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The full-length sequence of a satellite RNA (sat-RNA) of Beet black scorch virus isolate X (BBSV-X) was
determined. This agent is 615 nucleotides long and lacks extensive sequence homology with its helper virus or
with other reported viruses. Purified virus particles contained abundant single-stranded plus-sense monomers
and smaller amounts of dimers. Single-stranded RNAs from total plant RNA extracts also included primarily
monomers and smaller amounts of dimers that could be revealed by hybridization, and preparations of purified
double-stranded RNAs also contained monomers and dimers. Coinoculation of in vitro transcripts of sat-RNA
to Chenopodium amaranticolor with BBSV RNAs was used to assess the replication and accumulation of various
forms of sat-RNA, including monomers, dimers, and tetramers. Dimeric sat-RNAs with 5- or 10-base deletions
or 15-base insertions within the junction regions accumulated preferentially. In contrast, the replication of
monomeric sat-RNA was severely inhibited by five-nucleotide deletions in either the 5’ or the 3’ termini.
Therefore, sequences at both the 5’ and the 3’ ends of the monomers or the presence of intact juxtaposed
multimers is essential for the replication of sat-RNA and for the predomination of monomeric progeny.
Comparisons of the time courses of replication initiated by in vitro-synthesized monomeric or multimeric
sat-RNAs raised the possibility that the dimeric form has an intermediate role in replication. We propose that
replication primarily involves multimers, possibly as dimeric forms. These forms may revert to monomers by
a termination of replication at 5’ end sequences and/or by internal initiation at the 3’ ends of multimeric

junctions.

Beet black scorch virus (BBSV) was first reported in the late
1980s (13, 14). The virus is responsible for serious damage to
the sugar beet crop in the Xinjiang, Ningxia, Inner Mongolia,
Gansu, and Heilongjiang provinces of China. BBSV infects
sugar beet plants systemically through the roots after transmis-
sion with Olpidium brassicae zoospores (25) and causes black
scorch symptoms on the leaves (6). Mechanical inoculation in
a greenhouse resulted in local infections of 15 plant species,
including several Chenopodium spp., producing inapparent to
extremely mild symptoms or necrotic local lesions (7). Sugar
beets on different plantations contaminated by BBSV isolates
in China developed similar severe black scorch symptoms on
leaves, and most plants died within a week after the appear-
ance of symptoms. Normally, only a single RNA was associated
with infections, but a small single-stranded RNA (ssRNA) that
is similar to the satellite RNAs (sat-RNA) of other necrovi-
ruses (39) has been found in isolates from the Xinjiang prov-
ince (6). This small RNA multiplied in test plants only when
associated with BBSV genomic RNA, either from the same
viral isolate or from other sources of BBSV (5). The presence
of sat-RNA resulted in more local lesions on the leaves of
Chenopodium amaranticolor plants than did inoculation with
BBSV RNA alone when the inoculum was highly diluted.
Many sat-RNAs of plant viruses such as Turnip crinkle virus
(TCV) (9), Cucumber mosaic virus (CMV) (27), Subterranean
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clover mottle virus (17), and Lucerne transient streak virus (31)
have been found to have complicated mechanisms of replica-
tion that result in the appearance of different forms of repli-
cating RNAs. BBSV has recently been identified as a new
member of the genus Necrovirus based on the sequence of a
single 3,644-nucleotide plus-strand RNA (8). The BBSV se-
quence has a genome organization similar to that of other
necroviruses (8) and shares the highest nucleotide sequence
identity (61%) with Tobacco necrosis virus D (12). However,
the molecular characteristics of the BBSV sat-RNAs have not
previously been determined. In this paper, we report a se-
quence analysis of these sat-RNAs and a description of the
multimeric forms involved in replication.

MATERIALS AND METHODS

Virus preparation and RNA extraction. Four BBSV isolates were collected
from the provinces of Xinjiang (BBSV-X), Ningxia (BBSV-N), Inner Mongolia
(BBSV-IM), and Heilongjiang (BBSV-H). Among these, only the BBSV-X iso-
late naturally contained an additional small satellite-like RNA (6). These BBSV
isolates were propagated in C. amaranticolor by mechanical inoculation in a
greenhouse with a light period of 16 h and a temperature of 20 to 30°C. Virus
particles were purified from mechanically inoculated leaves with local lesions at
3 to 4 days postinoculation (dpi) by extraction in 0.2 M phosphate buffer (con-
taining 1% B-mercaptoethanol; pH 7.0) followed by two cycles of sucrose density
gradient centrifugation (5). Fifty micrograms of purified BBSV was used for
RNA extraction by denaturation in equal volumes of extraction buffer (20 mM
Tris-HCI [pH 8.0], 1% sodium dodecyl sulfate, 200 mM NaCl, 5 mM EDTA) and
phenol-chloroform (1:1). After phenol extraction and RNA precipitation, the
RNAs were subjected to agarose gel electrophoresis, and the single small RNA
band revealed by ethidium bromide staining was recovered from the gel by a
freeze-thaw procedure (4). Double-stranded RNAs (dsRNAs) were recovered
from infected plants on CF-11 cellulose columns followed by a 2 M LiCl,
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TABLE 1. List of oligonucleotides used for PCR

Oligonucleotide Sequence (5'-3")

Structure and/or position”

BB-S1 CCTCACCTTCCCTGGCAGAC
BB-S2 CCCGGGTAGCAATTAATTGC

BB-S3 TAATACGACTCACTATAGGAAAGCTACGTGGTCATGGTAG
BB-S4 GAAAGCTACGTGGTCATGGTAG

BB-S5 GTTCACATGATAACCGTTGG

BB-S7 TAATACGACTCACTATAGGGGTAGCAATTAATTGC

BB-S10 GATATCAAATACTACCTCCC

BB-S11 TAATACGACTCACTATAGCTACGTGGTCATGGTAGAG
BB-SI12 GCAATTAATTGCTTTATAGC

BB-S13 CTACGTGGTCATGGTAGAG

BB-31 GCTCT(A/C)GAGAATTCCC(G), 5

MDI18-T1 ATCGTCGACCTGCAGGCATG

nt 303 to 284

CCC, nt 615 to 599

T7 promoter, G, nt 1 to 22

nt 1to 22

nt 460 to 479

T7 promoter, G, nt 615 to 599
EcoRV, nt 277 to 258

T7 promoter, G, nt 6 to 24

nt 610 to 591

nt 6 to 24

Oligo(dG) anchor

nt 425 to 406 in plasmid pMD18-T

“ Numbers correspond to the sat-RNA nucleotide positions, and a reverse order of numbers indicates that the primer is complementary to the sat-RNA.

precipitation step to further separate ssSRNAs from dsRNAs as described by
Dodds et al. (18).

