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Outbreaks of a lethal ‘leaf curl’ disease in planta-
tions of Baumforth's Seedling raspberry were
first observed in eastern Scotland in 1922. The disease
did not affect cv. Lloyd George, but further increased
20 years later when cv. Norfolk Giant began to
replace Lloyd George. Healthy plants, used to replace
diseased plants, subsequently became infected and
plants on the periphery of patches of diseased plants
became infected. Thus, the size of the diseased patches
extended annually.

During the 1950s, research at the Scottish Crop
(Horticultural) Research Institute, demonstrated that
sap-transmissible viruses caused this and similar dis-
eases. Techniques were developed to recover and sero-
logically type these viruses and to transfer them
between herbaceous plants. At the end of the decade,
it was discovered in North America that plant ecto-
parasitic nematodes could transmit some of these
viruses.

Following this discovery, research at SCRI identified
that two viruses (raspberry ringspot (RRSV) and
tomato black ring (TBRV) nepoviruses) damaging
raspberry and strawberry in Scotland and

other areas of the UK, were trans-
mitted by the nematode
Longidorus elongatus and
that two other virus-

es (arabis mosa-
ic (ArMV)
and

-

strawberry latent ringspot nepoviruses (SLRSV)),
more important in England, were transmitted by the
nematode Xiphinema diversicaudatum. Research else-
where showed that tobacco rattle tobravirus (TRV), a
cause of ‘spraing’ disease in potato throughout Europe
(brown necrotic arcs in the tuber flesh), was transmit-
ted by trichodorid nematodes. This virus and several
trichodorid species were identified as being wide-
spread in Scotland.

Control measures developed at SCRI included the use
of soil sterilant chemicals, e.g., D-D (dichloro-
propane-dichloropropene) and the fungicide,
Quintozene (pentachloronitrobenzene), both of which
control L. elongatus and X. diversicaudatum. However,
early recognition of the problems associated with these
highly toxic compounds led to alternative disease con-
trol strategies based on epidemiological and ecological
studies of the disease.

Raspberry was shown not to be a host for L. elongatus,
whereas many weed species were identified as hosts for
the vector and as over-winter reservoirs for the viruses.
The importance of good weed control, to

prevent virus spread, was emphasised

by the discovery that the virus
particles are retained within

the nematode’s feed-

ing apparatus, sim-

'fl ilar to the
association

of non-
cir-
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culative viruses in aphids. Acquisition of the virus
from weeds was shown to be important as the nema-
todes lost the virus during each of the four moults and
only retained the virus for a maximum of a few weeks.

Infected planting material was shown to be another
important source for disseminating these viruses. The
introduction of a certification scheme for disease-free
soft fruit planting material, pre-planting soil tests for
nematodes and viruses, and strict weed control in
raspberry plantations, all but eliminated nematode-
transmitted virus disease problems in the Scottish
raspberry industry. Subsequently, these control mea-
sures were adopted world-wide but relaxation of weed
control measures in soft fruit plantations in the UK
during recent years has resulted in a resurgence of
nematode-transmitted virus disease problems.

During the 1960s, many further reports were pub-
lished world-wide of the apparent ability of different
nematode species to transmit a variety of plant viruses.
However, many of these reports were based on labora-
tory experiments that frequently did not include
appropriate safeguards to exclude the possibility of
transmission by an alternative vector or experimental
contamination. Techniques and criteria developed at
SCRI during the 1970's, including accurate identifica-
tion of the virus and the nematode and the use of
small numbers of hand-picked nematodes, led to two
thirds of the then reported virus and nematode associ-
ations being rejected. Those which fulfilled the crite-
ria, revealed the existence of a high degree of
specificity between the vector species and its associat-
ed virus. As a consequence of these highly specialised
techniques, with their requirement for multi-discipli-
nary collaboration between nematologists and virolo-
gists, the SCRI became established as the principal
centre for research into nematode transmission of
plant viruses.

