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The fusion sites between the termini of naturally occurring defective RNAs (D-RNAs) from three citrus
tristeza virus (CTV) isolates were sequenced. Seven of eight clones showed a common 3* terminus of 940
nucleotides (nt) fused to 5* termini with different sizes. An extra cytosine nucleotide was found at the junction
site of the majority of the common 3* D-RNAs. Molecular analysis of the plus and minus strands of the 0.9-kbp
double-stranded RNA, corresponding to the CTV open reading frame 11 subgenomic RNA (sgRNA), showed
that they were identical in length and sequence to the common 3* sequence of the D-RNAs. These results imply
that viral sgRNA messengers also function as building components for genomic rearrangement and exchange
of complete viral genes.

Citrus tristeza virus (CTV) is a destructive pathogen causing
some of the most important diseases of citrus. The CTV virions
contain a large (ca. 20 kb) single positive-stranded genomic
RNA (gRNA) (2), encapsidated by two coat proteins of 25 and
27 kDa (8). The sequence of the complete CTV genome was
determined for the Florida isolate T36 (10) and for the VT
isolate, from Israel (17). The genome of CTV (Fig. 1A) en-
codes 12 open reading frames (ORFs) potentially coding for at
least 17 protein products which include replication-associated
proteins, a homolog of the HSP70 proteins, the two coat pro-
teins, and several other products with unknown functions (10).
Infected plants contain the large replicative-form (RF) RNA
molecule and a nested set of at least nine smaller species,
39-coterminal subgenomic RNAs (sgRNAs) corresponding to
the 39-terminal ORFs 2 to 11. Each sgRNA is present as a
single-stranded RNA (ssRNA) molecule and as a correspond-
ing double-stranded RNA (dsRNA) species (9, 15). Recombi-
nation of CTV molecules, resulting in different sizes of defec-
tive RNA molecules (D-RNAs) and different junction sites,
has been demonstrated to occur in both the VT isolate of CTV
(CTV-VT) and other CTV isolates (16, 18). Considerable vari-
ation was found in both the presence and the relative abun-
dance of the CTV-VT D-RNAs (18). This paper reports the
sequence analyses of several cDNA molecules obtained by
reverse transcription (RT)-PCR of D-RNAs from three differ-
ent CTV isolates. A large proportion of the D-RNAs showed
a common 39 terminus of 940 nt fused to 59 termini of different
sizes. The common 39 termini were found to be identical in
both size and sequence to the 39-terminal sgRNA of ORF11.

The CTV isolates, VT (17), MorT (3), and GalT (obtained
from Y. Oren), were propagated in Alemow (Citrus macro-
phylla) seedlings. Total RNAs were extracted from 100 mg of
leaves with Tri-Reagent (Molecular Research Center, Inc.)
and used for RT-PCR with primers P1 (59-CTTCAGTGCTA
GCTGTGTTG-39) (CTV-VT positions 18377 to 18397) and
P2 (59-GCTACGTTCGT-CACGTATAC-39) (CTV-VT posi-
tions 1301 to 1320) for first- and second-strand cDNA synthe-
sis, respectively. The PCR was performed by using the UNO-
Thermoblock (Biometra) with the following profile: (i) 94°C

for 3 min; (ii) 30 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C
for 1 min; and (iii) 5 min at 72°C. The amplified DNA was
isolated from agarose by using the QIAEX extraction kit
(QIAGEN) and cloned into plasmid pUC57/T (MBI-Fermen-
tas). The cloned cDNA fragments were sequenced from both
sides by using the M13 forward and reverse primers and the
Sequenase version 2.0 kit (U.S. Biochemical Corp.).

Sequence analyses (5) of RT-PCR-cloned CTV-VT D-cDNAs
revealed that fusion occurred at a common 39 site (position
18287) in seven of the eight clones. The fusion sites of the 59
termini varied between positions 881 and 1925 (Fig. 1B). In
three clones, each originating from a different CTV isolate, the
59-terminus fusion sites were located at position 1824. Two
other clones, one each from VT and GalT isolates, showed
identical 59 fusion at position 1925. An additional interesting
observation was the presence of an extra C, in comparison with
the gRNA sequence, at the junction sites of five of the clones.
These included the three clones with identical 59 termini of
1,824 nt and two clones with 59 fusion sites at positions 881 and
1751 (Fig. 1C).