cDNA synthesis and sequencing. The small RNAs recovered from BBSV-X
were used for cDNA synthesis either directly or after polyadenylation by poly(A)
polymerase (GIBCO BRL) at 37°C for 30 min. Using the Universal RiboClone
c¢DNA synthesis system (Promega Biotech), we synthesized cDNAs from 3 pg of
RNA template, with either 1 pg of random oligonucleotides or 1.5 pg of oli-
go(dT),s as a primer. Double-stranded ¢cDNAs were blunted with T4 DNA
polymerase and ligated into the Smal site of the pGEM-7Zf(+) plasmid (Pro-
mega Biotech) for transformation into Escherichia coli strain DHS5a. After
screening by dot blotting and probing with a sat-RNA labeled with [y->*P]ATP,
positive cDNAs were sequenced in both directions by dideoxynucleotide chain
termination (33) in a DNA autosequencer (ABI model 377A). The 5’ sequences
of the sat-RNA were obtained by 5’ random amplification of cDNA ends (5'-
RACE) and reverse transcription-PCR (RT-PCR) with the BB-S1 and BB-31
primers (Table 1) according to the procedure of Frohman et al. (22). Using
templates extracted from purified BBSV-X particles that contained BBSV and
sat-RNAs, we amplified products and then ligated them to the plasmid pMD18-T
(TaKaRa) for sequencing after propagation in E. coli. The MFOLD web server
of M. Zucker (http://bioinfo.rpi.edu/applications/mfold) (version 2.3) was used to
analyze the sequences and to determine the secondary structures of the sat-
RNAs.

Construction of biologically active cDNAs. Based on the full-length sequence
of the sat-RNA and the oligonucleotide primers shown in Table 1, 13 cDNA
clones were constructed for in vitro transcription of different oligomeric forms of
the sat-RNA, as shown in Fig. 7. BB-S2 and BB-S3 primers were designed for
RT-PCRs to obtain full-length ¢cDNAs whose in vitro transcription could be
driven by a bacteriophage T7 RNA polymerase promoter. Three cytosines
(CCC) were fused to the 3’ terminus of the BB-S2 primer (Table 1) to generate
a Smal site by PCR amplification, together with three guanosines (GGG) at the
3" end of the sat-RNA. The cDNA product was inserted into plasmid pMD18-T
(TaKaRa) and introduced into E. coli DH5« for selection of pMBS-M4 (see Fig.
7). A ¢cDNA clone, pUBS-R35, was constructed for minus-sense RNA transcrip-
tion after PCR amplification with the BB-S4 and BB-S7 primers (see Fig. 7).
Using similar strategies, we produced cDNA clones for the in vitro transcription
of multimeric sat-RNAs by utilizing the BB-S2 and BB-S4 primers, which lack
the T7 RNA polymerase promoter sequences (Table 1). The products were
ligated into the Smal site at the 3’ terminus of the monomeric, dimeric, or
trimeric cDNA in order to construct multimers (pMBS-D10, pMBS-T6, and
pMBS-Tet7) containing successive monomer units (see Fig. 7).

For the transcription of mutant sat-RNAs, deletions or insertions were gen-
erated in both the monomeric and dimeric forms. Based on the plasmids
pMBS-M4 and pUBS-Md3, each of which contains a single cDNA copy of the
sat-RNA, four monomeric transcripts with modified 3’ or 5" ends were synthe-
sized by different strategies (see the scheme in Fig. 7). Similarly, sequence
modifications of dimeric cDNAs were amplified by PCRs using different primers,
as follows. (i) Five nucleotides (5'-GAAAG-3") were removed from the 5" end by
use of the MD18-T1 and BB-S13 primers, which are oriented in opposite direc-
tions, on pMBS-M4. The deleted cDNA was religated downstream of the frag-
ment amplified with the BB-S12 and BB-S3 primers, in which five nucleotides
(5'-TACCC-3") were deleted from the 3’ terminus. The resulting mutant dimeric
pMBS-D17 derivative with two monomers was fused to the truncated ends of the
monomers in the head-to-tail direction. (ii) Using the BB-S11 and BB-S2 prim-

ers, we deleted five nucleotides (5'-GAAAG-3’) from the 5’ end downstream of
the T7 promoter. After ligation into the Smal site of pUC18, another monomeric
cDNA fragment was fused at the 3’ end to form the dimeric pUBS-D21 cDNA.
(iii) Similarly, by using the BB-S13 and BB-S2 primers, we excised five nucleo-
tides (5" GAAAG-3') from the 5" end of a monomer that was then fused to a
perfect 3’ downstream end (Smal site) of another monomer in pMBS-M4 to
form the pMBS-D6 dimer. (iv) After the formation of blunt ends by the use of
T4 DNA polymerase, the fragment released by BamHI and PstI from pMBS-
M41 was ligated into the Smal site of pMBS-M4 in the head-to-tail direction.
This manipulation produced an insertion of an additional 15 nucleotides from
the pMD18-T plasmid into the junction region of the resulting pMBS-D34 dimer.
(v) A mutant monomeric PCR product in which five nucleotides (5'-TACCC-3")
were deleted from the 3" end was amplified by the BB-S4 and BB-S12 primers
and fused downstream of an intact monomer at the Smal site of pMBS-M4 to
form the pMBS-D50 dimer. (vi) Five-nucleotide (5'-TACCC-3") deletions at the
3’ ends of two monomers were generated separately by use of either the BB-S12
and BB-S3 primers with the T7 promoter or the BB-S12 and BB-S4 primers
without the T7 promoter. After ligation of the T7 promoter-driven fragment to
the Smal site of pUCI18, the plasmid was redigested with BamHI to insert a
second downstream head-to-tail fragment. The resulting dimeric cDNA, pUBS-
D5, contained an additional six bases (5'-GGGGAT-3") from the vector in the
junction region.

Plant inoculations with in vitro-synthesized sat-RNAs. Linearized (at the 3’
end) cDNAs or purified PCR products were used as templates for runoff tran-
scription in vitro at 37°C for 1 h by use of a T7 RNA polymerase kit as described
by the manufacturer (Promega). The transcripts contained an additional G
residue, and their concentrations were estimated visually on ethidium bromide-
stained gels.

In vitro transcripts of the full-length infectious genomic RNA (gRNA) of the
BBSV-N isolate were generated from the plasmid pUBF52 (Y.-H. Cao, unpub-
lished data) and used as the helper virus for coinoculations in all experiments
with sat-RNAs. For mechanical inoculation, the synthesized BBSV helper RNA
was mixed with sat-RNA in a 1:3 or 1:5 proportion and then diluted with an equal
volume of inoculation buffer (50 mM glycine, 30 mM K,HPO,, 1% bentonite,
1% celite, pH 9.2). Each young leaf of C. amaranticolor was rubbed with 15 .l of
inoculum, and before the development of lesions, total RNAs were extracted at
3 to 4 dpi. The replication of sat-RNAs was assessed with a full-length cDNA
probe produced with the DIG High Prime DNA labeling and detection starter kit
I (Roche). RNA probes were also prepared by in vitro transcription of plus- or
minus-sense sat-RNAs labeled with [a->*P]UTP.