To determine if virus-vector nematodes were a
localised or a widespread problem, funding was
obtained to undertake a systematic sampling through-
out the UK. This survey revealed the ubiquitous dis-
tribution of virus-vector nematodes and showed that,
in the UK, between 5 and 25% of vector populations
were naturally associated with virus. Funding for a
pan-European virus-vector nematode survey followed,
providing the first systematic approach to identifying
distribution patterns of plant pathogens at a continen-
tal level. Results from these surveys revealed that tri-
chodorid and Xiphinema virus-vector species were
widespread in Europe, whereas the Longidorus vector
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species have more localised distributions.
Subsequently, the European distribution maps of
virus-vector species were used for the preparation of
Phytosanitary Regulations.

Research at SCRI showed the ability of nematode
species to act as virus vectors is inherited. Populations
of vector Xiphinema spp. were shown to be highly effi-
cient vectors. Up to 100% of nematodes in a
Xiphinema population could transmit virus, whereas
with most vector Longidorus species, generally less
than 10% of the population transmitted virus. This
discovery led to accurate procedures for risk-assess-
ment when sampling prospective soft fruit planting
sites. Also, intra-specific variability in the ability of
nematodes to transmit isolates of viruses was demon-
strated, leading to the recognition that each popula-
tion of a virus-vector species requires to be tested for
its ability to transmit virus.

During the 1980s, ‘spraing’ disease in Scottish potato
crops increased, partly because movement by and
transmission of TRV by the vector trichodorid nema-

Nematode Virus Serotype
P. anemones PEBV TpA56 (English)
TRV PaY4 (English)
P. hispanus TRV Portuguese
P. minor TRV American
P. pachydermus PEBV Dutch
TRV PpK20 (Scottish)
PaY4 (English)
P. teres PEBV Dutch
TRV Oregon (Dutch)
P. tunisiensis TRV Italian
T. cylindricus PEBV English
TRV RQ (Scottish)
TcB2-8 (Scottish)
T. primitivus PEBV TpA56 (English)
TRV TpO1 (English)
T. similis TRV TsB (Belgian)
TsD (Dutch)
TsG (Greek)
T. viruliferus PEBV English
TRV RQ (Scottish)

Table 1 Specific associations between Paratrichodorus
and Trichodorus species and serologically distinguishable
strains of tobacco rattle (TRV) and pea early-browning
(PEBV) tobraviruses.

todes was facilitated by increases in crop irrigation.
Studies of the transmission of TRV by trichodorid
nematodes had made little progress since the 1960s,
mainly because of the lack of techniques for working



artichoke Italian latent
cherry rosette

tomato black ring
raspberry ringspot
tomato black ring
artichoke Italian latent
raspberry ringspot
mulberry ringspot
raspberry ringspot
cherry rasp leaf

peach rosette mosaic
tobacco ringspot
tomato ringspot
tomato ringspot
cherry rasp leaf
tobacco ringspot
tomato ringspot
arabis mosaic
strawberry latent ringspot
grapevine fanleaf
tobacco ringspot
tomato ringspot
cherry rasp leaf
tobacco ringspot
tomato ringspot
tobacco ringspot
tomato ringspot

with such small animals (<Imm long). Micro-tech-
niques developed at SCRI, which used individual tri-
chodorids in virus transmission experiments, led to
specific associations being identified between different
trichodorid species and serologically distinguishable
strains of TRV and pea early-browning (PEBV)
tobraviruses (Table 1). The new understanding
derived from this research explained anomalies such as
the non-correlation in the field between trichodorid
population density and levels of TRV infection.
Often, large population densities were found to be
comprised of several species, only one of which, fre-
quently present in small numbers, was the vector
species. Conversely, small field population densities
were of a single, efficient vector species. Also, in
multi-species populations, two or more of the species
could be associated each with their particular strain of
TRV. The association of species with different strains
of TRV also explained the observation that potato cul-
tivars grown at different field sites showed differences
in their reaction to TRV, i.e., at some sites a cultivar
might show few symptoms of infection whereas at
other sites it would be highly infected. Most recently,

it has been shown that some potato cultivars e.g.
Home Guard, King Edward and Wilja, may be infect-
ed symptomlessly but act as a source of the virus if
planted at sites, formerly free of TRV, where the
appropriate vector trichodorid species is present.
Current research is examining the impact of tri-
chodorids and TRV infection on potato growth.

