VIROLOGY 242, 80-89 (1998)
ARTICLE NO. VY978999

=

data, citation and similar papers at core.ac.uk brought to you by 4

provided by Elsevier - Publisher Con

Novel Structures of Two Virus-like RNA Elements from a Diseased Isolate
of the Dutch Elm Disease Fungus, Ophiostoma novo-ulmi

Yiguo Hong,* Thomas E. Cole,* Clive M. Brasier,t and Kenneth W. Buck**

*Department of Biology, Imperial College of Science, Technology, and Medicine, London SW7 2BB, United Kingdom; and
tForest Research Station, Alice Holt Lodge, Farnham, Surrey GU10 4LH, United Kingdom

Received October 17, 1997; returned to author for revision November 21, 1997; accepted December 10, 1997

The nucleotide sequences of 2 of the 10 mitochondrial double-stranded (ds) RNA segments in a diseased isolate,
Log1/3-8d? (Ld), of Ophiostoma novo-ulmi, RNA-7 (1057 nucleotides) and RNA-10 (317-330 nucleotides), have been deter-
mined. Both RNAs are A-U-rich, but in Southern and Northern blots, no hybridization with mitochondrial DNA or RNA could
be detected. Only very short open reading frames were found in both RNAs. As most of its sequence is unrelated to any of
the other Ld dsRNAs, RNA-7 may be regarded as a satellite RNA. Northern blotting detected a full-length single-stranded (ss)
form of RNA-7 in nucleic acid extracts from Ld. The 5’- and 3'-terminal 39 nucleotides of ssRNA-7 are imperfect inverted
complementary repeats of each other, which could cause ssRNA-7 to form a panhandle structure. In addition, the 5’-terminal
nucleotides 1-28 and 3’-terminal nucleotides 1032-1057 of ssSRNA-7 each contained inverted complementary sequences,
allowing the possibility for each terminus to form separate stem-loop structures. The combination of these two structural
features has not been found previously in any dsRNA or ssRNA virus. RNA-10 was shown to have an unusual structure,
consisting of a mosaic of sequences derived from regions of the 5’'- and 3’-termini, or just the 5’-terminus, of RNA-7. RNA-10
has a high degree of inverted complementarity, with the potential to be folded into a very stable hairpin structure. A model
for the formation of RNA-10 is presented, involving replicase-driven strand switching between (—)-strand and (+)-strand
templates during RNA synthesis, followed by utilization of the nascent strand as a primer and template to form a snap-back
RNA. © 1998 Academic Press
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INTRODUCTION the de novo generation of DNA plasmids derived from
the mitochondrial DNA (Charter et al., 1993; Abu-
Amero et al., 1995). Loss of dsRNA segments 4, 7, and
10 during conidiogenesis or multiplication of the fun-
gus in the yeast phase leads to reversion to the
healthy phenotype, suggesting that one or more of
these segments constitutes the d*factor (Rogers et
al., 1986, 1987).

Analysis of single-conidial and yeast-phase isolates
which have lost various combinations of dsRNA seg-
control agent (Webber, 1993). Isolate Ld contains 10 ments, in addition to segments 4, 7, and 10_,_suggests
segments of unencapsidated, virus-like double- that the 10 dsSRNA segments of_O. novo-ulmi isolate Ld
stranded RNA (dsRNA), which copurify with the mito- may be c_omposed of several independent groups of
chondria and which have estimated sizes (kbp) of 3.49 RNA replicons (Rogers et al.,, 1988). In addition to
(RNA-1), 3.03 (RNA-2), 2.69 (RNA-3), 2.43 (RNA-4), 2.33 mlxed_ infections with dlffe_rent viruses, sat_elll_te_ and
(RNA-5), 2.21 (RNA-6), 0.95 (RNA-7), 0.92 (RNA-8), 0.48 defective RNAs can con_trlbu.te to the multiplicity of
(RNA-9), and 0.33 (RNA-10) (Rogers et al., 1986, 1987). dsRNA segments in fungi (reviewed b_y Buck, 1997). In
Transmission of the dsRNA from Ld to healthy isolates order to start to unravel the complexity of the dsRNA

of O. novo-ulmi results in conversion of the phenotype segments in isolate Ld, we have obtained the com-
of the healthy isolates to that of the diseased isolates, plete nucleotide sequences of dsRNA segments 7 and

including large reductions in the levels of cytochrome 10, and show that both RNAs have unusual sequence

oxidase in the mitochondria (Rogers et al., 1987), and arrangements. We further show that RNA-7 has the
properties of a satellite RNA and exists in both double-

stranded and single-stranded (ss) forms, and that
1To whom correspondence and reprint requests should be ad- RNA-10 consists of a mosaic of sequences derived
dressed. Fax: +44 171 584 2056. E-mail: k.buck@ic.ac.uk. from RNA-7.

An isolate of the Dutch elm disease fungus, Ophio-
stoma novo-ulmi, Logl/3-8d? (hereafter designated
Ld), is characterized by unusually slow growth, the
formation of unstable amoeboid-like colonies, and re-
duced spore germination. Transmission experiments
with isolates carrying nuclear markers showed that
this phenotype is caused by an extranuclear genetic
determinant, designated the d*-factor (Brasier, 1986),
which is under investigation as a potential biological
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FIG. 1 Maps of cDNA and RACE clones used to construct the
nucleotide sequences of RNA-7 and RNA-10. Clones are positioned
and numbered according to the sequences in Fig. 2. All the clones
shown were obtained from independent cDNA reactions and were
sequenced in both directions.