Ribozyme activity analysis. In order to test whether the in vitro-transcribed
multimeric sat-RNAs were capable of self-processing activity, we separated the
transcripts in agarose gels immediately after transcription. For these studies, the
in vitro tetrameric and dimeric RNA transcripts from the template cDNAs
pMBS-Tet7 and pMBS-D10, respectively, were recovered from 0.7% agarose
gels by a freeze-thaw procedure as described previously (4). The purified tran-
scripts were incubated in a buffer containing 5 mM MgCl,, 0.5 mM EDTA, and
50 mM Tris-HCI (pH 7.5) at 25°C for 30, 60, 90, or 120 minutes after being
heated at 80°C for 1 min in 1 mM EDTA (21) or were incubated in 10 mM
MgCl,-50 mM Tris-HCI (pH 7.5) at 37°C for the same time points, but without
preheating (36). All reactions were terminated by the addition of an equal
volume of 95% formamide-10 mM sodium EDTA and then immediately frozen
at —80°C. Before being loading into 1% agarose gels for Northern blot analyses,
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FIG. 1. Symptoms on C. amaranticolor elicited by different BBSV
isolates. The images, from left to right, show leaves inoculated with the
wild-type BBSV isolate from Xinjiang Province (BBSV-X), which con-
tained sat-RNA, with the BBSV isolate from Ningxia Province
(BBSV-N) without a sat-RNA, and with in vitro-synthesized sat-RNA
alone. Only the leaves inoculated with isolates developed symptoms.

the samples were thawed and denatured by heating at 80°C for 1 min and then
snap cooled on ice.

Nucleotide sequence accession number. The sat-RNA sequence has been
submitted to the DDBJ/GenBank/EMBL database and assigned the accession
number AY394497.

RESULTS AND DISCUSSION

Plant inoculation and virus purification. Unlike fungal
transmission in the field, the mechanical inoculation of suscep-
tible sugar beet varieties with combinations of BBSV-N and
BBSV-X failed to reliably produce symptoms of infection, and
virus particles could not be recovered from inoculated plants.
Although local lesions appeared on young leaves of C. ama-
ranticolor plants by 3 to 4 dpi (Fig. 1, left and middle) in the
greenhouse, no systematic symptoms were evident on the up-
per leaves (Fig. 1, right), as reported previously for other
tested plants (7). In addition, viral or satellite RNAs were not
detected by RT-PCR and Northern blotting on the upper
leaves of plants that were inoculated with sat-RNA alone or
coinoculated with BBSV RNA (data not shown). The BBSV-X
isolate containing the sat-RNA caused more necrotic lesions
on inoculated leaves than did BBSV-N. This may have been
due to a host response induced by the sat-RNA and its helper
similar to the indirect pathogenesis which is postulated to
result from sat-RNA C associations with TCV in a systemic
host (41). Virus particles were purified from the lesions, and
each inoculum combination was analyzed for its viral RNA
composition. A single coat protein species of approximately 25
kDa was also identified by SDS-polyacrylamide gel electro-
phoresis in both BBSV-X and BBSV-N purified from infected
plants, but not in extracts from healthy plants (data not
shown).

RNA composition of BBSV preparations. An RNA of ~3.6
kb corresponding to BBSV gRNA was abundant in ethidium
bromide-stained agarose gels (Fig. 2A) and Northern blots of
viral RNA preparations (Fig. 2B). In addition to the gRNA
present in the viral RNA preparations, two less intense bands
which were presumed to be subgenomic mRNAs (sgRNAs)
were evident in total RNA extracts from infected plants (Fig.
2B). This suggested that two sgRNAs are produced abundantly
in infected tissue but that they are not encapsidated during
viral morphogenesis. In addition to the gRNA and sgRNA
species, a smaller RNA component was easily detected in
ethidium bromide-stained RNAs from BBSV-X isolates, but
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FIG. 2. Analysis of RNA components of BBSV isolates. (A) RNAs
extracted from virus preparations after electrophoresis in 1.3% aga-
rose gels and ethidium bromide staining. Lanes N and X show the
slowly migrating BBSV gRNAs, and lane X shows the rapidly migrat-
ing small sat-RNA associated with BBSV-X. (B) Northern blots of
BBSV-X and BBSV-N RNAs hybridized with cDNA probes specific
for BBSV gRNA. (C) Northern blots of BBSV-X and BBSV-N RNAs
probed with a cDNA specific for sat-RNA. Panels B and C were loaded
with the same amounts of samples, which were separated in the same
gel. (D) Ethidium bromide-stained 1.2% agarose gel showing nonde-
natured (native) RNAs separated as described below. Lane 1, samples
of dsRNAs purified from C. amaranticolor infected with BBSV-X; lane
2, RNAs extracted from purified BBSV-X particles; lane 3, total RNAs
from C. amaranticolor leaves inoculated with BBSV-X containing sat-
RNA; lane 4, total RNAs from C. amaranticolor leaves infected by in
vitro transcripts of BBSV-N RNA without sat-RNA; lane M, plus-
sense monomeric (1-mer), dimeric (2-mer), trimeric, and tetrameric
marker sat-RNAs. (E) RNAs hybridized with a digoxigenin (DIG)-
labeled cDNA probe specific for sat-RNA. RNA samples correspond-
ing to those in panel D were loaded in the same gel as native forms
(left) or were denatured first (right) by the addition of 20 pl of RNA
buffer (2 pl of 10X MOPS, 3.5 pl of formaldehyde solution, 10 pl of
formamide) and heating at 68°C for 10 min. The positions of the
monomeric and dimeric sat-RNAs are indicated for both the native
and denatured forms.

this species was absent from the BBSV-N isolate (Fig. 2A) and
the other two isolates, which were recovered from Inner Mon-
golia (BBSV-IM) and Heilongjiang (BBSV-H) (data not
shown). In addition, Northern blot analysis of the RNAs with
a probe specific for the smaller RNA revealed the presence of
a minor RNA that migrated at the position expected of a dimer
(Fig. 2C). These two smaller RNAs appeared to have little
sequence relatedness to the BBSV gRNA because they failed
to cross-hybridize reciprocally with probes derived from the
gRNA and the smaller RNA species (Fig. 2B and C). More-
over, the small RNAs were present only in BBSV-X particles
or in RNA extracts of plants infected by the BBSV-X isolate
(Fig. 2C), and hence they had the properties of sat-RNAs.
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pGBS-P12
pGBS-PA0
pGBS-P20
pGBS-R2

pGBS-R27
pGBS-R19

1 GAAAGCUACG UGGUCAUGGT AGAGAACUCE UGUACCAAUG AUUGCACCUU ACCGUAGUAC

61 CUCCUACACU UGAGCAGGCGE UCCCACAUAU GUAAGUGUUA AGUGGACCAG UACCUGCUGS
121 AGGUAGUCAG AGUGGAAGAA GCUGUAAGAU UGCUCCUACU CUGGUARAAAU CCACGUCCCC
181 UUUCCAACCC UCCAUGGUCC GGUUGUAAAA UAAGGAUACU AUGUUGAAAC UGUUUUCCCA
241 AGACAGUAUA AUCGUUUGGE AGEUAGUAUU UGAUAUCAUU CAAGUCUGCC AGGGAAGGUG
301 AGGGEAUGUCA CECAUUCUCY UGGUUARAUG UAUUGCAUUU UCCAAGUAAC ARGACUCAAR
361 CCUUGGUGCE UGCCCCUUCT GUCCCUGUCA GAUGGACGAC GUAGAGAACG GUCCAUGAAT
421 GCUAUCGACA CCAGGAAGCU GCCUCUAUAG GACAACACAG UUCACAUGAU AACCGUUGGET
481 AUGCEGUEUE UUGECUCUUU UGUAGAGEAG AUGUAAUGCC UGGCCCUUUG UGAACAAGEG
541 GGUUUUGGAU GGCGGUUGGC UUACAACUCC CCUGCCAGAR CCUAUUAAUA GCUAUAAAGC
601 AAUDAAUUGC UACCC

FIG. 3. cDNA synthesis and sequencing of BBSV satellite RNA.
(A) Sequencing strategy using cDNA plasmids (pGBS-P12, pGBS-P40,
and pGBS-P20) that were amplified with oligo(dT),s primers and
plasmids (pGBS-R2, pGBS-R27, and pGBS-R19) that were recovered
after priming with random primers. (B) Complete nucleotide sequence
of the 615-nt BBSV sat-RNA. The 12 underlined bases at the 5" end
were determined by RACE RT-RCR as shown in Fig. SA.

