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A turnip protoplast system has been used to study the effects of template size and sequence on the replication
and/or stability of a small defective interfering (DI) RNA associated with turnip crinkle virus. Our results
indicated that as little as a single base difference in the size of the molecule in some regions, rather than the
specific sequence, affected the level of DI RNA accumulating in protoplasts.

Defective interfering (DI) RNAs are mutated versions of
viral genomic RNAs that multiply in hosts only when associ-
ated with a helper virus (8, 16). DI RNAs are commonly much
smaller than the corresponding genomic RNA and are there-
fore valuable for the analysis of cis-acting sequences and
structures necessary for replication and encapsidation (5, 9, 11,
14, 17-19). Besides the presence of specific cis-acting se-
quences and structures, high-level accumulation of DI RNAs
can also depend on preservation of an open reading frame (4,
6, 20), the length of the RNA in multiples of six nucleotides
(1), and the size of the nucleocapsid (15).
A full-length cDNA of one DI RNA (DI RNA GA)

associated with turnip crinkle virus (TCV) has been cloned,
and transcripts synthesized in vitro are biologically active when
coinoculated with TCV genomic RNA (13). DI RNA GA is
similar to a natural DI RNA (DI RNA G) associated with TCV
isolate TCV-B (12), except for the insertion of sequence
corresponding to anAvaI linker at position 104. The 5' region
of DI RNA GA can tolerate deletions of up to 25 bases, while
the biological activities of two more extensive deletion mutants
were restored by replacing the deleted sequences with unre-
lated sequence of the same or greater size. This result sug-
gested that the size of the molecule, along with cis-acting
sequences, can affect multiplication in planta (13).
For the current study, the ability of mutated DI RNA GA to

replicate in turnip protoplasts was tested to determine whether
the lack of infectivity in planta was due to decreased replica-
tion competence and/or stability or failure to systematically
invade the plant. To prepare protoplasts, turnip cv. Just Right
leaves were stripped of epidermis and gently agitated in a
solution containing 1% (wt/vol) cellulase (10,500 U/g; CalBio-
chem), 0.05% (wt/vol) macerase (3,500 U/g; CalBiochem), and
0.6 M mannitol for 2 h at 25°C. After filtration through a
0.53-,um-pore-size nylon mesh and centrifugation for 3 min at
10 x g, protoplasts were washed four or five times in 0.6 M
mannitol and then combined with transcripts of DI RNA GA
and TCV genomic RNA (27 ,ug [each]/3 x 106 protoplasts) in
1.2 ml of 3 mM CaCl2-40% polyethylene glycol 1500 (Boehr-
inger Mannheim). In vitro-synthesized transcripts (3, 13) dif-
fered from natural (i.e., in planta synthesized) DI RNA GA by
an additional 5'-terminal G residue and two additional resi-
dues at the 3' end, while the TCV genomic RNA transcripts
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contained the natural ends. After 15 s at 25°C, 12 ml of 0.6 M
mannitol-1 mM CaCl2 was added, and the mixture was incu-
bated on ice for 15 min and then centrifuged at 34 x g for 5
min. Protoplasts were washed several times in 0.6 M manni-
tol-1 mM CaCl2 and then resuspended in 6 ml of the wash
solution supplemented with 6 ,ug of nystatin (Sigma) per ml
and 20 ,ug of carbenicillin (Sigma) per ml. Following incuba-
tion for various times at 25°C, protoplasts were centrifuged at
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FIG. 1. (A) Schematic diagram of the relationship between TCV
genomic RNA and DI RNA GA. The 5' 10 bases are identical to bases
in the same position of TCV satellite RNA D. The adjoining 10 bases
are of unknown origin. Sequences in the genomic RNA and DI RNA
GA that are similar are shaded similarly. The arrow represents a
36-base sequence that is duplicated in DI RNA GA. Numbers
represent corresponding positions in the TCV genomic RNA. b, bases.
(B) RNA gel blot indicating the levels of DI RNA GA and TCV
genomic RNA accumulating in turnip protoplasts over time. Total
RNA was isolated from protoplasts at the times (in hours) postinocu-
lation indicated above the lanes. A single blot was hybridized in
succession with probes specific for DI RNA GA (G), genomic RNA
(TCV), and rRNA.
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FIG. 2. Accumulation of DI RNA GA containing deletions and insertions in turnip protoplasts. (A) Positions of deletions (brackets) and
insertions (open boxes) in a full-length cDNA of DI RNA GA (FG), located downstream of a T7 RNA polymerase promoter, are indicated. The
orientation of the inserted SmaI-HindIII polylinker fragment is given. Numbers of bases (b) deleted or inserted, infectivity of transcripts in plants
(13), and expected sizes of the mutant DI RNAs, are also indicated. (B) and (C) RNA gel blots indicating the levels of mutant and parental DI
RNA GA accumulating in turnip protoplasts at the hours postinoculation (16 and 50) indicated above each lane. A single blot per duplicate
experiment was hybridized in succession with probes specific for DI RNA GA (G) and rRNA. Horizontal numbers above the lanes denote the
constructs from panel A that were assayed. The slower-migrating RNA species hybridizing to the DI RNA GA probe is of unknown origin and
was not present in all experiments. (D) Autoradiograms from panels B and C (and the duplicate experiment) were scanned with a laser
densitometer, and the amount of DI RNA in each lane was normalized to the amount of rRNA. The amount of DI RNA detected at 16 h was
subtracted from the amount detected at 50 h and expressed as a percentage of DI RNA GA assayed in parallel. The bars denote standard errors
from the two independent experiments. Because of the unknown origin of the slower-migrating species, this RNA was not included in the data
tabulation presented in the histogram.