RESULTS

Production of cDNA clones and sequencing dsRNA-7
and dsRNA-10

The ten dsRNA segments from O. novo-ulmi isolate Ld
were separated by agarose gel electrophoresis and
bands corresponding to segments 7 and 10 were ex-
tracted from the gel. The dsRNAs were denatured and
first-strand cDNA was synthesized using reverse tran-
scriptase and random hexanucleotide primers. After sec-
ond-strand synthesis, the double-stranded DNA was
cloned into the plasmid vector LITMUS 28. The identity of
clones was confirmed by using them as probes in North-
ern blots of dsRNA from O. novo-ulmi isolates Ld, W2tol1,
and sci2l W2toll contains dsRNA segments 1 and 8
(Rogers et al., 1986), whereas sci2l, a single conidial
isolate derived from Ld, was shown by polyacrylamide
gel electrophoresis with ethidium bromide staining to
contain 7 of the original 10 dsRNAs and to lack segments
4, 7, and 10 (not shown), similar to several other single
conidial isolates previously described (Rogers et al.,
1986). Bands in the position of dsRNA-7 and dsRNA-10
were detected in blots of dsRNA from Ld, but not from
W2toll or sci2l (not shown). The terminal sequences
were determined by 5 RACE. Because the RNA tem-
plates were double-stranded, 5' RACE was used to de-
termine the 5'-termini of both strands and the 3’-termini
were taken as the complements of the 5’-termini.

The cDNA clones used to obtain the complete se-
guences of dsRNA-7 and dsRNA-10 are illustrated in Fig.
1 Sequences were confirmed from two to eight indepen-

dent clones. The nucleotide sequences of one strand of
dsRNA-7 and dsRNA-10 are shown in Fig. 2.

Analysis of the nucleotide sequences of dsRNA-7 and
dsRNA-10

The nucleotide sequences of dsRNA-7 and dsRNA-10
were examined for the presence of open reading frames
(ORFs) on both strands. Because these RNAs are asso-
ciated with the mitochondria (Rogers et al., 1987), the
sequence UGA was taken to encode tryptophan as in
other fungal mitochondria (Osawa et al., 1992; Paquin et
al., 1997). The longest ORF on either strand of RNA 7
could encode a protein of only 30 amino acids. If putative
introns containing 5° GU and 3" AG sequences were
removed, an ORF encoding a protein of 135 amino acids
could be created. However, no putative spliced RNAs of
the calculated size were detected using RT-PCR or
Northern blotting (data not shown). Similar analysis indi-
cated that RNA-10 could not encode a protein of more
than 41 amino acids.

Nucleotide polymorphisms were detected at 16 posi-
tions out of the 1057 nucleotides of RNA-7, most of which
were A-G or C-U transitions (Fig. 2A). DsRNA-10 has
more sequence heterogeneity than dsRNA-7 with poly-
morphisms at 34 positions, including nucleotide transi-
tions, transversions, and deletions/insertions, with an
overall size range of one strand from 317-330 nucleo-
tides (Fig. 2B). The frequencies of polymorphisms are
much greater than would be expected from errors in
cDNA synthesis by reverse transcriptase or in PCR re-
actions with Tag DNA polymerase (Goodman, 1995) and
probably largely represent sequence heterogeneity in
the populations of RNA-7 and RNA-10. RNA polymerases
that replicate RNA generally lack proofreading activities
(Domingo and Holland, 1994) and viral RNA molecules
may consist of populations of closely related molecules
or ‘guasi-species” (Eigen and Biebriecher, 1988). Hetero-
geneity in populations of dsRNA molecules has also
been described for the W dsRNA of Saccharomyces
cerevisiae (Rodriguez-Cousino et al., 1991), the dsRNA of
Leishmania RNA virus 1 (Stuart et al., 1992) and a dsRNA
replicon in rice (Moriyama et al., 1995). The opportunity
for the accumulation of mutations in populations of O.
novo-ulmi RNA-7 and RNA-10 may be enhanced if these
RNAs do not encode protein and require only the reten-
tion of cis-acting signals for RNA replication.

The 5’-terminal nucleotides 1-28 of RNA-7 contain
complementary sequences which, using the program
FOLDRNA, can be folded to form a stem-loop structure
(AG —9.3 kcal/mol; Fig. 3A). A similar stem-loop structure
could be formed by the 3’-terminal nucleotides 1032—
1057 (AG —8.5 kcal/mol; Fig. 3B). The 5’-terminal nucle-
otides 1-13 (CUUAUUAUCCUUU) and the 3’-terminal
nucleotides 1045-1057 (AAAGGAUAAUAAG) are also
completely complementary to each other when read in
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CUUAUUAUCCUUUUAAAGGGAUAAUAGGGAGGAAUAUCCUCAUACACUAAGUUAAGGUGUAUCUAGACAUAGAGAARACUAUGUUGAAGUAUUAAGUUCACAUAGGUGAAUUGCUUAAUA
GC

