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ABSTRACT

Romaine, C. P., and Schlagnhaufer, B. 1991. Hybridization analysis of the single-stranded RNA bacilliform virus associated with La France disease

of Agaricus bisporus. Phytopathology 81:1336-1340.

We investigated the relationship between the 19- X 50-nm single-
stranded RNA (ssRNA) mushroom bacilliform virus (MBV) and the
double-stranded RNAs (dsRNAs) associated with La France disease of
Agaricus bisporus. Agarose gel electrophoresis under formaldehyde-
denaturing conditions revealed that the MBV genome was composed of
a single RNA molecule of 4.4 kb. In northern analyses, a 1.4-kb cloned
complementary DNA (cDNA) to MBV RNA hybridized to the full-length
genomic RNA in purified virus preparations and total RNA fractions
from diseased mushrooms. A minor 1.8-kb RNA, presumably a sub-
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genomic component, also was detected in diseased tissues. No cross hybrid-
ization occurred between this MBV cDNA clone and total RNA of healthy
mushrooms. When we used either the cDNA or a combination of the
nine La France disease-related dsSRNAs (0.8 to 3.8 kb) as a hybridization
probe, no sequence homology existed between MBV RNA and the
dsRNAs found in diseased as well as healthy tissues. Our findings are
consistent with the hypothesis that a viral complex involving an ssRNA
virus and an unrelated dsRNA virus(es) plays a role in the etiology of
La France disease.

Our understanding of the prevalence and biological conse-
quence of viral infection in fungi began with the discovery of
viruslike particles in commercial mushrooms (Agaricus bisporus
(Lange) Imbach) affected by an infectious disorder of unknown
etiology referred to as La France disease (14,26). Today we recog-
nize that viruses are widely distributed in fungi and that these
virus-host interactions, although often highly productive in terms
of virus replication, seldom culminate in a pathology (4). In the
case of La France disease of A. bisporus, viral infection is asso-
ciated with slow mycelial growth, the development of abnormal
mushrooms, and a reduced yield (31). More compelling evidence
exists for the involvement of viruses in a decreased virulence
phenotype in the fungal pathogens Cryphonectria parasitica (27)
and Ophiostoma ulmi (24), as well as in the killer trait of Saccharo-
myces cerevisiae (35) and Ustilago maydis (9).

After almost 30 yr of investigation, the viral etiology of La
France disease has not been conclusively determined. Efforts to
test the hypothesized viral etiology of this disease have been
confounded by low virus titers, difficulty in purifying the viruses,
the presence of viruses in healthy tissues, and lack of a reliable
infectivity assay (8). Electron microscope studies have shown that
mixtures of 25- and 35-nm isometric particles and a 19- X 50-
nm bacilliform particle (mushroom bacilliform virus, MBV) are
associated with the disease as it occurs worldwide (4,30). MBV
has been purified and shown to have a viral composition consisting
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of a positive sense single-stranded RNA (ssRNA) genome of 1.4
X 10° Da and a single capsid polypeptide of 24,500 Da (28,29).
In addition to the three particle types, a conserved electrophoretic
pattern of nine double-stranded RNAs (dsRNAs) correlates posi-
tively with the disease (13,25,32). The origin and nature of the
dsRNAs found in diseased tissues, as well as those encountered
in healthy tissues (13,25), is not understood. In this study, we
show that no sequence homology can be detected by hybridization
between the genomic RNA of MBV and the dsRNAs found in
diseased and healthy mushrooms. The evidence in hand suggests
that La France disease is associated with a virus complex involving
an ssRNA virus and one or more unrelated dsRNA viruses.

MATERIALS AND METHODS

Source of tissue. Healthy and diseased hybrid white and off-
white mushrooms were collected at commercial sites, washed,
and stored at —20 C.

Isolation of virus and viral RNA. MBV was purified from
diseased mushrooms by polyethylene glycol-NaCl precipitation,
differential centrifugation, rate-zonal centrifugation in sucrose,
and equilibrium centrifugation in cesium sulphate (28). To obtain
MBV RNA, the purified virus was dissolved in 10 mM Tris-
HCI, 0.5 mM EDTA, and 0.5% SDS, pH 7.8, and incubated
with 200 ug/ml of Proteinase K (Bethesda Research Laboratories,
Gaithersburg, MD) for 30 min at 37 C. The RNA was extracted
twice with a phenol/chloroform mixture and precipitated twice
with ethanol (20). The final RNA pellet was dried in vacuo,



resuspended in 10 mM Tris-HCI, pH 8.0 (Tris buffer), and stored
at —135C.

