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Of 12 plant viruses with rigid rod-shaped particles transmitted by Plasmodiophoraceous fungi, 6 (soilborne wheat mosaic (SBWMV), oat golden stripe (OGSV), Indian peanut clump (IPCV), peanut clump (PCV), potato
mop-top (PMTV) and sorghum chlorotic spot viruses (SCSV)) are definite members of the Furovirus genus. Six others
(beet necrotic yellow vein (BNYVV), beet soil-borne (BSBV), broad bean necrosis (BBNV), rice stripe necrosis (RSNV),
Hypochoeris mosaic (HMV) and Nicotiana velutina mosaic viruses (NVMV)) are possible members of the genus. The
furoviruses infect cereal, potato and sugar beet crops grown in temperate or sub-tropical regions. The 2 beet viruses
are transmitted by Polymyxa betae, PMTV by Spongospora subterranea, HMV and NVMV have unknown vectors, and
the remaining 7 viruses are transmitted by P graminis. Molecular analysis showed that SBWMV, BNYVV and PMTV
differ in numbers of RNA species and genome organization, suggesting that they should be considered to represent 3
distinct subgenera of the Furovirus genus.
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Résumé &mdash; Taxonomie des virus en bâtonnets rigides transmis par champignons. Sur 12 virus à particules en
bâtonnets rigides, transmis par des champignons du groupe des Plasmodiophoraceae, 6 virus [le virus de la mosaïque
du blé (SBWMV), le virus de la mosaïque de l’avoine (OGSV), le virus indien du clump de l’arachide (IPCV), le virus du
clump de l’arachide (PCV), le virus de la fasciation de la pomme de terre (PMTV), le virus des taches chlorotiques du
sorgho (SCSV)] sont des membres bien établis. Six autres [le virus de la rhizomanie de la betterave (BNYVV), le virus
de la betterave transmis par le sol (BSBV), le virus de la nécrose de la fève BBNV), le virus des rayures nécrosantes
du riz (RSNV), le virus de la mosaïque de l’Hypochoeris (HMV) et le virus de la mosaïque du Nicotiana velutina
(NVMV)] sont des membres possibles. Les furovirus infectent les céréales, la pomme de terre, et la betterave cultivées
dans les régions tempérées ou sub-tropicales. Les 2 virus de betterave sont transmis par Polymyxa betae, PMTV par
Spongospora subterranea, les vecteurs du HMV, du BNYVV et du PMTV diffèrenf, et les 7 autres virus sont transmis
par P graminis. L’analyse moléculaire a montré que SBWMV, BNYVV et PMTV diffèrent par le nombre de segments de
RNA et par l’organisation de leurs génomes, ce qui suggère qu’ils devraient être considérés comme représentant 3
sous-genres distincts du genre furovirus.
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INTRODUCTION
About 12 plant viruses with rigid rod-shaped particles and divided positive-strand RNA genomes
composed of 2 or more separately encapsidated
components are known to be transmitted by

Plasmodiophoraceous soil-inhabiting fungi
(Polymyxa graminis, P betae or Spongospora
subterranea, table I). This genus of viruses was
first proposed as the Furovirus genus (fungusborne rod-shaped virus group) by Shirako and
Brakke in 1984 and approved by the International
Committee
on
Virus
Taxonomy and
Nomenclature in 1987 (Brown, 1989). Some
members of the genus had previously been classified in the Tobamovirus genus based on similar
particle morphology, coat protein molecular
weight and a weak serological relationship

between tobacco mosaic virus (TMV) and potato
mop-top virus (PMTV) or soil-borne wheat mosaic virus (SBWMV).

SBWMV is the type member of the Furovirus
genus which also contains oat golden stripe virus
(OGSV), Indian peanut clump virus (IPCV), peanut
clump virus (PCV), potato mop-top virus (PMTV)
and sorghum chlorotic spot virus (SCSV) as definitive members. Beet necrotic yellow vein virus
(BNYVV), beet soil-borne virus (BSBV), broadbean necrosis virus (BBNV) and rice stripe necrosis virus (RSNV) are possible members. Although
Hypochoeris mosaic virus (HMV) and Nicotiana
velutina mosaic virus (NVMV) have no known vectors, they have properties which suggest that they
too might be part of the Furovirus genus.
Furoviruses, particularly SBWMV, BNYVV and
PMTV are of great agricultural and scientific

interest. They infect cereals, sugar beet and
potato and occur worldwide in both sub-tropical
and temperate regions. Therefore intensive studies have been carried out on them. Recent
molecular studies on the structure and organization of the viral genomes indicate that both
BNYVV and PMTV possess some features setting them apart from the type member, SBWMV,
and should probably be put into separate subgenera (Jupin et al, 1991; Shirako and Wilson,
1993; Scott et al, 1994; Kashiwazaki et al, 1995).

