Tospoviruses (family Bunyaviridae, genus Tospovirus) are envel-
oped isometric RNA viruses with a tripartite genome containing
small (S), medium (M), and large (L) segments of ssSRNA. They
are transmitted by thrips (Thysanoptera) in a propagative manner
and are one of the most important plant virus groups infecting a
wide range of economically important crop plants all over the
world (63). Tospoviruses have emerged as serious viral pathogens
affecting the cultivation of several field and horticultural crops
(109). In the Indian subcontinent, due to their economic impact on
a wide range of important crops, most of the research was carried
out only in India, although tospoviral diseases are significant prob-
lems in several other countries in the subcontinent including
Bangladesh, Nepal, Pakistan, and Sri Lanka. Several reviews are
available on various aspects of tospoviruses and thrips vectors
(7,21,36,63,64,106). The present review aims to highlight emerg-
ing disease problems, virus characteristics, vectors, diagnosis, epi-
demiology, and management of tospoviruses in the Indian sub-
continent.

Historical Perspective

Disease symptoms similar to those induced by tospoviruses have
been described in India since the 1960s on several crops such as
blackgram (Vigna mungo), brinjal (Solanum melongena), chili
(Capsicum annuum), cowpea (Vigna unguiculata), ground-
nut/peanut (Arachis hypogaea), mungbean (Vigna radiata), pea
(Pisum sativum), potato (Solanum tuberosum), soybean (Glycine
max), and tomato (Solanum lycopersicum) (6,11,23,39,44,61,62,
66-68,83,93). Since Tospovirus was a monotypic genus until 1990,
with Tomato spotted wilt virus (TSWV) as the sole species,
tospoviral diseases described in India were initially considered to
be caused by TSWV. It was in 1992 that it was suggested based on
serology that the bud necrosis disease of groundnut was caused by
a tospovirus different from TSWYV, and the virus was named
Groundnut bud necrosis virus (GBNV) (80). GBNV was further
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confirmed as a distinct tospovirus based on nucleocapsid protein
(N) gene sequence (90). Subsequently, another distinct tospovirus,
Peanut yellow spot virus (PYSV), causing yellow spots on ground-
nut was identified (88). A new and unusual disease on watermelon
characterized by leaf mottling and dieback of shoots was observed
during 1991 and 1992 in parts of southern India (96), and a distinct
tospovirus, Watermelon bud necrosis virus (WBNYV), was found
associated with this disease (34). The most recently reported tos-
poviruses in India include Iris yellow spot virus (IYSV) on onion
(Allium cepa) (74) and garlic (Allium sativum) (20), and Capsicum
chlorosis virus (CaCV) on tomato (48) and chili (Capsicum an-
num) (43).

Geographic Distribution and Economic Impact

The geographic distribution of tospoviruses in the Indian sub-
continent varies (Fig. 1). In India, GBNV and WBNV are widely
distributed and endemic in many states including Andhra Pradesh,
Gujarat, Haryana, Himachal Pradesh, Karnataka, Kerala, Madhya
Pradesh, Maharashtra, Orissa, Punjab, Rajasthan, Tamil Nadu,
Uttar Pradesh, and West Bengal. IYSV has been found in Gujarat,
Karnataka, Madhya Pradesh, Maharashtra, Tamil Nadu, and Uttar
Pradesh. CaCV is present in northern, central, and southern parts
of India (43,49). PYSV has been reported from Andhra Pradesh
while its presence in other states cannot be ruled out. The north-
eastern states of India are not known to be affected by any tospovi-
rus. In Bangladesh, Nepal, Pakistan, and Sri Lanka, bud necrosis
disease of groundnut, tomato, and watermelon is known but the
causal viruses were not conclusively identified (1,10,15,17,92).