Isolation of dsRNA. The dsRNA was isolated by phenol extrac-
tion and cellulose chromatography (22). To remove possible con-
taminating nucleic acids, the purified dsRNA in 50 mM Tris-
HCI, 10 mM MgCl,, and 2 mM CaCl,, pH 7.2, was incubated
with 10 ug/ml of DNase I (RNase-free, Boehringer Mannheim
Inc., Indianapolis, IN) for 30 min at 33 C, and then it was adjusted
to 0.3 M NaCl and 1 pg/ml of RNase (Type IA, Sigma Chemical
Co., St. Louis, MO) and incubated for an additional 30 min
at 37 C. After nuclease treatment, dsRNA was treated with
Proteinase K, phenol extracted and ethanol precipitated as before,
and then precipitated with cetyltrimethylammonium bromide (23).
The final dsRNA pellet was dried, dissolved in Tris buffer, and
stored at —135 C.

Isolation of total RNA. The acid guanidinium thiocyanate-
phenol-chloroform method of Chomczynski and Sacchi (5) was
used. Aliquots of RNA were stored at —135 C.

Synthesis and cloning of cDNA to MBV RNA. MBV RNA,
polyadenylated in vitro (1), served as template in an oligo (dT)-
primed reverse transcription reaction (cDNA synthesis system;
Amersham Inc., Arlington Heights, IL). Complementary DNA
(cDNA) was inserted at the Ps¢I site in plasmid pBR322 by homo-
polymeric tailing (C-tailing and cloning system; Dupont Co.,
Boston) and the recombinant plasmids were used to transform
Escherichia coli (DHS alpha; Bethesda Research Laboratories)
by standard procedures (11). Putative transformants were screened
for a DNA insert at the Ps/I site in the plasmid (3). Plasmid
pBV11, which contains a virus-specific 1.4-kb cDNA representing
about 30% of the MBV genome, was used as a source of the
hybridization probe.

Radiolabeling of nucleic acid probes. The insert of pBVII,
representing the cDNA to MBV RNA, was excised from the
plasmid, electrophoretically purified by the DEAE-cellulose paper
procedure (application update 364, 1989, Schleicher & Schuell,
Inc., Keene, NH), and labeled (random primed DNA labeling
kit; Boehringer Mannheim Inc.) with (alpha-?P) dATP (3,000
Ci/mmol; ICN Radiochemicals, Irvine, CA). DsRNA was incu-
bated in 25 mM glycine and 5§ mM MgCl,, pH 9.0, for 1 h at
60 C, ethanol precipitated, dissolved in sterile water, heated at
100 C for 5 min followed by quenching in liquid nitrogen, and
5’ end-labeled with (gamma-""P) ATP (3,000 Ci/mmol; Dupont
Co.) as described by Maniatis et al (19).

Gel electrophoresis and northern analysis. DsRNA was electro-
phoresed in 0.9% agarose gels and stained with ethidium bromide
(32). For denaturing conditions, RNA was electrophoresed in
formaldehyde-containing 1.2% agarose minigels for 2 h at 75 V
(18). A BstEIl restriction endonuclease digest of lambda DNA
(New England BioLabs Inc., Beverly, MA) and an RNA ladder
(Bethesda Research Laboratories) were used as size standards
for nondenaturing and denaturing gel electrophoresis, respec-
tively. For hybridization analysis, RN A was capillary-blotted from
formaldehyde gels to Nytran nylon membrane (Schleicher &
Schuell, Inc.) according to the method of Fourney et al (7) and
probed as described by Church and Gilbert (6). After hybridiza-
tion, membranes were washed with 40 mM sodium phosphate,
I mM EDTA, and 5% SDS, pH 7.2, for 5 min at 65 C and
twice with the same buffer containing 1% SDS for 15 min each
time at 65 C. Membranes were exposed to Kodak X-Omat RP
film at —20 C. In rehybridization studies using a second probe,
membranes were stripped of the initial probe by washing with
3 mM sodium acetate and 0.03 M NaCl, pH 7.2, for 15 min
at95 C.