The considerable homogeneity of the 39 termini and close
resemblance to the ORF11 subgenomic RNA of 0.9 kb sug-
gested the identity of these molecules. In order to test this
possibility, we have isolated the 0.9-kbp dsRNA fraction from
total dsRNA extracted from CTV-VT-infected bark tissue (6,
15). The dsRNA was denatured with methylmercury and the
[g-32P]ATP-labeled P2 primer was used for cDNA extension,
according to the method described in reference 14. The reac-
tion mix was separated on a 6% polyacrylamide electrophore-
sis gel and run in parallel with a size marker consisting of the
sequencing product of a CTV-VT clone, H72, spanning 1,070
bases from the 39 end, obtained with primer P2. Figure 2A
shows that the 59 end of the terminal sgRNA from CTV-VT
was positioned at nt 18287 of the CTV-VT genome (17), thus
coinciding in its length of 940 nt and sequence with the com-
mon 39 termini of the D-RNAs. The primer extension reaction
was interrupted by several stops (Fig. 2A, lane 1), which was
consistent with the putative presence of a stem-loop structure
suggested by computer analysis of the secondary structure for
the intergenic region between ORFs 10 and 11 (data not
shown). Recent analyses of CTV-T36 have also revealed a
940-nt-long ORF11 sgRNA starting at position 18356 (11).
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The presence of D-RNAs with common 39 termini among
the dsRNA population of CTV-VT-infected plants was also
revealed by Northern hybridization with a g-32P-labeled 16-
mer oligonucleotide probe, P3 (59-TCGAATTGagaaacac-39),
where the lower- and uppercase letters indicate the comple-
mentary sequences, flanking the junction site (underlined) of

the 2.7-kb common-terminus D-RNA from the 59 and 39 ends,
respectively. Figure 2B, lane 2, shows that the probe hybridized
only with the molecule of the expected size, which was present
in dsRNA preparations from the plant CTV-VT5, harboring a
2.7-kbp D-RNA band, and not with CTV-VT12, which showed
D-RNAs of other sizes. The 59-end CTV-VT probe hybridized
to the RF and to 2.7- and 4.5-kb D-RNAs (Fig. 2B, lanes 3 and
4).

Our finding of the extra C at the junction site was suggestive
of a recombination event involving the minus strand of ORF11
sgRNA, which has an extra G at the 39 terminus. The RT-PCR
analyses of the polyadenylated minus strands of CTV-VT
ORF11 dsRNA molecules from recently and from chronically
infected CTV-VT plants did not, however, reveal the presence
of an extra G at the 39 end (Table 1). Similar analyses of the
minus-strand molecules from the RF dsRNA revealed an extra
G in two of the six clones (Table 1). The 39 terminus of the
minus strand in the RFs of the type strain of CTV (10), as in
several other positive-strand RNA viruses, including Semliki
Forest virus (21), cucumber mosaic virus and its CARNA-5
satellite (4), and barley stripe mosaic virus equivalents of
RNAs 1, 2, and 3 (7), was found to possess an unpaired
guanosine (extra G). The absolute dependence of synthesis of
the positive strand of CARNA-5 on the presence of the extra
G in the negative-strand RNA template was demonstrated by
Wu and Kaper (22). The sgRNAs of cucumber mosaic virus (4)
and barley stripe mosaic virus (7) did not show an extra G.
Contrary to these findings, Karasev et al. (11) recently re-
ported the presence of an extra G in the minus strand of the
sgRNA of ORF10 of the T3 strain and its absence from T36.
The absence of the extra G at the 39 termini from CTV-VT
ORF11 sgRNA may indicate a temporal presence during cer-

FIG. 1. (A) Schematic map of the 12 ORFs from CTV gRNA. (B) Structures of four types of D-RNA molecules derived from three CTV isolates that showed the
common 39 termini of 940 nt. The number of clones of each type is indicated in parentheses, and coordinates of the junctions are shown according to the sequence
of CTV-VT (17). (C) Nucleotide sequences of junctions of four different CTV D-RNAs. The junction region includes a common 39 terminus starting at the 59
untranslated region of ORF11 (in bold) fused to different-sized 59 termini of ORF1a. An extra C nucleotide at the junction site is boxed.