The techniques developed at SCRI formed the basis
for collaborative studies to investigate the transmission
of viruses by nematodes in North America.
Transmission of four nepoviruses by several species
within the X. americanum group of nematodes (which
is comprised of 45 parthenogenetically-reproducing,
morphologically-similar, putative species) has been
reported. Using the micro-techniques developed at
SCRI, it was demonstrated that, whereas European
longidorid vector species specifically transmit one or
at most two serologically distinguishable strains of
virus, several American species transmit most, if not
all four, of their associated nepoviruses (Table 2).

Associated studies revealed that virus-vector popula-
tions of X. americanum species from North America



Host pathogen interactions & crop protection

had only three juvenile stages whereas species from
other areas of the world, which are not associated with
viruses, have four juvenile stages. This discovery is
being investigated for its utility as a biological marker
to identify potential virus-vector species and popula-
tions in this group of nematodes. These nematodes
and their associated viruses are regarded as important
Phytosanitary quarantine organisms, and work under
an international EU-funded project on detection and
identification of X.americanum-group virus-vector
nematodes has just started.

The development of molecular virological techniques
during the 1990's has resulted in new, fundamental
approaches to understanding the unique recognition
phenomena between nematodes and their associated
viruses. Investigations of the genetic determinants for
specificity of transmission of tobravirus are supported
by three post-graduate research students from Greece
funded by the EU and the Greek State Foreign
Scholarship Fund. Non-structural genes on the RNA-
2 of tobraviruses have been identified as helper com-
ponents in vector transmission. Vector-transmitted
isolates of tobacco rattle and pea early-browning
tobraviruses, each incorporating a green fluorescent
protein, are being used in in vitro investigations to
determine the vector trichodorid feeding
mechanism(s) involved in virus transmission and sub-
sequent virus spread from the infection site (= epider-
mal root cell) (Fig. 1).

Nematode transmission of viruses is an evolving area
of study and, with increasing international interest,
new virus and vector associations are being recognized
world-wide (Fig. 2). Much of this work involves SCRI
staff collaborating with international colleagues, i.e., a
Royal Society and an internationally-funded research
collaboration to investigate nematode-transmitted
viruses in China and Brazil, respectively. Also, control
of nematode-transmitted virus diseases, with few
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Figure 1 Initial infection site (arrowed) and subsequent
systemic cellular spread in root of Nicotiana clevelandii of
green fluorescent protein-tagged tobacco rattle tobravirus
transmitted by Paratrichodorus pachydermus.

exceptions, has changed little since the 1960's.
However, with societal emphasis on reducing agro-
pesticide inputs, more benign nematode and associat-
ed virus-induced crop disease control methods are
urgently required. The movement to lighter soil types
for potato production and a consequent requirement
for crop irrigation, has resulted in an increased proba-
bility of ‘spraing’ disease caused by tobacco rattle
tobravirus. Current research at SCRI is focused on
reducing the dependence on chemicals for controlling
this disease by seeking to establish cultural methods to
prevent virus transmission by the vector nematode,
developing natural resistance in potato to tobacco rat-
tle tobravirus and, in collaboration with colleagues
from Leiden University, the Netherlands, investigat-
ing transgenic resistance. Also, an EU-funded project
for improved detection and molecular-based identifi-
cation of vector trichodorids has just begun. This pro-
ductive interdisciplinary research relies on the
continued, unique collaboration between nematolo-
gists and virologists at SCRI and their international
colleagues.
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