RESULTS AND DISCUSSION

Electrophoretic analysis of MBV genomic RNA. Upon elec-
trophoresis in formaldehyde-permeated agarose gels, the ssRNA
isolated from purified 19- X 50-nm virions of MBV migrated
as a single 4.4-kb RNA molecule (Fig. 1). Thus, the molecular
size and complexity of the MBV genome, based on an electro-
phoretic analysis under denaturing conditions, agrees closely with

MBV RNA
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Fig. 1. Agarose-formaldehyde gel electrophoretic analysis of mushroom
bacilliform virus (MBV) genomic RNA. The genomic RNA of MBV
isolated from purified virions = MBV RNA; RNA ladder = RNA MKR.
Numbers indicate the size (kb) of the RNA markers (Bethesda Research
Laboratories). Electrophoresis was conducted in formaldehyde-containing
1.2% agarose gel at 75 V for 2 h.
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Fig. 2. Northern hybridization of the genomic RNA of mushroom
bacilliform virus (MBV) using the 1.4-kb cDNA clone as a probe. After
formaldehyde-agarose gel electrophoresis, the gel was A, stained with
ethidium bromide, and B, capillary-blotted to Nytran nylon membrane
and probed with the 2p_labeled cDNA. Lane 1, RNA ladder; lane 2,
MBYV genomic RNA isolated from purified virions; lane 3, the comparable
fraction from healthy mushrooms. Numbers refer to size (kb) of the RNA
markers (Bethesda Research Laboratories). Electrophoresis was con-
ducted in formaldehyde-containing 1.2% agarose gel at 75 V for 2 h.
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our earlier findings, determined under nondenaturing conditions
in polyacrylamide gels (28), which indicated the genome is
composed of one ssRNA molecule of 1.4 X 10° Da.

Detection of MBV RNA in healthy and diseased tissues. The
1.4-kb cDNA clone to MBV RNA hybridized specifically to the
4.4-kb genomic RNA of MBYV isolated from purified virions (Fig.
2A and B, lane 2). In contrast, no hybridization signal was
obtained with the comparable fraction from healthy mushrooms
that lacked MBV RNA on ethidium bromide gels (Fig. 2A and
B, lane 3). Similarly, the cDNA probe detected MBV RNA
sequences in dot blots of total RNA preparations from diseased
mushrooms, but not from that of healthy mushrooms (data not
shown). Northern analysis of total RNA fractions showed that
the cDNA hybridized to a major 4.4-kb RNA present in diseased
tissue (Fig. 3, lane 2), which was identified as the genomic RNA
because it comigrated with authentic genomic RNA extracted
from purified virions (Fig. 3, lane 3). A minor 1.8-kb RNA (Fig.
3, lane 2) was consistently detected in our RNA preparations
from diseased mushrooms. For this reason, we tentatively consider
it to be a subgenomic RNA. No MBV RNA-related sequences
were detected in total RNA fractions of healthy mushrooms (Fig.
3, lane 1).

Hybridization of MBV RNA and the dsRNAs. We previously
reported (25,32) that nine dsRNAs of 3.8, 3.1, 3.0, 2.8, 2.6, 1.7,
1.3, 0.9, and 0.8 kb are associated with mushrooms affected by
La France disease (Fig. 4, lane 2), whereas a major 2.4-kb dsRNA
could be detected in healthy mushrooms (Fig. 4, lane 1). Upon
electrophoresis in 1.29% agarose-formaldehyde gels, the ssRNA
molecules of the dsRNAs from both healthy and diseased mush-
rooms migrated faster than MBV RNA (Fig. 5A, lanes 1-3). In
northern analyses using the 1.4-kb ¢cDNA clone as a probe, a
hybridization signal was obtained with MBV RNA, but not with
the disease-specific or nondisease-specific dsSRNAs (Fig. 5B, lanes

123

Fig. 3. Northern hybridization of total RNA isolated from healthy and
diseased mushrooms. Lane 1, total RNA (15 ug) from healthy mushrooms;
lane 2, total RNA (15 ug) from La France disease-affected mushrooms;
lane 3, the genomic RNA of mushroom bacilliform virus (MBV) (10
ng) isolated from purified virus. Total RNA was isolated from mushrooms
with acid guanidinium thiocyanate-phenol-chloroform, electrophoresed
in formaldehyde-containing 1.2% agarose gel at 75 V for 2 h, and capillary-
blotted to Nytran nylon membrane. The hybridization probe was the
"P-labeled 1.4-kb cDNA to MBV RNA. Numbers indicate the position
of the 4.4-kb MBV genomic RNA (4.4) and the putative 1.8-kb subgenomic
RNA (1.8).
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Fig. 4. Nondenaturing agarose gel electrophoresis of the dsRNAs in
healthy and diseased mushrooms. Lane I, the dSSRNA pattern of healthy
mushrooms; lane 2, the dsRNA pattern of La France disease-affected
mushrooms; lane 3, the BstEIl restriction endonuclease digestion
fragments of lambda DNA (New England BioLabs). Numbers indicate
size (kb) of the DNA markers. Electrophoresis was carried out in 0.9%
agarose gel at 100 V for 2 h.

