGAATTTTGGAGGCTCTGARAT 2160

DI-2 GTTAAAACTTGGAACTAGTGATCCACAGTTCCCCATTCTTGCAGAGTTGGCTCCAACAGTTGGTGCCTTCTTCTTTGGAT 2240
Y - T

DI-2 CTAMATTAGARATIGGTCAAAAAGAATTCTGGTGGTGCTGATGRAACCCACCAARGATGTGTATGAGCTGCARTATTCAGGT 2320
I T R I T R I A I T T A R L R L

DI-2 GCAGTTAGATTTGATAGTACTCTACCTGGTTTTGAGACTATCATGARAGTGTTGAATGAGRATTTGAATGCCTACCAGAR 2400

{TCA |
DISABE = ¢ ¢ vt s o st s u b b 4 b 8 6 E o N E NS NSNS R F N F e e s omom sk s kLA AL LR NN NN T E TN e
b X7 T T R T T T T T T T T T T T T
DI-2 GGATGGTGGTGCAGATGTGCTGAGCCCAARGCCCCARRGAARAGGGCGTAGACAGGCTCAGGAAAAGAARAGATGAAGTAG 2480
DI‘QE A ................. A ........ T ..... T- By ¢ LI GA-AG-G-C A mA. CTC ...............
F %1 T T T T T T T T T T T T T T T T
DI-2 ATARTGTARGCCTTGCAAAGCCCAAAAGCTCTGTGCAGCGAAATGTAAGTAGAGAATTAACCCCAGAGGATAGAAGTCTG 2560
DIMBE --- -t st nraraansnmrarannasssaseensssesseaanannnnssnsnnsnnns Grorrrvn- To-emnn Q- QT
b ¥ ] I T LI I T L LI R e I A T T T i

a3 Y ) - R T T T T T T T T T T T

Y. T

DI-2 AGGTCCTACGTCTAACCATAAGAACGGCGATAGGCGCCCCCTGGGARGAGCTCACATCAGGGTACTATTCCTGCAATGCC 2880

o T 1

15;. ...................................................................... Trevrsrrs

DI-2 CTAGTAAARTGAATGAAGTTGATCATGGCCAATTGGAAGAATCAC 2924

DI E ...........................................

ns;’ ............................................

FiG. 2—Continued

that of DissE. However, the second region of DI-2 is sponds to the sequence containing the MHVY RNA
shorter than that of DIssE. The third region was derived packaging signal as identified in DissF RNA {23). The
fram the sequence corresponding to 20.2 to 20.8 kb fourth region represents 1023 nucleotides fram the 3

tfrom the &’ end of the genomic RNA. This region corre- end of the MHV genome.



412 SHORT COMMUNICATIONS

[
(uoy |

=4
o
I
bl
1=
o
W
]
<

_ Genes 1

MHY
Genomic
ANA

o ! |
S DlgsET Tt Asg7 bid
s /

DissE ?

(kb} L { 1 ]
0 1 2 3

Fig. 3. Schematic diagram of the structure of DI-2 RNA. The struc-
ture of DI-2 is compared with the structure of the MHV A59 genomic
RNA and Dlssk RNA. Genes 1 through 7 represent the seven genes
ot MHV. Regions which represent Dissk sequence and MHVY AbY
genomic sequence are indicated by open arrows and solid arrows,
respectively.