In further experiments to determine the nature of the rep-
licating intermediates, dSRNAs were extracted from leaves of
C. amaranticolor plants infected with BBSV-X isolates and
were analyzed by ethidium bromide staining (Fig. 2D). Hybrid-
ization analyses suggested that both monomeric and dimeric
species were present as dSRNAs in both the native and dena-
tured states (Fig. 2E), suggesting that the larger dimer species
may be an independent replicating RNA. We therefore have
designated the smaller RNA species a BBSV sat-RNA, and we
postulate that the dimer species represents a sat-RNA that
replicates independently of the monomeric derivative through
a dsRNA dimer.

Sequence analysis and deletions in multimeric sat-RNA.
The small RNA component was recovered from agarose gels
and used as a template for cDNA synthesis. Six overlapping
cDNA clones were selected for sequencing, and a total of 603
nucleotides (nt) were determined by sequencing each of these
clones in both directions. Three clones (pGBS-P12, pGBS-P40,
and pGBS-P20) with identical 3" ends, obtained by the use of
oligo(dT),s primers, and three additional cDNA clones
(pGBS-R2, pGBS-R27, and pGBS-R19) with internal 3’ se-
quences amplified by random priming had identical sequences
in the overlapping regions of the cDNA clones (Fig. 3A). In
order to identify the 5'-proximal sequence, we performed a
RACE RT-PCR analysis with a mixture of viral RNAs ex-
tracted from the purified BBSV-X isolate, and we detected
amplified products in agarose gels with sizes ranging from 350
to 550 bp (data not shown). The sequences of 5 selected
cDNAs from a total of 18 revealed a 12-nt sequence (5'-GA
AAGCTACGTG-3') extending beyond the 603-nt sequence of
the cloned derivatives (see Fig. SA). These results thus suggest
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that the full-length genome of the small BBSV RNA is com-
posed of 615 nt, as illustrated in Fig. 3B.

The results of sequence alignments revealed no extensive
sequence homology between the small monomeric sat-RNA
and those of other viruses deposited in the EMBL databases,
including the BBSV gRNA (8). Only four small open reading
frames were found in the small RNA (data not shown). These
open reading frames may encode predicted proteins with a
maximum molecular mass of <2.8 kDa on the sense strand and
<5.5 kDa on the antisense strand. Moreover, in contrast to the
capsid proteins encoded by satellite viruses of Tobacco necrosis
virus, Tobacco mosaic virus, Panicum mosaic virus, and Maize
white line mosaic virus (2), no protein was produced from
transcripts of the small RNA by in vitro translation in a reticu-
locyte lysate system (Promega) (data not shown). These results
thus clearly show that the sat-RNA does not encode a protein
capable of encapsidating the 615-nt RNA, and this observa-
tion, combined with the encapsidation of the RNA by the
25-kDa BBSV coat protein, provides additional evidence that
it is a satellite RNA. Therefore, all of the available evidence
agrees with our previous suggestion that the small monomeric
RNA is a sat-RNA whose replication and encapsidation de-
pend on the presence of the BBSV helper virus (7).

Sequence analyses of the 5'- and 3’-proximal ends of the
sat-RNA and of BBSV gRNA (8) revealed several common
nucleotides (Fig. 4A) and indicated that both the sat-RNA and
gRNA contain potential stem-loop structures at their 5" and 3’
termini (Fig. 4B). However, a comprehensive analysis of the
entire sat-RNA sequence revealed more energetically favor-
able long-distance stem-loop interactions of both the 5'- and
3’-terminal regions (—237.5 kcal/mol at 25°C) (Fig. 4C). This
analysis indicated that the first eight 5’-terminal residues of the
sat-RNA have the potential to form a five-residue paired stem-
loop in which nt 1 to 5 are engaged in long-distance base
pairing with nt 180 to 184 (Fig. 4C). This pentanucleotide stem
is interrupted by an unpaired bulge formed by nt 6 and 7 and
nt 177 to 179 followed by a second hexanucleotide stem formed
by the pairing of nt 8 to 13 with nt 171 to 176 (Fig. 4C).
Interestingly, four paired nucleotides of the pentanucleotide
sat-RNA stem (Fig. 4C) are identical to those in the six-residue
stem-loop at the 5" end of the BBSV gRNA (Fig. 4B). More-
over, although the long-distance 5" sat-RNA stem-loop struc-
ture differs from that of the helper virus loop, five of seven
residues in both of the loops (5'-CUAXCCX-3") have se-
quence similarity (Fig. 4B and C). In the 3’ end region of the
sat-RNA, long-distance pairing of residues 608 to 614 also
forms a heptanucleotide stem with nt 262 to 268 (Fig. 4C), but
this sequence has no obvious similarity to sequences surround-
ing the heptanucleotide stem-loop formed at the 3’ terminus of
the BBSV gRNA (Fig. 4B). The highly ordered secondary
structure formed by the 615-nt sat-RNA has approximately
70% base pairing, and the sequence consists of 26 short in-
verted repeats of 3 to 17 nt throughout the entire genome (Fig.
4C).

A potentially important observation is that the long-distance
pairing brings the 5'- and 3’-proximal regions of the sat-RNA
into close proximity (Fig. 4C), which might promote efficient
replicase reinitiation during amplification of the sat-RNA. This
highly organized structure consists of several double-stranded
regions and stem-loops similar to those in other small subviral
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FIG. 4. Comparison of structures of BBSV satellite and genomic
RNAs. (A) Terminal sequences of BBSV RNA and satellite RNA.
(B) Predicted stem-loop structures at the terminal regions of BBSV
genomic RNA. (C) Computer-generated structure of the entire 615-nt
sat-RNA. The 5'- and 3’-terminal regions are enlarged to show details
of the stem-loops formed by long-distance pairing. The numbers in the
circles indicate the nucleotide positions of the sat-RNA.

RNAs, such as the TCV sat-RNA C, which also forms dimers
and other multimeric forms (10, 31, 34), and the CMV sat-
RNA D4 (24, 30). These features may contribute to the high
stability and survivability generally exhibited by sat-RNAs,
which were first reported by Mossop and Francki (29). Similar
structures have also been postulated to facilitate template
switching of the RNA replicase of TCV and other viruses by
reinitiation at base-paired regions (9). Interestingly, these
structural features are also similar to those of the CMV Y
satellite RNA and the potato spindle tuber viroid, which are
both noncoding RNAs involved in RNA silencing (40).