A B

T2 31 2 34

Fig. 5. Northern hybridization of MBV RNA and the dsRNAs. After
formaldehyde-agarose gel electrophoresis, the gel was A, stained with
ethidium bromide and then capillary-blotted to Nytran nylon membrane.
The membrane was B, incubated with the **P-labeled MBV RNA-specific
c¢DNA probe, and C, stripped and incubated a second time with the
“P-labeled disease-related dsRNA probe. Lane 1, the genomic RNA of
MBYV extracted from purified virus; lane 2, the dsRNAs isolated from
diseased mushrooms; lane 3, the dsRNA isolated from healthy mushrooms.
Electrophoresis was conducted in formaldehyde-containing 1.2% agarose
gel at 75 V for 2 h.



1-3). Because the dsRNA sequences might have corresponded
to the two-thirds portion of the MBV genome not represented
by pBV11 cDNA, we performed the reciprocal hybridization using
end-labeled disease-specific dSRNAs as the probe. Again, no
sequence homology was revealed between the dsSRNAs and MBV
RNA (Fig. 5C, lane 1). Hybridization was detected, however,
between the disease-specific dsSRNAs and the 2.4-kb dsRNA in
healthy tissues (Fig. 5C, lane 3), but this was attributed to the
presence of the latter dsRNA in the dsRNA probe rather than
being interpreted as evidence for sequence relatedness. This
conclusion is substantiated by the finding of Harmsen et al (13),
who used the individual dsRNAs as probes to show that they
have unique sequences.

The findings of our hybridization study indicate that the ssRNA
genome of the 19- X 50-nm bacilliform virus associated with La
France disease is unrelated in nucleotide sequence and therefore
distinct from the putative dsSRNA-containing virus(es) implicated
in the etiology of this disease. Still, we recognize that at a level
of resolution higher than hybridization analysis (i.e., DNA
sequencing), some degree of homology may exist between the
MBYV genome and the dsRNAs. However, the fact that MBV
RNA and the disease-specific and nondisease-specific dsRNAs
do not share extensive homology precludes the idea that the
dsRNAs are replicative forms of MBV subgenomic RNAs or that
MBV RNA is a single-stranded molecule of a dsRNA. What
remains unanswered is whether the 19- X 50-nm bacilliform
particle is the sole component of this virus or only one of several
components composing a multicomponent virus system similar
to alfalfa mosaic virus (15). If in fact MBV has unaccounted
for genomic RNAs, then the disease-specific dsRNAs might
represent their replicative forms. Although the presence of dsRNA
is generally regarded as a strong indication of viral infection,
in some instances dsSRNA appears to be host derived (21,30,33,34).
Essential to our understanding of the etiology of La France disease
will be a knowledge of how the dsRNAs reside in vivo. Perhaps
the dsRNAs are packaged within the 25- and 35-nm isometric
particles present in diseased tissues (4,31) or exist as naked
molecules within a membraneous system (2,12,16,17,24). Recently,
we have obtained preliminary data that suggest the nine disease-
related dsRNAs copurify with a 36-nm isometric particle (10).

We found no evidence for the presence of MBV RNA sequences
in healthy mushrooms. We do not know if this is generally true
of all strains of A. bisporus because the scope of our study was
limited to only two healthy mushroom isolates. Evidence from
electron microscope studies (4,31) revealing the occurrence of
MBYV at low levels in healthy mushrooms and mycelial cultures
suggests this may not be the case. These same studies also have
shown that whereas the isometric particles occur in either single
or multiple infections, MBV invariably exists as a coinfection
with isometric particles. This is an intriguing observation because
it raises the possibility that MBYV is a satellite virus whose repli-
cation is dependent on a isometric helper virus. We are now using
the polymerase chain reaction assay to survey healthy and diseased
mushrooms and mycelial cultures for the incidence of MBV. These
studies should provide an insight into the possible satellite nature
of MBV as well as address the question of whether this virus
plays an obligatory role in the etiology of La France disease.
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