UAAAUAUGUAUAGUUGGAGUUCUGUUUAAGGAUAAACGCUUAAAUAAGUUUCAACAAAUAAAUUAAAAAUAUCAUAUUAAAAGAAUCAAUCUUUAAAUAAAA CUAUUUAAAGACUUAUCU
U

UAAAUAUUUUUAAAAUUAACUUAAAUGUCGAAAUUGAUAAAUUUCCUGGUUUCAUAAAUCCAUUUCAUCAAUGGAAUGAUGA CCUCAAAGAAAGAUACCACUUGACUUAUAUAAGUAGAA
U u

UAUCUUUAAAAAGGAAUCUUAACUAAUAUUAAACAUAUUCAUGUAUUAUAUAUGAAUAUAUUUACAUACUUACAAAGAAUUCCUUUCUCUAAAUAUAGAUAUUUAACUCGUGUAGGUARA
u C

UUAUAUGGUUAUCUUUAAUAAGGAAUCGAAUUAAAUCUCCGAUUACUAUUUAAAGAUUACUAUAUGAUUUCCACCAUUUAAUAAAAUAUUCAUUUGGAAUAUUAAAUUAUGAAGAAAUAA
A

GAAUUUAUUUUUCAUAACAAAUUUCCAUUUGAUGAUUAUUAUGCCUAACCCGAAAGAGUAGUUCACUC AAAAUUGAAUGAGAUCUUCAAGUUAGAAAUGGUGAAAAGUAAAAAUCUUUUC
G 1) UG

UAAUGAUUUCAUUAAUCAAAGUACAGUGUUAAUUCACUGUAACUGAUAAUGAAAUUAUGGUUCAAUGACCUUUAUAUAAAGGUUUUAUGAAUCAUAUAGAAAGACUAAGAUUUUGUAGGU
G

UUGAGUACUUGAGAUGAUAAACUAUUAAAAGAUUUAGAAAAUCUUAAAAUAGAUAUCA CAGAAAGAACUAGGAAACAUACCAAUAAGACACAAUCUUUAGAAUCAAAGAUACAUCAACAU
A U G

UUAAUUGAAUGUAUUAGAGAUAAUAAAGUACCUAAUUUUAACAAUAUUAAGUAAGUCUGGGUAUGUUACCCCUUAUUAUCCUGUAAAGGAUARUAAG

UAUUAUCCCUUAAAAGGGAUAAUA UGGGAGGAA UACAUCCUCAUACAC UAAGUUAAGGUGUAUAUAGACAUAGAGAA * *CUAUGUC CUU * *CGGUUAUUAUCCUUUAAAGGGGUAAUAAG
* A A ** UUAGUUUAGGUG cC Uvu Ucu UCc UU A *
GGGUUAAAUAAA
AAGUU* * * *AAA
GAGUUAAAUAAA

121 GGAGGAACACCACAUAGUUUUCACUAUAUCUACAUACACAUUAGCUUAGUGUAUAAGGAUCUAGACAUAGAGUAAACUAUGUCAUCAUUCCUUC CUUAUUAUCCUUUUAAAGGGAUAAUA
*

u U

C G

241 CCGAAGGACAUAGUUUAUUAUGUCUAGAUACACCUAAACUAAGUGUAUGAGGGUGUUCCCUCCUUUAUUAUCCCUUUUAAGGGAUAAUAR

FIG. 2. Nucleotide sequences of the (+)-strand of dsRNA-7 (A) and dsRNA-10 (B). Nucleotides are numbered from the 5’-end. Conserved
nucleotides at positions where polymorphisms occurred are indicated in italics, and less conserved nucleotides are indicated underneath. Asterisks
(*) indicate positions where a nucleotide was absent in some clones. The positions of the specific nested forward-strand primers used to obtain the
5’-RACE clones of the (—) strand are underlined, and the complementary sequences to these primers were used for the 5’'-RACE clones of the
(+)-strand. The polarity of strands was determined from the Northern blot in Fig. 5. The RNA-10 sequence is shown as the strand with the highest

sequence identity to the (+)-strand of RNA-7.

opposite directions. These sequences, together with fur-
ther adjacent complementary sequences, could result in
the formation of a panhandle structure (Fig. 3C). The free
energy of this structure, calculated by adding to the stem
a loop with the same sequence as that in Fig. 3A or 3B,
is —34.8 or —32.2 kcal/mol, respectively. The panhandle
structure was also formed when the whole of RNA-7 was
folded (not shown). It is also noteworthy that the 3'-
terminal nucleotides 1032-1057 constitute a partial direct
repeat (88.5% sequence identity) of nucleotides 1-28.

The 5’-terminal nucleotides 1-24 of RNA-10 are re-
peated three times with two or three mismatches from nt
98-118, 217-240, and 306-329 (Fig. 4). Each repeat con-
tains complementary sequences which could be folded
to form stem-loop structures similar to those shown for
RNA-7 in Figs. 3 A and 3B. In addition the 5’-terminal
nucleotides 1-24 and the 3’-terminal nucleotides 306-
329 are fully complementary to each other when read in
opposite directions. A high degree of complementarity
(in opposite directions) extends over most of the se-
guence, enabling a very stable loop-back structure to be
formed (AG —162.3 kcal/mol; Fig. 5). Furthermore, the
full-length sequences of the two complementary strands
of segment 10 are 80.5% identical when both are com-
pared in a 5’-3’ direction.