In addition to the six cDNAs (Fig. 3A) that were amplified
from the purified BBSV sat-RNA components recovered from
agarose gels, five additional cDNA clones (Fig. 5A) were ob-
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tained from viral RNAs extracted from purified BBSV-X. The
BB-S1 RT-PCR primer was designed to initiate reactions at
positions 303 to 284 (Fig. 3B) and to extend to the 5" end of the
sat-RNA, whose sequences were flanked by oligo(dG) se-
quences derived from the anchor primer BB-31 (Table 1).
However, of the five cDNAs recovered, four were amplified by
pairing of BB-S1 at the designated site and at an imperfect
inverted upstream repeat between positions 374 and 393,
whereas the fifth was amplified by spurious pairing at another
imperfect inverted repeat between positions 562 and 581 (Fig.
5A). Nevertheless, the results revealed that all five of these
clones contained fusions of sequences of different lengths from
the 3’ end of the monomeric sequence to the exact 5’ end of
the next sat-RNA monomeric unit.

The clone pMBS-R46 differed from pMBS-R35 in that it
had a longer 3’ end sequence than the first sat-RNA monomer
that started at nt 374, but otherwise it was similar to pMBS-
R35 in extending to the BB-S1 binding region of the next unit
without any sequence gaps. The pMBS-R34, pMBS-RS, and
pMBS-R61 inserts contained the same 5’ end sequences as
pMBS-R46, but internal deletions were also found in these
three clones. These results thus revealed that fused cDNAs of
the multimeric sat-RNAs were amplified by priming of the
BB-S1 primer but that the primer hybridized imperfectly be-
tween different short inverted repeats in the sat-RNA. In ad-
dition, the multimeric forms may be RNA intermediates
formed during sat-RNA replication, which contain high-
frequency deletions at the 3" ends of the junction regions.

In order to ensure that the BB-S1 results were not artifacts
arising during PCR amplification and to confirm the head-to-
tail nature of the multimeric sat-RNAs in the wild-type virus,
we designed the BB-S5 and BB-S10 primers (Table 1), which
do not correspond to any inverted repeated sequences in other
regions of the sat-RNA, for RT-PCR amplification. Amplifi-
cation using the mixed viral RNAs from the purified BBSV-X
isolate and sequencing results revealed that of the 22 se-
quenced cDNAs, all contained intact 5" end sequences fused to
the 3’ regions of adjacent satellite sequences. These results
confirmed the junction sequences of multimeric molecules
(Fig. 5B). Among these clones, 12 ¢cDNAs had perfect 3'-
terminal ends fused to the intact 5" ends of the next monomeric
unit, whereas 10 clones had variable deletions ranging from 58
to 133 bases at the 3’ termini. The largest deletion, which
occurred in clone 8, was exactly the same as those appearing in
pMBS-R5 and pMBS-R61 (Fig. SA). These results thus indi-
cate that in addition to the monomers shown in Fig. 2C, mul-
timeric forms occur frequently within the BBSV sat-RNAs in
vivo, and that 3’-terminal deletions in the junction regions are
also present within the multimeric population. These multim-
ers may be produced either by a rolling circle mechanism or by
replicase-driven copy-choice recombination, with the abnor-
mal forms subsequently being selected during replication, as
suggested by Mayo et al. (28) and Cascone et al. (11).

Our results indicate, however, that rolling circle mechanisms
are not involved in the replication of sat-RNAs because similar
relative mobilities were observed in agarose gels before and
after formaldehyde and formamide denaturation of various
sat-RNAs. These sat-RNAs included those identified in total
RNA extracts, RNAs extracted from purified BBSV-X parti-
cles, dsRNAs purified from infected plants, and marker RNAs
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FIG. 5. Junction sequences of multimeric sat-RNAs. (A) Sequences of cDNA clones obtained by 5" RACE RT-PCR. The extra 12 nt beyond
the 603-nt sequence determined from the cloned plasmids are highlighted with bold italic letters. Imperfect inverted repeats of primer BB-S1 are
shaded, and nucleotides with reverse complementarity to the 303- to 284-nt region are underlined. The numbers above each sequence indicate the
nucleotide positions. An extra U residue in the gap in the pMBS-R34 insert is boxed. —\\—, common internal nucleotides; +, head-to-tail fusion
of the two monomers. (B) Partial sequences of cDNAs obtained by RT-PCR with the primers BB-S5 and BB-S10. The intact junction sequence
from the 3’ to 5’ end is shown in row 1, and variable deletions at the 3’ end are shown in rows 2 to 8. The numbers at the top represent the
nucleotide positions, and the numbers on the right indicate the number of cDNA clones with a particular sequence among the 22 cDNAs that were
sequenced. +, head-to-tail fusion of the two monomers. The dashed lines between nucleotides indicate deleted nucleotides.

consisting of the in vitro-transcribed linear oligomers shown in
Fig. 2E (right panel). These results thus indicate that circular
sat-RNA intermediates that might form rolling circle tem-
plates are not prominent components of the sat-RNAs. In
addition, the sat-RNAs appeared not to form hammerhead
structures typical of those found in other sat-RNAs (21), and
the results of in vitro cleavage experiments indicated that
dimeric or tetrameric sat-RNA transcripts are relatively stable
and do not produce specific self-processing products (data not
shown).

Analysis of proportions of plus- and minus-strand sat-
RNAs. Because both monomeric and dimeric dsSRNA forms of
the sat-RNA were present in total RNA extracts (Fig. 2D and
E), the levels of plus- and minus-strand sat-RNAs accumulat-
ing during infection were determined. Total RNAs extracted
from infected plants at 3 to 4 days postinfection and RNAs
from virus preparations were separated in agarose gels and
blotted onto Hybond-H™ filters (Amersham Pharmacia) for
hybridization. For these experiments, a plus-sense probe de-
signed to detect minus-strand sat-RNAs failed to hybridize to
RNAs purified from BBSV-X particles (Fig. 6A, lane 1), to
total RNAs from lesions appearing on leaves inoculated with
the BBSV-N isolate, which lacks the sat-RNA (Fig. 6A, lane 2),
or to marker RNAs (Fig. 6A, lane 5), which consisted of 20 ng
each of the monomer, dimer, trimer, and tetramer plus-sense

sat-RNA transcripts derived from the plasmids pMBS-M4,
pMBS-D10, pMBS-T6, and pMBS-Tet7, respectively (Fig. 7).
However, a faint minus-strand sat-RNA band was present in
the total RNAs extracted from lesions produced by BBSV-X