GBNYV is currently recognized as the most economically impor-
tant tospovirus, as losses due to GBNV alone have been estimated
at more than US$89 million per annum in Asia (79). GBNV caused
70 to 90% loss of groundnut in India (94). Serious outbreak of
GBNV was reported in different tomato growing regions in Ma-
harashtra, Karnataka, and Andhra Pradesh, where up to 100% dis-
ease incidence was recorded during 2003 to 2006 (47). Besides
groundnut and tomato, losses up to 29% have been recorded in
potato due to stem necrosis disease caused by GBNV (95). Cultiva-
tion of watermelon was seriously affected due to an outbreak of
WBNV in parts of southern India, forcing farmers to abandon
growing watermelon due to total crop loss (96). The impact of
IYSV and CaCV on onion and tomato, respectively, in the country
is not known, although yield reduction was anticipated due to se-



vere and widespread incidence of the disease in several parts of
Maharashtra (49). In Bangladesh, spotted wilt or bud necrosis dis-
ease of tomato has emerged as a significant problem, and most of
the tomato cultivars are susceptible (17). During 2010, an epidemic
of tospovirus seriously affected cultivation of tomato in the Ra-
jshahi district of Bangladesh (Shamim Akhter, Bangladesh Agri-
cultural Research Institute, personal communication). In Pakistan,
bud necrosis in groundnut is not a serious problem; however, dis-
ease incidence up to 15% has been recorded (15).

Diseases and Virus Characterization

More than 20 tospoviruses have been reported from all over the
world (63). To date, five tospoviruses, CaCV, GBNV, IYSV, PYSV,
and WBNV (Table 1), are known in India, and any of the known
tospoviruses is yet to be characterized from other countries of the
Indian subcontinent.

Groundnut bud necrosis virus. The field symptoms of GBNV in
groundnut are very well described (Fig. 2A to C). Initially, mild
chlorotic spots appear on young quadrifoliate leaves, and subse-
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Fig. 1. Distribution of tospoviruses in the Indian subcontinent. HP: Himachal
Pradesh, PN: Punjab, HR: Haryana, UP: Uttar Pradesh, RJ: Rajasthan, MP:
Madhya Pradesh, BH: Bihar, WB: West Bengal, OR: Orissa, CG: Chhattisgarh, MH:
Maharashtra, GU: Guijarat, AP: Andhra Pradesh, KT: Karnataka, TN: Tamil Nadu,
KR: Kerala. Tospoviruses have not been examined in the following states of India:
J&K: Jammu and Kashmir, UT: Uttaranchal, JK: Jharkhand, SK: Sikkim, AS: Assam,
AR: Arunachal Pradesh, MG: Meghalaya, NL: Nagaland, MN: Manipur, MJ:
Mizoram, TP: Tripura. Tospoviruses in Bangladesh, Pakistan, Nepal, and Sri Lanka
are suspected largely based on occurrence of disease.

quently necrosis and chlorotic rings develop. In rainy and post-
rainy seasons, necrosis of terminal bud is the main characteristic
symptom. Secondary symptoms such as stunting, axillary shoot
proliferation, and malformation of leaflets are common. Plants
infected early are bushy, stunted, and die prematurely. If plants
older than one month are infected, the symptoms are restricted to a
few branches only (82).

GBNV is the most widespread of all the tospoviruses known in
India. In addition to groundnut, important crops such as cowpea,
mungbean, pea, potato, soybean, and tomato are known to be af-
fected by GBNV (Fig. 2D to F) (2,4,8,11,32,71,104,108). The
experimental host range of GBNV includes several species belong-
ing to the families Amaranthaceae, Asteraceae, Chenopodiaceae,
Cucurbitaceae, Fabaceae, Malvaceae, and Solanaceae (70,86,104).