To examine the origin of Di-2 RNA, the DI-2 se-
quence was aligned with the previocusly published
DlssE (18) and AB9 (24-26) sequences {Fig. 2). Since
the third region and the first 436 nucleotides of the last
region of DI-2 are not present in DissE, they were com-
pared only to the AB3 genomic RNA sequence. The
results showed that the first region of DI-2 is almost
identical to the corresponding sequence of DiasE, with
an identical junction site. The corresponding AB9 se-
quence has 29 nucleotide differences and four extra
nucleotides. However, within the leader sequence, DI-
2 RNA contains three UCUAA repeats, while the re-
ported Dlssk sequence cantains four of them (78), and
AB9 genomic RNA contains two copies (17, 24). The
heterogeneity of UCUAA copy numbers in the leader
RNA has previously been reported for several DI RNAs
{27), genomic RNAs (28), and mRNAs {29). This hetero-
geneity probably resulted from leader RNA jumping
during DI RNA replication. Besides, one nucleotide in
the first region at 815 nucleotides from the & end is
different from that of both DlssE and MHV-AL9. This
could be explained by mutations during DI RNA replica-
tion. The second region of DI-2 RNA is also identical to
that of DissE RNA and distinct from the corresponding
AB9 sequence, which differs by 32 nucleotides in this
region (S. Weiss, personal communication). Thig re-
gion is smaller than the second region of DIssE RNA.
These resulis suggest that the first and second regions
of DI-2 RNA were directly derived from Dissk RNA. In
contrast, the sequences of the third and fourth regions
are identical to those of the MHV-ABY genome except
for one nucleoctide at 54 nucleotides from the 3" end of
the genome. The corresponding region of DissE con-
tains 28 nucleotide differences and 3 extra nucleo-

tides. Since the third and fourth regions of Di-2 RNA
contain an extra stretch of sequence which is not pres-
ent in DlssE, and the sequence of the last region of
DI-2 i identical to that of MHV-A59 genomic RNA and
different from DlssE, it is likely that the third and fourth
regions of DI-2 were derived from MHV-ABS3 genome
RNA. Thug, DI-2 RNA was clearly derived by recombi-
nation between DlssE and helper A59 virus RNA with a
cross-over site in the second domain of DissE RNA,
followed by additional polymerase jumping during
copying of AB9 RNA sequences. Since nucleotide
2870 of DI-2 is identical to that of DIssE, in contrast to
AD9, we cannot rule out the possibility that the 3' end of
DI-2 was derived from DissE resulting from an addi-
tional recombination event.

This result indicates that RNA recombination is at
least one of the mechanisms for the natural evolution
of DI RNAs. The possible occurrence of recombination
between DI RNA and helper viral RNA has also been
demonstrated in a recent study, in which marker muta-
tions in DI RNA can bhe incorporated into the viral ge-
nome by RNA recombination during virus reptication
{30). The DI-2 RNA is unique in that multiple recombina-
tion events between nonhomologous sequences of DI
RNA and helper viral RNA (aberrant homaologous re-
combination (38)) were involved. Thus, both nonhomol-
ogous and homologous recombination can occur be-
tween the DI and helper viral RNAs. At the present
time, we do not know whether DI-2 RNA was directly
derived from recombination between DisskE RNA and
helper viral RNA by polymerase jumping during RNA
synthesis, or indirectly from recombination between
DlssE RNA and an unidentified A59-derived DI RNA
species. If it is the former, several polymerase jumping
events must have occurred during the synthesis of DI-
2 RNA,

It is interesting to note that the third region of DBI-2
RNA is not present in DIssE. However, DissF RNA,
which is packaged into virus particles efficiently, also
contains 276 nuclectides corresponding 1o the &' end
of the third region of DI-2 (79). This regian contains the
putative packaging signal for MHV RNA (23). Since
DlssF and DI-2 were independently derived using two
different helper viruses, the presence of similar
stretches of sequence in both RNAs suggests that this
region is a recombinational hot spot or that the pres-
ence of this sequence confers selective advantage.
Similar sequences have also been found in another DI
RNA derived from MHV-A59 {20).

Like DlssE, DI-2 has a single large open reading
frame (ORF), which is 2415 bp long. The initiation and
termination sites of the ORF are identical to those of
QORF in DissE, althaugh the ORF of DI-2 contains differ-
ent regions from those of DIssE. The same ORFis con-
tained in both DI-2 and DissE in the first and second
regions. As reported previously, the first 215 amino
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acids correspond to the N terminus of the MHV gene 1
product, and part of the protein is cleaved into a p28
protein (37-33}. The significance of this ORF in DI RNA
replication is not yet clear.
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