Molecular relatedness of RNA-7 and RNA-10

In Northern blots of dsRNA from isolate Ld, a cDNA
probe from RNA-7 hybridized, not only with dsRNA-7, but
also with dsRNA-10 (Fig. 6, lane Ld). The hybridization
with dsRNA-10 was less intense than that with dsRNA-7,
but it should be noted that the RNA-7 probe covered only
nucleotides 71-902. Similarly, RNA-10 cDNA probes
could detect both dsRNA-10 and dsRNA-7, with the in-
tensity of hybridization with RNA-7 being less than that
with RNA-10 (not shown). These results suggested that
RNA-10 may be related to the 5’- and /or 3’-ends of
RNA-7.

Direct sequence comparisons confirmed that RNA-10
could be derived almost completely from nucleotides
2-86 of RNA-7. Nucleotides 1-85 of RNA-10 constitute a
partial direct repeat of nucleotides 3-86 of RNA-7 (96.3%
sequence identity). The remainder of RNA-10 is made up
of a mosaic of sequences derived from regions of RNA-7
nucleotides 2-86. Figure 7 depicts a scheme for the
origins of RNA-10, which gives the highest sequence
identity over the largest number of nucleotides. However,
because of the high degree of self-complementarity of
RNA-10, many regions of RNA-10 have high degrees of
sequence identity with both strands of RNA-7. Further-
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FIG. 3. Potential secondary structures involving the 5’- and 3'-
terminal sequences of the (+)-strand of RNA-7. (A) 5’ stem-loop struc-
ture. (B) 3’ stem-loop structure. (C) Panhandle structure involving com-
plementary base-pairing of the 5’- and 3'-terminal sequences.
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more, because of the four repeats in RNA-10 (Fig. 4) and
the fact that the 3’ sequence of RNA-7 can be regarded
as either a direct repeat of, or complementary to, the 5’
sequence of RNA-7, there are several other possibilities
for the derivation of RNA 10 from RNA-7. In particular, it is
noteworthy that the 3’-terminal nucleotides 305-329 of

> <
> “

nt 1- 24 UAUUAUCCCUUAAAAGGGAUAAUA
nt 96-118 UAUUAUCC-UUUAAAGGGGUAAUA
nt 217-240 UAUUAUCCUUUUAAAGGGAUAAUA

—  —

nt 306-329 UAUUAUCCCUUUUAAGGGAUAAUA

FIG. 4. Repeated sequences in RNA-10. Each repeat has inverted
complementary sequences indicated by the arrows. Nucleotides iden-
tical or nonidentical to those in the corresponding position of the first
repeat are shown in upper- or lowercase respectively. (—) indicates a
gap used to align the sequences.
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FIG. 5. Predicted secondary structure of one strand of RNA-10. The
RNA was folded with the program FOLDRNA and the result displayed
graphically with the program SQUIGGLES. Nucleotides are numbered
as in Fig. 2B.

RNA-10 and the reverse (complementary) sequence of
nucleotides 306-330 of RNA-10 both have 92% sequence
identity to the 5’-terminal nucleotides 2-27 of RNA-7.
Also the forward and reverse (complementary) se-
quences of the 3’-terminal nucleotides 305-330 of
RNA-10 have 88.5% sequence identity to the 3’-terminal
nucleotides 1032-1056 of RNA-7.

Detection of viral single-stranded RNA

Total nucleic acids were extracted from O. novo-ulmi
isolate Ld and ssRNA was precipitated with 2 M lithium
chloride. DsRNA was then precipitated from the super-
natant by adjusting the lithium chloride concentration to
5 M. After agarose gel electrophoresis, Northern blot
analysis of the ssRNA and dsRNA fractions was carried
out using strand-specific RNA probes synthesized from a
cDNA clone of RNA-7.
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dsRENA-1
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FIG. 6. Northern blot analysis of dsRNA purified from O. novo-ulmi
healthy isolate W2tol1 (lane W2) and diseased isolate Ld (lane Ld). The
blot was probed with a 32P-labelled cDNA to RNA-7 nucleotides 71-
902. The positions of dsRNA segments 1, 6, 7,9, and 10 of Ld are shown
on the side of the blot.

An RNA species, detected in the ssRNA fraction, was
confirmed to be single-stranded by its resistance to
DNase | (Fig. 8A, lane 6) and its sensitivity to S1 nuclease
(Fig. 8A, lane 7). The size of this RNA was estimated by
comparison of its electrophoretic mobility with sSSRNA
markers, produced by in vitro transcription of cDNA
clones of RNA-7 in LITMUS 28, to be 11 kb, which
corresponds to the size (1057 nt) of the full-length single-
stranded form of dsRNA-7. This RNA was readily de-
tected with a probe corresponding to one strand of
RNA-7 (Fig. 8A, lanes 5 and 6), but not with the comple-
mentary-strand probe (Fig. 8B, lanes 5 and 6). It is des-

ignated the (+) strand of RNA-7 and has the sequence
shown in Fig. 2.