naturally transmitted by either P
graminis (SBWMV, OGSV, IPCV, PCV and
RSNV), P betae (BNYVV and BSBV), or
Spongospora subterranea (PMTV) in a persistent
manner or via in vivo acquisition (Campbell,
1993). Although no vectors have been identified
for BBNV and SCSV, P graminis is most likely.
The life-cycle of each of the 3 fungal vectors conare

biflagellate zoospores, multinucleate
plasmodia, zoosporangia and thick-walled resting
spores in clusters or cystosori. The primary
zoospores, produced by resting spore germination, swim to the host’s root hairs or epidermal
surfaces where they encyst, penetrate, and
develop into zoosporangia. The zoosporangia
release secondary zoospores which continue the
infection cycle or form cystosori which can sursists of

vive in soil for many years.

Although the evidence is not conclusive, the
virus is probably always carried inside
zoospores, and also persists inside the fungal
resting spores. SBWMV can be acquired by
virus-free vector from virus-infected roots, and
then be transmitted to healthy plants by the viruliferous vector. Although observations of thin
sections of infected roots in the electron microscope have failed to detect SBWMV within fungal
plasmodia or zoospores, a similar virus-vector
relationship has been identified using immunogold labelling-electron microscopy to localize
barley mild mosaic bymovirus (BaMMV) and
BNYVV particles within the plasmodia and
zoospores of P graminis and P betae, respectively (Chen et al, 1991; Rysanek et al, 1992). Only a
proportion (1-2%) of the zoospores
appeared to carry virus, but once a zoospore is
small

viruliferous, the number of virions it carries is
very

large,

up to 3 000-7 000

particles (Chen

et

al, 1991). The number of virus particles increases
with the

DISEASE EPIDEMIOLOGY
Furoviruses occur naturally in temperate and
sub-tropical regions, although some members
have a restricted geographical distribution.
Because they are retained in resting spores in

NATURAL TRANSMISSION

Furoviruses

zoospores also contain cylindrical inclusion bodies (J Chen, unpublished results). The function of
these bodies is not know conclusively, but since
they are encoded by the virus genome in other
viruses, it seems possible that the viral RNA had
been translated and may even have been replicated in the vector.

development of zoosporangia and

some

soil for many years it is difficult to control the disease once a field becomes infested with virulifer-

ous fungi.
In China, soil-borne cereal viruses became a
serious agricultural problem in the 1970s when
some susceptible cereal cultivars, such as
Zhaosu 3, were grown continuously on a large
scale. Once a susceptible cultivar whose seeds
were contaminated with viruliferous soil, was
introduced into a new area, and grown for 5-7
years, the incidence of disease increased to
100%. The Ministry of Agriculture in China esti6
mates that, within a decade, about 7 x 10
hectares of cereals on the east coast (one of the
main cereal growing areas) have become heavily
infected and the annual cereal yield loss is
400 000 tons.

SBWMV can cause losses of up to 80%,
although values of 10-50% are more typical.
Losses due to BNYVV in European sugar beet
can amount to 30%.
The factors which influence disease transmission are the same as those that affect development of the vectors. The most important of these
are soil moisture and relative humidity, soil temperature and pH. Since zoospores require moisture for release and motility, furovirus infections
are most evident after extended damp weather or
excessive irrigation. The optimal temperature for
growth of the fungal vectors is 18°C, resting
spores do not germinate at 5°C, and zoospores
become immobile at 28°C. Thus SBWMV,
BNYVV and PMTV become problems when the
soil temperatures are around 15-18°C and symptoms in infected plants are more conspicuous
when the temperature is below 20°C. By contrast, PCV and IPCV spread efficiently in soil at
28°C or more in West Africa and India. pH
appears to act mainly through its effect on the
fungal vectors. The pH of highly contaminated

fields is

usually neutral to slightly alkaline and
decreasing the soil pH to 5.0-5.5, by spreading
sulphur can significantly reduce the disease incidence.