minus strand plus strand

1 2 3 4 5 1 2 3 4 5
B 4 mer
B 3 mer
S 2mer
- . e

A B

FIG. 6. Northern blot analyses of BBSV sat-RNAs. RNA samples
were loaded in the same agarose gel and probed with the plus-sense
(A) or minus-sense (B) transcript of the sat-RNA. Lanes 1, viral RNAs
extracted from purified BBSV-X particles; lanes 2, total RNAs from C.
amaranticolor infected by in vitro-transcribed BBSV-N genomic RNA;
lanes 3, total RNAs from C. amaranticolor infected by the BBSV-X
isolate; lanes 4, in vitro transcripts of the minus-sense sat-RNA con-
trol; lanes 5 (from top to bottom), tetramer (4 mer), trimer (3 mer),
dimer (2 mer), and monomer (1 mer) plus-sense sat-RNA transcripts.
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FIG. 7. Illustration of cDNA clones used for in vitro transcription
of BBSV sat-RNAs. The pMBS-M4 monomeric cDNA plasmid was
used for in vitro transcription of the full-length (+) sat-RNA and was
modified for transcription of three mutant (Mut) RNAs as follows.
Mut-1 contained a 5-nt (5'-TACCC-3") deletion at the 3" end of the
sat-RNA that was generated by use of the BB-S3 and BB-S12 primers
(Table 1) to amplify pMBS-M4. Mut-2 had a 3’ end extension of 39
bases from pMD18-T, produced by digesting pMBS-M4 with EcoRI
prior to in vitro transcription. Mut-3 consisted of a three-G extension
at the 3’ end of the sat-RNA that was obtained by PCR amplification
of pMBS-M4 with the BB-S3 and BB-S2 primers. The pUBS-Md3
monomeric cDNA plasmid contained a 5-nt (5'-GAAAG-3") deletion
from the 5’ end of the sat-RNA produced by amplification with the
BB-S11 and BB-S2 primers (Table 1). The plasmid pMBS-M41 lacked
the T7 promoter sequence and contained a full-length sat-RNA. The
pUBS-R35 plasmid contained the monomeric sat-RNA ¢cDNA in the
reverse orientation, produced by amplification with the BB-S7 and
BB-S4 primers (Table 1), for in vitro transcription of a negative-sense
sat-RNA probe. pMBS-D10 had the full-length dimeric sat-RNA
cDNA insert, and the dimeric pMBS-D17 plasmid had 5-nt deletions
at the 3’ end (5'-TACCC-3') and at the 5" end (5'-GAAAG-3") of the
junction region. The pMBS-D34 dimeric plasmid had a 3’ extension at
the junction region consisting of 15 nt (5'-GATCCTCTAGAGATT-
3") derived from the pMD18-T vector. The dimer in pMBS-D6 con-
tained a deletion (5'-GAAAG-3') at the 5’ end of the junction region.
Plasmid pUBS-D21 had a deletion (5'-GAAAG-3") at the 5'-proximal
end of the dimeric cDNA sequence. The dimeric sat-RNA sequence in
pMBS-D50 had a deletion (5'-TACCC-3") at the 3'-proximal end. The
plasmid pUBS-D5 contained deletions (5'-TACCC-3") at the 3’ ends
of the cDNAs of each sat-RNA monomer and of the junction region
and had an insertion (5'-GGGGAT-3") from the vector. The pMBS-T6
plasmid contained a trimeric sat-cDNA insert, and pMBS-Tet7 had the
tetrameric sequence. pMBS and pUBS nomenclature corresponds to
plasmids in the pMD18-T and pUCI18 backgrounds, respectively.
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infections (Fig. 6A, lane 3), and the intensity of hybridization
can be compared with that in the adjacent positive control lane
(Fig. 6A, lane 4), which was loaded with 30 ng of the negative-
sense satellite RNA transcript derived from the pUBS-R35
clone (Fig. 7).

In contrast, hybridizations designed to detect positive-strand
sat-RNAs (Fig. 6B) revealed the presence of intense mono-
mers and lower levels of dimers (Fig. 6B, lane 1), indicating
that both species were encapsidated in purified virions (Fig.
6B, lane 1). The same relative sat-RNA proportions were also
present in total RNAs extracted from developing local lesions
(Fig. 6B, lane 3). All four species of plus-strand marker RNAs
hybridized with about the same intensity to the minus-strand
probe (Fig. 6B, lane 5).

Thus, the results of these experiments show that minus-
strand derivatives are not encapsidated in virions, and their
presence in the total RNA extracts from infected tissue sug-
gests that minus-strand RNAs may have a role in replication.
In contrast, monomers preferentially accumulated in both mi-
nus- and plus-sense forms in BBSV-X-infected tissue, and pos-
itive-strand dimers similar to those seen for wild-type BBSV-X
(Fig. 2C) were also present. These results, in combination with
the monomers and the fused 3’ and 5’ sequences shown in Fig.
5, suggest that multimeric forms of the satellite RNAs may
accumulate as intermediates during replication. Therefore, we
hypothesize that the BBSV sat-RNA species may use mecha-
nisms of replicase reinitiation or template switching similar to
the models described in previous reports for TCV (9) and
Flock house virus (FHV) (1). The results also suggest that the
minus-sense forms, at least as monomers, are components of
dsRNA molecules in vivo, as indicated from the results in Fig.
2D and E, and that they act as intermediates in the replication
of the sat-RNA (38).

Infection and replication of in vitro-transcribed sat-RNA. In
order to obtain more information about the properties of the
sat-RNA and the mechanisms employed in replication, we
constructed 13 cDNA clones for in vitro transcription of the
sat-RNAs to be used for plant infections (Fig. 7). The linear-
ized plasmid pMBS-M4, which contains the 615-nt sat-RNA
c¢DNA under control of the T7 promoter, was used as a tem-
plate for runoff transcription of the intact sat-RNA. When the
in vitro-transcribed sat-RNA and BBSV gRNA were coinocu-
lated mechanically into C. amaranticolor, local lesions ap-
peared on the inoculated leaves. These lesions appeared to be
identical to those of wild-type BBSV infections, but no symp-
toms were detected when the sat-RNA alone was inoculated
(Fig. 1, right panel).

Multimeric forms have been widely reported previously for
different subviral RNAs, mostly as intermediates or by-prod-
ucts of replication (1). To investigate the properties of the
multimeric BBSV sat-RNA templates more fully, we joined
monomeric cDNAs in tandem to create pMBS-D10, pMBS-
T6, and pMBS-Tet7 (Fig. 7) for the transcription of dimeric,
trimeric, and tetrameric sat-RNAs, respectively. Young leaves
of C. amaranticolor were inoculated with in vitro transcripts of
multimeric sat-RNAs in the presence of BBSV-N RNA tran-
scripts, and total RNAs extracted from the leaves at 3 to 4 dpi
were used for Northern hybridizations.