An RNA species in the dsRNA fraction was detected
by both the (+)-strand and (—)-strand probes (Figs. 8A
and 8B, lanes 2-4) and was confirmed to be double-
stranded by its resistance to both DNase | (Figs. 8A and
8B, lane 3) and S1 nuclease (Figs. 8A and 8B, lane 4).
This dsRNA was identified as dsRNA-7 by comparison of
its electrophoretic mobility with those of the Ld dsRNAs,
and distinguished from dsRNA-8, which migrates only
slightly faster than dsRNA-7, by the absence of hybrid-
ization of the probes with dsRNA from isolate sci21 (Fig.
8, lane 1), which contains all the Ld dsRNAs except
segments 4, 7, and 10, or with dsRNA from isolate W2tol1
(Fig. 6, lane W2), which contains only dsRNA segments 1
and 8 (Rogers et al., 1986). Under the conditions of
electrophoresis employed here, the single-stranded and
double-stranded forms of RNA-7 had similar electro-
phoretic mobilities.

The intensities of the sSRNA bands in the Northern
blot (Fig. 8) were greater than those of the dsRNA
bands (compare lanes 2 to 4 with lanes 5 and 6). Since
the amounts of ssRNA and dsRNA analysed were
derived from the same amounts of total nucleic acids,
this infers either that there is more ssRNA-7 than
dsRNA-7 in isolate Ld or that the efficiencies of trans-
fer to the membrane, and/or hybridization with the
probe, were different for sSRNA-7 and dsRNA-7. The
latter explanation seems less likely, because the RNAs
were denatured with alkali prior to transfer to the
membrane.

| | I
— —p
3-84 2-36 86-37 62-84 35-3 84-2
1032-1056

RNA-7 nt 1- 86 CUUAUUAUCCUUUUAAAGGGAUAAUA--GGGAGGAAUAUCCUCAUACACUAAGUUAAGGUGUAUCUAGACAUAGAGAAAACUAUGUUG
RNA-10 nt 1- 85 UAUUAUCCcUUaAAAGGGAUAAUA -~ - GGGAGGAAUAUCCUCAUACACUAAGUUAAGGUGUAUAUAGACAUAGAGAA - -CUAUGU (96.3%)
RNA-10 nt 95- 129 UUAUUAUCCUUUaAAgGGGG-UAAUAa-GGGAGGAACA (80.0%)
RNA-10 nt 130- 179 UCCUUAUACACUAAGCUAAUGUGUAUGUAGAUAUAGUGAAAACUAUGUYGG (86.0%R)
RNA-10 nt 180- 202 UCUAGACAUAGAGUAAACUAUGU (95.6%)
RNA-10 nt 207- 240 UAUUAUCCcUUUAAAaGGAUAAUAa-GGaAGGAAU (90.9%R)
RNA-10 nt 248- 330 UUAUUAUCCCUUaAAAGGGAUAAUAaaGGagGGAACACCCUCAUACACUUAGUUUAGGUGUAUCUAGACAU - -AauAAACUAUGU (87.7%R)

RNA-7 nt 1032-1057 CUUAUUAUCCUgU--AAaGGAUAAUAa-G

(88.5%)

FIG. 7. (A) Scheme for the derivation of RNA-10 from RNA-7. The horizontal line depicts the 330 nucleotide RNA-10. The arrows with numbers
underneath indicate the sequences of RNA-7 from which the various regions of RNA-10 are proposed to be derived. Arrows pointing to the right
indicate the forward sequence (Fig. 2); arrows pointing to the left indicate the reverse (complementary) sequence. (B) Alignment of nucleotide
sequences of regions of RNA-10 with nucleotides 1-86 and 1032-1057 of RNA-7. Numbers in parentheses on the right of the sequences are
percentage sequence identities with the corresponding regions from nucleotides 1-86 of RNA-7. R indicates the reverse (complementary) sequence.
(—) indicates a gap introduced in the sequence alignments. Each sequence was aligned individually with RNA-7 using the GAP program. Nucleotides
in upper- or lowercase indicate identity or nonidentity with the corresponding nucleotide of RNA-7 nucleotides 1-86, respectively.
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FIG. 8. Northern blot analysis of ssRNA (2 M LiCl-fraction) and
dsRNA (5 M LiCl-fraction) from O. novo-ulmi isolate Ld. Amounts of
ssRNA and dsRNA, equivalent to 10 wg of total nucleic acids prior to
LiCl precipitation, were electrophoresed in 14% nondenaturing aga-
rose gels and blotted onto a membrane. Hybridization was carried out
using RNA-7 (+)-strand-specific (A) and (—)-strand-specific (B) 32P-
labelled riboprobes, transcribed in vitro from a cDNA clone corre-
sponding to RNA-7 nucleotides 167-916. Lane 1, dsRNA from O. novo-
ulmi isolate sci21; lanes 2, 3, and 4, dsRNA from O. novo-ulmi isolate
Ld; lanes 5, 6, and 7, ssRNA from O. novo-ulmi isolate Ld. Prior to
electrophoresis, RNA samples were incubated with DNase | (lanes 3
and 6), DNase | plus S1 nuclease (lanes 4 and 7), or no enzyme (lanes
2 and 5). The positions of dsRNA segments 1, 6, 7, 9, and 10 of isolate
Ld are shown on the side of the blot.