10 x g, combined with 0.2 ml of RNA extraction buffer (50
mM Tris-HCl [pH 7.5], 5 mM EDTA, 100 mM NaCl, 1%
sodium dodecyl sulfate), and phenol extracted twice, and the
RNA was precipitated. Levels of DI RNA GA and TCV
genomic RNA in protoplasts were analyzed by electrophoresis
through 1.5% agarose gels containing 6% formaldehyde, fol-
lowed by RNA gel blot analysis as previously described (2). DI
RNA GA probes were oligonucleotides complementary to DI
RNA GA positions 110 to 129 (specific for DI RNA GA) or
236 to 252 (also hybridizes to TCV genomic RNA and used for
the detection of artificial DI RNAs). The TCV genomic RNA
probe was an oligonucleotide complementary to positions 269
to 288 in the TCV genomic RNA. Oligonucleotides were

labeled as previously described (12). Blots were also probed
with random-primer-labeled cDNA of rRNAs (10) to normal-
ize for differences in RNA loading and transfer.

Artificial DI RNAs containing various lengths of 5'- and
3'-terminal sequence were constructed by digesting pTCV-
Tldl, a plasmid containing a full-length cDNA copy of TCV-B
genomic RNA (7) with AvaI (Bethesda Research Laborato-
ries). The fragment containing the plasmid backbone along
with 283 bases at the 5' end and 417 bases at the 3' end was
treated with Bal31 (IBI), according to the supplier's suggested
procedures, followed by ligation of the ends. The deletion
endpoints were identified by sequencing.
TCV genomic RNA was detectable in protoplasts by 16 h
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FIG. 3. Accumulation of in vitro-generated

plasts. (A) Sizes and sequences of the artificial

is from the corresponding sequence of TCV

gel blot indicating the levels of DI RNA GA

the hours postinoculation (16 and 50) of turnip

above each lane. For details, see the legend

GA probe was an oligonucleotide complementary

288. (C) Quantitation of the results in panel

2D for details.

postinoculation, with levels increasing

postinoculation (Fig. 1). DI RNA GA

protoplasts coinoculated with TCV genomic

from high initial levels to minimal levels between

postinoculation, with new synthesis detectable 40 h postinocu-
lation and continuing for at least an additional 10 h. The molar
ratio of DI RNA GA transcripts to genomic RNA transcripts
in the inoculum was slightly more than 10 to 1, accounting for
the detection of the inoculated (i.e., nonreplicated) DI RNA
GA transcripts at early times postinoculation. On the basis of
these results, an increase in levels of DI RNA GA transcripts
between 16 and 50 h was used as an indication of replication
competence in the experiments described below.
DI RNA GA with an 11-base deletion (positions 98 to 109)

or a 22-base deletion (positions 77 to 109) were fully infectious
in plants (13) and accumulated to near wild-type levels in
protoplasts (Fig. 2). Transcripts with a deletion of 25 bases
(positions 74 to 109), also fully infectious in planta (13),
accumulated in protoplasts to 73% of wild-type levels. DI RNA
GA with a deletion of one additional residue toward the 5' end
(26 bases, positions 73 to 109) did not accumulate to detectable
levels in plants (13). This additional base deletion resulted in a

fourfold decrease in the level of transcripts accumulating in
protoplasts from that of transcripts with the 25-base deletion.
Transcripts containing a deletion of 31 bases (positions 68 to
109) were also not amplified in plants to detectable levels and
accumulated in protoplasts to less than 3% of wild-type levels
(Fig. 2B and D). The correlation between infectivity in planta
and accumulation of high transcript levels in protoplasts
suggests that DI RNA GA containing the 26- and 31-base
deletions did not reach detectable levels in plants because of
the inability of the RNA to replicate and/or instability, rather
than a failure of packaging or movement.
We previously demonstrated that DI RNA GA transcripts

containing the 31-base deletion or a nonoverlapping 32-base
deletion (positions 117 to 148) could be restored to infectivity
by insertion of a plasmid polylinker fragment of 31 or 62 bases,
respectively (13). This result suggested that a decrease in size
rather than deletion of specific cis sequences was responsible
for the lack of infectivity of these transcripts. Replacement of
the 31-base deletion with the 31-base polylinker fragment or of
the 32-base deletion with the 62-base polylinker fragment
increased the level of accumulation of DI RNA in protoplasts
from undetectable levels to 32 and 104% of the DI RNA GA
level, respectively (Fig. 2C and D). This result correlates well
with the in planta studies and again suggests that loss of activity
of these deleted transcripts in planta is manifested at the level
of replication and/or stability of the RNA.
The abilities of artificially constructed DI RNAs containing

various lengths of 5'- and3'-end genomic RNA sequence to
accumulate in protoplasts were also determined (Fig. 3). None
of the constructs accumulated to >10% of wild-type levels. All
constructs contained at least the minimal amounts of 3'- and
5'-end sequence required for infectivity of DI RNA GA in
planta (67 and 188 bases, respectively [13]), and the sizes of
two artificial DI RNAs (SDI-343 [343 bases] and SDI-368 [368
bases]) were within the range of infectious DI RNA GA
molecules (327 to at least 379 bases). However, DI RNA GA
differed from these constructs by containing non-TCV genomic
RNA sequence at the 5' end consisting of a segment from a

TCV satellite RNA joined to a segment of unknown origin. In
addition, DI RNA GA contained a repeat of a 36-base region
at the crossover site between genomic RNA segments (Fig. 1).
These results suggest that the simple presence of 3'- and
5'-terminal genomic sequence in a molecule of a size compe-

tent for accumulation is insufficient to ensure biological activity
of TCV DI RNAs and that additional features are required for
efficient accumulation in protoplasts.
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