The results shown in Fig. 8 indicate that each of the satellite
RNA multimeric forms is able to replicate and that in each
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FIG. 8. Infectivities of multimeric sat-RNAs transcribed in vitro.
Total RNAs of C. amaranticolor inoculated with in vitro transcripts of
BBSV-N genomic RNA plus the following transcripts: lane 1, mono-
meric sat-RNA transcripts; lane 2, dimeric sat-RNA transcripts; lane 3,
trimeric sat-RNA transcripts; lane 4, tetrameric sat-RNA transcripts;
lane 5, only BBSV gRNA transcripts (negative control); lane 6, a
mixture of monomeric, dimeric, trimeric, and tetrameric sat-RNA in
vitro transcripts for use as molecular size markers; lane 7, minus-sense
sat-RNA in vitro transcripts to serve as a control for the plus-sense
probe. RNA samples were probed with a minus-sense (top) or plus-
sense (bottom) sat-RNA probe, respectively.

case, monomeric plus-strand forms predominate along with
smaller amounts of dimers (Fig. 8, top panel). A faint band of
tetramers was also observed when RNA samples from the
tetrameric inoculations were overloaded (Fig. 8, top panel,
lane 4), but trimers were not detected in the hybridizations. In
additional experiments, minus-sense monomeric and dimeric
sat-RNAs were present at similar ratios to those of the corre-
sponding plus-sense species, albeit with much lower abun-
dances than those of the plus strands (Fig. 8, bottom panel).
Thus, the monomeric and dimeric dsSRNA forms appear to be
replicative intermediates, and both species may serve as tem-
plates for the preferential accumulation of positive-sense mo-
nomeric sat-RNA. Based on these results, it seems likely that
internal termination and/or reinitiation of RNA replicase on
multimeric templates is involved in forming monomers. Previ-
ously proposed mechanisms of reinitiation to produce multim-
ers from monomeric species (9) can also be evoked to account
for the sat-RNA dimers, trimers, and tetramers noted in our
studies. According to these models, retention of the replicase
at the 3’ end of the nascent strand, followed by reinitiation at
the 3’ end of the template strand, may lead to the generation
of multimers during subsequent rounds of replication. In ad-
dition, since plus-sense monomeric molecules are the predom-
inant products of various types of input templates, including
integrated cDNAs (3), perhaps monomeric forms are the most
highly selected biologically active forms, whereas dimers (and
possibly trimers and tetramers) may have important roles in
sat-RNA evolution. Such multimeric replicative forms may
have obvious advantages in template variability and in gener-
ating diversity among sat-RNAs that might result in novel
forms for strain selection.

In order to understand the relationships among the molec-
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FIG. 9. Time course of replication of sat-RNA derivatives in C.
amaranticolor leaves. Northern blots of leaf extracts after coinocula-
tion with in vitro-synthesized monomer, dimer, trimer, and tetramer
sat-RNA transcripts are shown in panels A, B, C, and D, respectively.
A full-length DIG-labeled sat-cDNA was used as a probe. The panel
marked with “*” shows a 28S rRNA loading control for each lane. M,
mixture of monomeric, dimeric, trimeric, and tetrameric sat-RNA
transcripts.

ular forms of the BBSV sat-RNAs and to monitor the time
course of their replication, we extracted total RNAs at differ-
ent times after the inoculation of C. amaranticolor leaves with
monomeric, dimeric, trimeric, and tetrameric in vitro tran-
scripts. Compared to the monomeric sat-RNA (Fig. 9A), the
inoculated multimeric sat-RNAs degraded gradually after in-
fection. Replication products of the multimers consisted pri-
marily of the monomeric form, which appeared between 24
and 48 h postinoculation (hpi) and remained intact up to 97
hpi (Fig. 9B, C, and D). In agreement with the results shown in
Fig. 8, the dimeric forms accumulated at lower levels than
those of monomers, and the ratios of the monomers and
dimers remained constant irrespective of whether the inocu-
lum consisted of monomers, trimers, or tetramers (Fig. 9A, C,
and D). However, the dimeric forms normally became evident
12 to 24 h later than the monomers, but the timing of their
appearance varied with the source of the inoculum. Therefore,
it seems that the dimeric form is an important template for the
replication of monomeric sat-RNA, and as indicated above,
dimers may have different biological roles from those of mono-
mers.

Mutagenesis of end sequences related to sat-RNA replica-
tion. Since multimeric sat-RNAs occur widely in vivo and can
be used as templates for the replication of other unit-sized
molecules, the proximal nucleotides at either the 3" or 5" end
must be very important for the initiation or termination of
RNA replicase. To determine the nature of this requirement,
we designed an additional set of clones for in vitro transcrip-
tion of sat-RNAs with variable termini as outlined in the dia-
gram in Fig. 10. Plants were coinoculated with BBSV gRNA
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FIG. 10. Northern blot of infections with sat-RNA mutant tran-
scripts. Lane 1, total RNAs extracted from C. amaranticolor inoculated
with in vitro transcripts of BBSV RNA plus full-length sat-RNA from
pMBS-M4 (see Fig. 7); lane 2, Mut-3 sat-RNA transcripts; lane 3,
Mut-2 sat-RNAs; lane 4, pUBS-Md3 sat-RNAs; lane 5, Mut-1 sat-
RNA transcripts; lane 6, extracts from leaves inoculated with an in
vitro transcript of BBSV-N genomic RNA alone. The diagrams at the
right represent each mutated sat-RNA used for inoculation. M, mix-
ture of monomeric, dimeric, trimeric, and tetrameric sat-RNAs used as
markers. The numbers on the diagrams represent the terminal nucle-
otides of the transcript or the number of extra nucleotides at the 3’
end. Note that the rRNA loading lanes reveal that the total RNAs in
lane 2, 3, 4, and 5 were twice as concentrated as those in lanes 1 and
6.

and sat-RNA transcripts, and at 3 to 4 dpi, RNAs were recov-
ered from the lesions for Northern blot analyses. These anal-
yses were compared to those of inocula containing the 615-nt
wild-type sat-RNA (Fig. 10, lane 1) and suggest that extensions
consisting of three G residues or an extra 39 bases at the 3’ end
of the monomer (Fig. 10, lanes 2 and 3) were removed from
the transcripts during replication and that their presence in the
initial inoculum did not reduce the accumulation of sat-RNAs.
These results agree with those reported for FHV, although
heterologous terminal extensions did inhibit FHV RNA repli-
cation to some extent (1). However, a 5-nt deletion at the 5’
(5'-GAAAG-3") or 3’ (5'-TACCC-3') terminus of the sat-
RNA almost completely eliminated replication (Fig. 10, lanes
4 and 5). Therefore, although the 3’ terminus will tolerate
extensions, both the 5'- and 3’-terminal regions appear to be
essential for sat-RNA replication.

To provide additional information about the roles of the
terminal sequences in the replication of the BBSV sat-RNA,
we modified the dimeric sequences proximally and/or inter-
nally and used them for in vitro transcription. Northern blot
analyses of the total RNAs recovered from C. amaranticolor
lesions at 3 to 4 dpi indicated that the monomers were about
fivefold more abundant than the dimers when the inoculum
consisted of dimer transcripts (Fig. 11, lane 5). Similar ratios
were noted when a 5-nt deletion was made at either the 5’ end
(pUBS-D21) or the 3" end (pMBS-D50) (Fig. 11, lanes 2 and
6) or when the monomer was used for sat-RNA inoculation
(Fig. 11, lane 8). However, the dimeric forms accumulated to
about the same levels as the monomers when internal deletions
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FIG. 11. Effects of terminal sequences on the replication of dimeric
sat-RNAs. Lane 1, total RNAs of C. amaranticolor leaves inoculated
with BBSV RNA transcripts plus dimeric sat-RNAs from pMBS-D34;
lane 2, BBSV RNA plus pUBS-D21 sat-RNA; lane 3, BBSV RNA plus
pMBS-D17 RNA; lane 4, BBSV RNA plus pMBS-D6 RNA; lane 5,
BBSV RNA plus pMBS-D10 RNA; lane 6, BBSV RNA plus pMBS-
D50 RNA; lane 7, BBSV RNA plus pUBS-D5 RNA; lane 8, BBSV
RNA plus intact monomeric sat-RNA from pMBS-M4; lane 9, BBSV
RNA alone. M, mixture of in vitro-transcribed monomeric, dimeric,
trimeric, and tetrameric sat-RNAs used as molecular markers. The
diagrams at the right represent each mutated sat-RNA constructed as
described in the legend to Fig. 7. A 28S rRNA loading control is shown
in the middle. The cDNA of the sat-RNA was labeled with DIG for use
as a probe.