DsRNA-7 is not derived from any of the other Ld
dsRNA segments

Probes corresponding to RNA-7 nucleotides 167-916,
which excludes the terminal sequences in common with
RNA-10, did not hybridize with any of the other Ld dsR-
NAs (Fig. 8). The Northern hybridization assay was found
to be at least 100 times more sensitive for detection of
dsRNA segments than was ethidium bromide staining
and could detect bands not visible by staining. Although
the relative abundance of the different dsRNAs in Ld
varies over about a 10-fold range (Rogers et al., 1987),
with RNA-7 and -10 being the most abundant and RNA-4
being the least abundant, all the 10 dsRNA bands in Ld
are readily detected by ethidium bromide staining. There-
fore, if any of the other dsRNAs in Ld were related to

nucleotides 167-916 of RNA-7, this relationship would
have been detected by Northern hybridization.

DsRNA-7 and dsRNA-10 are not related to
O. novo-ulmi mitochondrial DNA or RNA

DsRNAs 7 and 10 are associated with the mitochon-
dria (Rogers et al., 1987) and fungal mitochondrial DNAs
are characteristically A-U-rich (Paquin et al., 1997), rais-
ing the possibility that the dsRNAs might be transcribed
from the mitochondrial DNA. However in Northern blots,
no hybridization was detected when RNA from healthy O.
novo-ulmi isolates W2toll or sci2l was probed with la-
belled RNA-7 riboprobes (Figs. 6 and 8). Furthermore, no
hybridization was detected when Southern blots of
W2tol1l mitochondrial DNA, either uncut or cleaved with
Bcll, Bglll, EcoRl, EcoRV, or Pvull (for a restriction map of
W2toll mitochondrial DNA, see Charter et al., 1993),
were probed with oligo-labelled probes obtained from
cDNA clones of RNA-7 and RNA-10 (not shown). Controls
of cDNA clones of RNA-7 and RNA-10, included in the
blots at one 20th of the molarity of the mitochondrial
DNA, were readily detected by the probe. Also there was
no significant sequence identity between RNA-7 or
RNA-10 and a DNA plasmid derived from the mitochon-
drial DNA of Ld (Abu-Amero et al., 1995) or any other
sequences in the EMBL and GenBank databases. Isolate
Ld was originally derived from isolate W2tol1 by natural
transmission of dsRNA segments to it from wild O. novo-
ulmi genotypes in an elm tree (Brasier, 1986) and sci2l is
a single conidial isolate derived from Ld. W2toll and
sci2l are therefore isogenic with Ld, apart from the
presence of additional dSRNA segments and a mitochon-
drial DNA plasmid in the latter. It is therefore concluded
that RNA-7 and RNA-10 are not derived from the O.
novo-ulmi mitochondrial DNA, in agreement with the
results of Rogers et al. (1987) who could not detect
hybridization between in vitro labelled total dsSRNAs of Ld
and the mitochondrial DNA. This supports the hypothesis
that the dsRNAs in O. novo-ulmi mitochondria are virus-
like genetic elements.

DISCUSSION

The 5’- and 3’-termini of dSRNA-7 and dsRNA-10 each
contain imperfect inverted repeats, allowing the possi-
bility, in the single-stranded form, of forming stem-loop
structures at each of the termini (Figs. 3 A and 3B). In
addition, the 5'- and 3’-terminal sequences are comple-
mentary to each other with the potential to form a pan-
handle structure (Fig. 3C). Complementary 5'- and 3’-
termini are characteristic of viruses with negative-
stranded RNA genomes, such as members of the
Myxoviridae (Desselberger et al., 1980), and Rhabdoviri-
dae (Keene et al., 1979) families, or ambisense RNA
genomes, such as members of the Bunyaviridae (Elliott,
1990; Kormelink et al., 1992) and Arenaviridae (Lukashev-
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ich et al., 1997) families, and the Tenuivirus (Ramirez and
Haenni, 1994) genus. For those viruses with multiseg-
ment genomes, the terminal sequences of all the seg-
ments of a particular virus are highly conserved. The
formation of panhandle structures in vivo has been dem-
onstrated for several of these viruses, and in the case of
influenza virus, evidence that the structure is important in
the transcription and replication of the virus was ob-
tained (Hsu et al., 1987; Hagen et al., 1994). Inverted
repeats have also been found close to the 5'- and 3’-
termini of dsRNA viruses of the Phytoreovirus genus of
the Reoviridae family, although the sequences of the
repeats are different for different dsRNA segments of the
same virus (Omura, 1995). Stem-loop structures close to
the 3’'- and/or 5'-termini are found in many positive-
stranded RNA viruses and constitute essential cis-acting
recognition signals for RNA replication (Buck, 1996), but
for these viruses, the 5’- and 3’-stem-loops have unre-
lated sequences and the stem does not generally extend
completely to the 3’- or 5'-terminus. The presence of
inverted repeats at both the 5’- and 3'-termini, combined
with the complementarity of the 5’- and 3’-termini, has
not been described previously for any replicating RNA,
including a mitochondrial dsRNA from Cryphonectria
parasitica (Polashack and Hillman, 1994), mycovirus dsR-
NAs of the Hypoviridae (Hillman et al., 1995), Partitiviri-
dae (Ghabrial et al., 1995a; Oh and Hillman, 1995;
Nogawa et al., 1996), and Totiviridae families (Ghabrial et
al., 1995b), and the positive-stranded RNA mushroom
bacilliform virus (Barnaviridae family) (Revill et al., 1994).
These terminal structures could therefore be indicative
of a novel mechanism for the initiation of RNA synthesis.
It is noteworthy that the 3’-terminal hairpins would allow
self-priming of RNA replication, as occurs with some
DNA viruses, such as members of the Parvoviridae family
(Berns, 1990).