DISEASE CONTROL

At present, the conventional control measures
include rotation of non-host crops, delayed crop
sowing, increasing fertilizer application and use
of resistant cultivars. Rotation of non-host crops
only reduces the effective ’titre’ of a field inoculum, but does not eliminate disease occurrence.
Delayed crop sowing in autumn reduces the
number of SBWMV-infected winter plants, presumably because a less prolonged period of
damp and optimal temperature decreases the
opportunity for fungus infection before winter dormancy. Increasing fertilizer application, particularly nitrogen, might promote infected plants to
outgrow the infection. Using only PCV-free
groundnut seed, or PMTV-free seed potatoes,
and removing obviously infected potato plants
can reduce the incidence of PMTV disease.
Removing potential weed hosts, in which the fungal vectors might oversummer, and coating
wheat seeds with fungicide before sowing are
also beneficial. Because furoviruses can persist
in resting spores for many years in soil, chemical
sterilants (methylbromide or formaldehyde) and
fungicides (captan and benomyl) can greatly
diminish the incidence of SBWMV and PMTV in

small

plots, but are financially and ecologically
impractical for large-scale field control.
In the long term, however, furoviruses are best
controlled by the production and use of resistant
cultivars. Studies on inheritance of field reaction
to SBWMV indicate that: 1) resistance is controlled by a single locus; 2) resistance is dominant over susceptibility; 3) the resistance factor is
shared between resistant cultivars originating
from different sources; and 4) resistance may be
directed to the wild-type SBWMV and not to
spontaneous deletion mutants.
All presently available resistant cultivars are
resistant to the virus but not to the fungal vector.
In the USA, SBWMV-resistant cultivars (carrying
the single dominant gene) are extensively
infected when challenged with a combination of
SBWMV and wheat spindle streak mosaic
bymovirus (WSSMV). In France and Italy, some
SBWMV-resistant wheat cultivars are still resistant to infection by the SBWMV-WSSMV complex, but the resistant American wheat cultivar
Newton is susceptible to SBWMV in France.
These results suggest that the pathogenesis of
SBWMV from America or Europe is different and
the mechanism of resistance to the virus needs
to be studied. Different resistant germplasms
should be selected and incorporated into breed-

ing programmes.
Similarly, selection

of potato or beet lines that
resistant or tolerant to potato mop-top or
rhizomania has become a primary objective in
breeding programmes in Europe, the USA and
are

cultivars of potato are known to be
resistant to PMTV, and can be used to minimize
crop losses in sites where the virus is endemic.
The use of virus-resistant cultivars is also likely to
minimize losses attributable to BNYVV and other
furoviruses.

Japan. Many

MORPHOLOGY AND COMPOSITION
OF PARTICLES
Furoviruses have rod-shaped particles about
20 nm in diameter but the length distributions of
different viruses are not uniform (table II). BBNV,
HMV, IPCV, OGSV, PCV, PMTV and SBWMV
are usually of 2 modal lengths (150 and 300 nm),
while BNYVV, BSBV and RSNV are of 3 lengths
(390, 270 and 110 nm). NVMV has been reported
to have particles up to 700 nm, but the range is
usually 125 to 175 nm. Spontaneous deletions
are a common characteristic of the furoviruses,
regardless of the strains and the modes of infection.

protein of the viruses is composed of
copies of a single polypeptide with molec-

The coat
many

weights variously reported as 19-24.3 kDa
(table II). Optical diffraction of BNYVV particles
has shown that the protein has helical symmetry;
the single-start, right-handed helix has a 2.6 nm
pitch with repeat turns involving 49 subunits of
the 21 kDa protein. Each single-stranded, plussense genomic RNA component is encapsidated
separately in the coat protein and, in all cases,
RNA comprises only about 5% of the particle
weight.
ular

SEROLOGY AND EPITOPES
the furoviruses, OGSV, SCSV, PMTV
and BBNV are serologically related to SBWMV.
No serological relationship is detected between
PCV and IPCV although the coat protein of IPCV
is 61% identical to that of PCV. BNYVV is not
serologically related to any member of the group.

Among

As mentioned previously, SBWMV and PMTV
also have distant relationships with TMV. OGSV
has distant serological relationships with bean
yellow mosaic potyvirus (BYMV), strain relation-

with bean yellow mosaic potyvirus (BYMV,
strain G), potato virus and red clover vein mosaic
carlaviruses (PVM and RCVMV) and perhaps
HMV. BBNV is unrelated to TMV, but related to
cucumber green mottle mosaic and odontoglossum ringspot tobamoviruses (CGMMV and

ships

furoviruses constivery diverse group of genome organizations and sequence homologies. The dominant
characteristics of the taxon-fungus vector, rodshaped, can thus be seen as broad features of
several genetic formats.

Taxonomically, therefore,

tute

a

ORSV).
Mouse monoclonal antibodies

(MAbs) against

SBWMV, BNYVV or PMTV have been produced
and used for coat protein epitope mapping in virions. Five, 7 and 3 regions, which are involved in
the formation of epitopes, have been demonstrated on the coat protein of BNYVV, PMTV and

SBWMV, respectively.
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