were made at the 5’ end of the second monomer (5'-GAAA
G-3'; pMBS-D6) or when 15 nt from the vector were inserted
at the junction region between the monomers (pMBS-D34)
(Fig. 11, lanes 1 and 4). The abundance of the dimers also
increased substantially and exceeded those of the monomers
when five nucleotides were deleted from the 3’ (5'-TACCC-3’)
and 5’ (5'-GAAAG-3') ends of the junction regions formed by
the head-to-tail monomers (Fig. 11, lane 3) (pMBS-D17).
Three repetitions of these experiments provided similar results
and indicated that the junction sequences of the dimeric sat-
RNAs can have substantial effects on the normal ratio of
dimers to monomers. This supports the hypothesis that the
release of RNA replicase from templates produces unit-sized
progeny species. As was the case with the monomeric mutants
(Fig. 10, lanes 4 and 5), double deletions (5'-TACCC-3") at the
internal and proximal 3’ ends of the dimer (pUBS-D5) totally
eliminated replication of the sat-RNA (Fig. 11, lane 7). There-
fore, the terminal nucleotides are clearly essential for the ini-
tiation of replication of sat-RNA and for the production of
both monomers and dimers. These results also indicate that
monomeric molecules can result from either internal initiation
or premature termination of RNA transcription on dimeric
RNA templates, as assumed previously for other RNAs (16).

The secondary structure of the multimeric sat-RNA species
was investigated further by a structural analysis with MFOLD.
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The results indicated that the 17-base stem-loop (including
bases forming bulges) and the seven-residue paired stem in the
5’- and 3’-terminal regions of the monomer (Fig. 4C, enlarged
regions) are fully conserved in the dimer, trimer, and tetramer
derivatives and that, as indicated in the two-dimensional de-
piction, the 5" and 3’ termini are located close to each other.
However, a twofold rotational symmetry based on the mono-
meric structure (Fig. 4C) was found only for the dimer and
tetramer species, not for the trimer structure (data not shown).
These predictions may provide an explanation for the results of
sat-RNA mutagenesis. Since the 5’ or 3’ sequence essential for
maintaining the long-distance stem-loop structures was deleted
in the Md3 or Mut-1 mutant, respectively, replication of the
mutant monomeric sat-RNAs was almost completely elimi-
nated (Fig. 10, lanes 4 and 5). In contrast, when 5 nt at the 3'-
and 5'-proximal ends of the junction regions of the dimeric
mutant pMBS-D17 were deleted (Fig. 7), dimeric forms of the
sat-RNA were replicated preferentially (Fig. 11, lane 3). How-
ever, replication was not evident with the mutant pUBS-DS5, in
which the 5'-terminal semi-stem-loop in the junction region
and the two 3'-terminal stems in the proximal and junction
regions were disrupted (Fig. 11, lane 7).

According to the Seventh Report of the International Com-
mittee on Taxonomy of Viruses (39), the sat-RNA of Beet black
scorch necrovirus belongs to the small linear satellite RNA
subgroup, which contains several subviral RNAs associated
with helper viruses in the Tombusviridae family, including Tur-
nip crinkle carmovirus (35), Cymbidium ringspot tombusvirus
(CyRSV) (32), Tomato bushy stunt tombusvirus (TBSV) (23),
and Cucumber necrosis tombusvirus (CuNV) (19). The BBSV
sat-RNA has a 615-nt noncoding genome that is similar in size
to the satellite RNAs of CyRSV (~0.7 kb) and TBSV (~0.7
kb). However, defective interfering (DI) RNASs similar to those
found in CyRSV (16), TBSV (26), TCV (35), and CuNV (20)
or chimeric satellite RNA forms have not been identified ei-
ther under field conditions or after multiple passages in plants
coinfected with BBSV genomic and satellite RNAs.

As reported for many subviral RNAs (9, 20, 27, 31), multi-
meric molecules were also associated with BBSV sat-RNA
infections. Our analyses of multimer junctions of sat-RNAs in
the population of wild-type subviral RNAs demonstrated that
nucleotide deletions often occur in the junction regions of
head-to-tail repeats of multimeric species. In addition, the
precise fusions of monomer units amplified by perfect pairing
of the cDNA primers and those obtained by imperfect pairing
to different regions of the dimeric sat-RNAs (Fig. 5A and B)
revealed 3'-terminal deletions ranging up to 133 nt in the
junction regions. These results contrasted with those for TCV
(9) and CuNV (20), in which the junction regions contain
deletions at both the 3" and 5’ ends of the dimeric sat-RNAs.
However, in vitro transcripts of monomeric mutants containing
deletions of 156 or 169 bases around the same region were not
infectious when coinoculated with the helper virus (data not
shown). Considering the results of Northern blot analysis, in
which only small proportions of short variable length sat-RNAs
were detected, we conclude that deletions of the sat-RNAs
occur randomly during replication to produce aberrant species
that are later eliminated by selection in vivo.

Multimeric sat-RNAs of CyRSV have been postulated to be
by-products of replication or stable aggregates of dsRNA

SEQUENCE AND MULTIMERIC FORMS OF BBSV sat-RNA 3673

monomers (15). However, an alternative model whereby rep-
lication is reinitiated without release of the replicase from
nascent strands (9) has been proposed to explain the formation
of multimeric sat-RNA molecules from monomeric templates.
In addition, the possibility that dimeric RNAs may represent
intermediates in the formation of monomers has been sug-
gested for the DI RNAs of CuNV (20). Our present research
suggests that these models can be extended to include addi-
tional steps in BBSV sat-RNA replication and also provides
evidence that monomers are produced efficiently from multi-
meric templates. Our results also indicate that the intact 3'-
and 5’-proximal sequences of BBSV sat-RNA may have a
direct role in maintaining normal monomer-to-dimer ratios,
but they contrast with the results obtained by Carpenter et al.
(9), in which the accumulation of TCV sat-RNA C monomers
containing a 22-base internal deletion (79 to 100 nt) in a total
of 356 nucleotides was not affected by replacement or reloca-
tion of the nucleotides. Future investigations to elucidate im-
portant steps that occur during BBSV sat-RNA replication will
focus on the factors in the junction regions that control the
relative accumulation of monomers and dimers and their in-
activation by deletions in the junction region. Other topics for
study will involve potential cell-to-cell movements of the BBSV
sat-RNA dimers and their similarity to movement processes
reported for CyRSV DI RNAs (37).
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