The nucleotide sequences of RNA-7 and RNA-10 indi-
cate that they either do not encode a protein or encode
only very short proteins. The replication of these RNAs
therefore probably depends on one or more of the other
eight dsRNAs in O. novo-ulmi isolate Ld to encode an
RNA-dependent RNA polymerase and possibly other pro-
teins (Buck, 1996). As most of the sequence of dsRNA-7
is not derived from any of the other Ld dsRNAs, RNA-7
can be regarded as a satellite RNA, defined as an RNA
which is dependent on another RNA (helper RNA) for its
replication, but which contains substantially distinct nu-
cleotide sequences from the helper RNA or host (Mayo
et al., 1995). Satellite RNAs have been described for
several animal, fungal, and plant viruses. Some of these
encode a protein, e.g., the M; dsRNA of S. cerevisiae
(Wickner, 1996), a satellite dsRNA of Gaeumannomyces
graminis (Romanos et al., 1981), and ssRNA satellites of
plant nepoviruses (Fritsch et al., 1993), whereas others
do not encode functional proteins, e.g., dsRNA-3 of At-
kinsonella hypoxylon partitivirus (Oh and Hillman, 1995)

and satellites of several positive-stranded RNA plant
viruses (Roossinck et al., 1992). Although the hybridiza-
tion data indicate that RNA-7 is not closely related to the
0. novo-ulmi mitochondrial genome, its A-U-rich nature
suggests that it might have originally arisen from a mi-
tochondrial RNA by recombination with a virus RNA to
acquire cis-acting sequences for replication and subse-
quently diverged in sequence to optimise its replication
ability.

Comparison of the nucleotide sequences of RNA-7
and RNA-10 indicated that RNA-10 could be derived from
RNA-7 (Fig. 7). RNA-10 probably retains sequences from
RNA-7 which are required for recognition by its cognate
RdRp and other sequences which optimize replication.
These would be expected to include 5’- and 3’-terminal
sequences, and RNA-10 could be derived from the 5’
nucleotides 2-86 and 3’ nucleotides 1032-1056 of
RNA-7. However, because the 3’-terminal sequence of
RNA-7 is both an imperfect direct and an inverted repeat
of the 5'-terminal sequence, derivation of RNA-10 from
nucleotides 2-86 alone of RNA-7 is also possible.
RNA-10 could be formed by RNA recombination mecha-
nisms, analogous to those proposed for the formation of
animal and plant defective RNAs (Lai, 1992; Simon and
Bujarski, 1994; Nagy and Simon, 1997). In the most fa-
vored replicase-driven template switching or copy
choice mechanism, the replicase and nascent RNA
strand move from a position on one RNA template and
reinitiate synthesis either at a different position on the
same template or on a different template.

Based on the most extensive sequence identities,
RNA-10 appears to be a mosaic formed by copying dif-
ferent regions of RNA-7 (—)- and (+)-strand templates
(Fig. 7). A possible model for the formation of RNA-10
involves copying from near the 3’-end of an RNA-7 (—)-
strand template to synthesize nucleotides 3-84 of the
RNA-7 (+)-strand followed by four template switches: (1)
to repeat nucleotides 2-36 of the RNA-7 (+)-strand by
recopying from the 3’-end of the (—)-strand template; (2)
to synthesize nucleotides 86-37 of the RNA-7 (—)-strand
by copying the (+)-strand template; (3) to synthesize
nucleotides 62-84 of the RNA-7 (+)-strand by copying
the (—)-strand template. A final template switch would
involve the nascent strand folding back and acting as its
own template to produce a ‘copy-back” RNA, mediated
by complementarity between sequences copied from the
(—)- and (+)-strand templates (Fig. 7A). This would ex-
plain the high degree of self-complementarity of RNA-10
(Fig. 5) and its “mirror image” structure (Fig. 7A). The
model suggests that the regions around nucleotides
35-36 and 84-86 of RNA-7 may be recombination hot-
spots. Models of RNA-7 (—)- and (+)-strands constructed
with the FOLDRNA program predicted high degrees of
secondary structure, suggesting that replicase pausing
during RNA synthesis may be common, but did not reveal
any particular features around these regions. Replicase
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pausing could also be common because of the A-U-rich
nature of RNA-7. Pausing at such regions can result in
the synthesis of nontemplated nucleotides (Nagy and
Simon, 1997) and may explain the apparently nontem-
plated nucleotides 86-94 and 203-206 in RNA-10. Again
the regions around nucleotides 35-36 and 84-86 were
not more A-U-rich than other parts of RNA-7. It is possible
therefore that the recombinant constituting RNA-10 may
have been selected from a range of recombinants on the
basis of its ability to replicate. The relatively small diver-
gence of RNA-10 from the RNA-7 sequence may also
have resulted from the accumulation of mutations se-
lected on a similar basis.