FIG. 2. (A) Primer extension analysis of the 59 terminus of CTV (VT strain)
ORF11 sgRNA, carried out in a 6% polyacrylamide sequencing gel. Lane 1,
Runoff reverse transcription of the ca. 0.9-kbp ORF11 sgdsRNA template, using
the g-32P-labeled primer. The sequencing ladder obtained for CTV-VT clone
H72 with primer P2 is indicated in the adjacent lanes. The 59-terminal sequence
of the ORF11 dsRNA plus strand is presented on the left; the 59-to-39 direction
is from top to bottom. (B) Northern blot analysis of dsRNAs from CTV-VT. The
dsRNA preparations were separated by electrophoresis on a formamide-form-
aldehyde denaturing 1.1% agarose gel, transferred to a nylon membrane (Hy-
bond N1; Amersham), and hybridized with a g-32P-labeled oligonucleotide and
cDNA probes. Hybridization was carried out with a g-32P-labeled 16-mer oligo-
nucleotide probe complementary to the junction site of the common-end D-
RNA (lanes 1 and 2) and with an a-32P-labeled 59 cDNA probe (from positions
1 to 777 of the CTV genome) (lanes 3 and 4). The dsRNAs were extracted from
two different CTV-VT subisolates, VT12 (lanes 1 and 3) and VT5 (lanes 2 and
4). The 20-kb band corresponds to the CTV RF molecule.
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tain stages of sgRNA replication. Two common-39-terminus
molecules of 2.8-kb D-RNA did not show the extra nucleotide
at the junction site (Fig. 1C). This indicates that the ORF11
sgRNA recombination in common-39-end D-RNAs was not
dependent on the presence of the extra nucleotide.

The finding of the extra C residue at the junction site of a
substantial number of common-39-end D-RNAs supports the mi-
nus-strand jumping model (19) as the possible mechanism of
discontinuous transcription and recombination. Accordingly, the
replication process that led to the generation of common-39-end
CTV D-RNA molecules included (i) synthesis of full-length
minus-strand RNA on the genomic template; (ii) synthesis of the
ORF11 plus-strand sgRNA starting 38 nt upstream from the
AUG on the minus-strand template; (iii) synthesis of the minus
strand sgRNA, terminated by a nontemplate nucleotide (extra
G), followed by template switching toward the 59 ends of gRNA
molecules; and (iiii) synthesis of plus-strand D-RNAs. This model
allows the viral sgRNAs to serve both as mRNAs and as building
blocks for recombination of defective or genomic viral RNA. It
also allows the shuffling of both viral and host sequences, such as
is known to occur in closterovirus evolution (1). Genetic recom-
bination and rearrangement of RNA viruses are considered es-
sential for genome repair, to increase genetic variability, and to
facilitate evolution (12, 13, 20). Genomic rearrangement in RNA
viruses is facilitated by the multipartite nature of a large number
of RNA plant viruses. Single-component viruses, except the coro-
naviruses, which use a unique mechanism for mRNA synthesis
(13, 19), were expected to be less likely to undergo rearrange-
ments that involve complete virus genes. To the best of our
knowledge, this is the first report to demonstrate the involvement
of full-length sgRNA molecules in a recombination process lead-
ing to the generation of D-RNA molecules. These results imply
that viral sgRNA messengers also function as building compo-
nents for genomic rearrangement and exchange of complete viral
genes.
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TABLE 1. The 39-terminal sequences of the minus-strand RNAs
from ORF11 dsRNA and from the RF molecules of the VT strain

of CTV

dsRNA Primera Terminal sequence No. of
clones

sgORF11 dT14V 39TTAAGCTTGTTT...... 59 4
dT14V 39CTAAGCTTGTTT...... 59 2
dT14V 39GTAAGCTTGTTT...... 59 1
dT14V 39CTTGTTT...... 59 1
P-dT 39TTAAGCTTGTTT...... 59 6

RF dT14V 39TTAAAGAGTTTA...... 59 1
dT14V 39CTAAAGAGTTTA...... 59 2
dT14V 39GTTAAAGAGTTTA...... 59 1
dT14V 39GAAAAAGAGTTTA...... 59 1
dT14V 39TAAAGTTAAAGAGTTTA...... 59 1

a Primers dT14V, where V represents either A, C, or G, and P-dT were used
for first-strand cDNA synthesis from the polyadenylated templates as described
elsewhere (15).
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