Defective RNAs have been described for several fun-
gal virus RNAs, such as those derived from the M and
L-A dsRNAs of S. cerevisiae (Lee et al., 1986; Esteban
and Wickner, 1988) and from the hypovirus L-dsRNA of C.
parasitica (Shapira et al., 1991). These have simpler
structures than the O. novo-ulmi Ld RNA-10, consisting of
a single internal deletion, although some of the hypovirus
defective RNAs had nontemplated nucleotides inserted
at the breakpoints. More complex defective RNAs, with
several deletions and duplications, have been described
for some plant RNA viruses, e.g., tomato bushy stunt
virus (Hillman et al., 1987; White and Morris, 1994), and a
defective RNA of influenza virus consisted of a mosaic of
sequences from RNA segments 1 and 3 (Fields and
Winter, 1982). Snap-back RNAs have been described for
several animal RNA viruses, e.g., defective RNAs of ve-
sicular stomatitis virus (Perrault and Leavitt, 1977) and
poliovirus full-length (+)- and (—)-strands covalently
linked at one end (Young et al., 1985). However, a com-
bination of a mosaic of sequences from (+)- and (—)-
strands and a snap-back structure, such as that found in
0. novo-ulmi Ld RNA-10, has not been described previ-
ously.

MATERIALS AND METHODS

Fungal isolates

O. novo-ulmi isolates Ld and W2toll have been de-
scribed previously (Brasier 1986). Single-conidial isolate
sci2l was derived from isolate Ld as described by Rog-
ers et al. (1986). All fungal isolates were maintained on
malt extract agar (MEA, Oxoid) as described (Rogers et
al., 1986).

RNA isolation

Total nucleic acids were isolated as described (Covey
and Hull, 1981) from mycelia after 14 days of growth on
cellophane membranes overlaying MEA at 22°C. ssRNA
was precipitated by addition of LiCl to a final concentra-
tion of 2 M (Baltimore, 1966) and, after resuspension,
further purified by an additional round of 2 M LiCl pre-
cipitation. DsRNA was precipitated from the 2 M LiCl

supernatant by addition of LiCl to a final concentration of
5 M (Diaz-Ruiz and Kaper, 1978) and further purified by an
additional round of 2 M LiCl and 5 M LiCl precipitation.
DsRNAs of isolate Ld were separated by electrophoresis
through a 14% agarose gel and extracted from the gel
using an RNaid kit (Bio 101). DsRNAs were also analysed
by polyacrylamide gel electrophoresis as described by
Rogers et al. (1986).

cDNA synthesis, cloning, and sequencing

cDNA libraries were constructed using gel-purified
dsRNA-7 and dsRNA-10, respectively. DSRNA, mixed
with random hexamer primers, was denatured at 94°C
for 3 min. First-strand cDNA was then synthesized using
Superscript Il reverse transcriptase (GIBCO-BRL). Sec-
ond-strand cDNA synthesis was as described (Gubler
and Hoffman, 1983) using a Superscript choice system
for cDNA synthesis (GIBCO-BRL). Double-stranded
cDNA was ligated either directly into the EcoRV site of
the vector LITMUS 28 (New England Biolabs), or, after
addition of an EcoRI/Not | adapter, into the EcoRI site of
LITMUS 28, and transformed into Escherichia coli DH5q.
cDNA clones were primarily screened by PCR using
forward (5'-GGGCAGATCTTCGAATGCATC-3’) and back-
ward (5'-GACGTCACCATGGGAAGCTTC-3’) primers cor-
responding to nucleotides 2466-2486 and 2555-2535 of
the LITMUS 28 sequence, respectively, and were further
confirmed by Northern blotting. cDNA clones of the ends
of dsRNA-7 and dsRNA-10 were determined by the rapid
amplification of cDNA ends (RACE) procedure (Frohman
et al., 1988) using a GIBCO-BRL 5’ RACE system. The 5’
RACE PCR products were cloned into the vector pGEM-T
Easy (Promega). Sequences of cDNA clones and sub-
clones were obtained by the Sanger chain termination
method (Sanger et al., 1977) using both [a->*S]dATP (Am-
ersham)/T7 DNA polymerase (Pharmacia) and Dye-Ter-
minator cycle sequencing with AmpliTag DNA polymer-
ase FS (ABI PRISM 377). Sequence analysis was per-
formed using the University of Wisconsin Genetics
Computer Group programs (version 81) (Devereux et al.,
1984), made available by the Daresbury Laboratory SEQ-
NET service. The RNA-7 and RNA-10 sequences are
available from the Genbank and EMBL databases with
the Accession Nos. AJ003120 and AJ003121, respectively.

Northern blotting

DsRNA and ssRNA fractions, pretreated with RNase-
free DNase | (Promega) with or without S1 nuclease
(GIBCO-BRL) according to the manufacturer's instruc-
tions, were separated by electrophoresis through a 14%
agarose gel, denatured with 50 mM NaOH/150 mM NacCl,
neutralized with 1 M Tris—HCI (pH 7.5)/15 M NaCl, and
blotted to Hybond-N membrane (Amersham). Blots were
hybridized with either cDNA probes labelled with
[«-*2P]dCTP (Amersham) using a random-primer proto-
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col (Feinberg and Vogelstein, 1984) or strand-specific
riboprobes prepared by in vitro transcription using T7
RNA polymerase (NBL) and [a-*?P]JUTP (Amersham)
(Sambrook et al., 1989).
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