The complete genome of GBNV (type isolate, groundnut) has
been sequenced, which consisted of three linear single-stranded
RNA molecules, the L (8.9 kb), the M (4.8 kb), and the S (3.05 kb)
RNAs (27,90,91). The L RNA is entirely of negative polarity, with
one open reading frame (ORF) located on the viral complementary
strand encoding the viral polymerase of 330 kDa L-protein (2,877
amino acids). The L-protein had the highest identity in the core-
polymerase domain with the corresponding regions of the TSWV
and INSV (27). The M RNA of GBNV encodes a 34.3 kDa move-
ment protein (NSm) in the viral sense and a 127.3 kDa precursor to
the two viral membrane glycoproteins, Gn and Gec, in the viral
complementary sense (91). Recently, the genome organization of
M-RNA from GBNV (mungbean isolate) was determined (87) and
compared with the type isolate (91). Comparative sequence analy-
sis of GBNV isolates from groundnut, mungbean, and tomato re-
vealed that the genome of the M RNA was considerably different
in their intergenic regions (56 to 89% sequence identity) and
Gn/Gce protein. The topology of Gn/Gc revealed the presence of
both N-glycosylation and O-glycosylation sites in GBNV-mung-
bean (Mb) isolate, whereas only N-glycosylation sites were present
in the GBNV-type isolate. The S RNA of GBNV encodes 49.5 kDa
nonstructural protein (NSs) in the virus sense and the 30.6 kDa N
protein in the virus complementary sense (90). The NSs protein is
expressed from a virus sense 1,320 nt subgenomic RNA and the N
protein from a 831 nt virus complementary sense subgenomic
mRNA. The complete genome of S-RNA of GBNV-Mb was se-
quenced and found very similar to that of the type isolate (87). The
NSs protein of GBNV has been characterized as a bifunctional
enzyme containing RNA stimulated ATPase and 5 phospatase
activities, which possibly participates in suppression of the host
defense mechanism (54).

Watermelon bud necrosis virus. The field symptoms of WBNV
in watermelon initially develop as chlorotic mottling, yellow spots
or patches, and mild crinkling of leaves (Fig. 3A). Subsequently,
necrosis of buds in the growing tips results in dieback of vines
(Fig. 3B). In the young crop, rapid dieback and wilting of plants
develop dramatically causing a total loss in the affected plants. In
the mature crop, shortened internodes, upright growth of younger
shoots, necrosis on stem, petiole, and fruit stalk are commonly
seen. Infected plants produce unmarketable small, deformed fruits
with uneven surface, and necrotic or chlorotic rings, depending on
the cultivar (Fig. 3C and D). GBNV is predominant in leguminous
and solanaceous hosts, while WBNYV is largely confined to cu-

Table 1. Tospoviruses recorded in India

Record of emergence

Virus Acronym Year Crop Place Key symptoms Reference
Capsicum chlorosis virus CaCV 2006 Chili Karnataka Apical necrosis 43
Groundnut bud necrosis virus GBNV 1968 Groundnut Andhra Pradesh Bud necrosis 80
Irish yellow spot virus IYSV 2002-03 Onion Mabharashtra Chlorotic lesions 74
Peanut yellow spot virus PYSV 1991 Groundnut Andhra Pradesh Yellow spot 88
Watermelon bud necrosis virus WBNV 1991-92 Watermelon Karnataka Bud necrosis 34
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curbitaceous hosts such as ridge gourd and cucumber (31,56). Re- The complete genome of WBNV has recently been character-
cently, WBNV was detected in chili and tomato in northern India ized, confirming its status as a distinct tospovirus species affecting
(47). Under experimental conditions, WBNYV is sap transmissible cucurbits in India (46,47,52). The S, M, and L segments of WBNV
to different plant species in Solanaceae and Cucurbitaceae (96). are 3.4, 4.7, and 8.9 kb long, respectively, and possess the typical

Fig. 2. Groundnut bud necrosis virus on groundnut (A to C) and tomato (D to F). A, Field outbreak of bud necrosis disease, B, chlorotic rings on leaves, C, stunting of plant
with mosaic mottling and bud necrosis symptoms on groundnut. D, Necrotic rings on leaf, E, stem necrosis, F, concentric rings and patchy color on fruit of tomato.

Fig. 3. Watermelon bud necrosis virus on watermelon: A, chlorosis and dieback of shoot, B, bud and shoot necrosis, C, chlorotic ring on fruit, and D, necrosis on developing
fruit.
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features of tospovirus genome organization. Phylogenetic analysis
based on complete M RNA sequence revealed three distinct clus-
ters of tospoviruses with respect to WBNV: (i) the close relatives,
CaCV, GBNYV, Gloxinia tospovirus-HT1, and Watermelon silver
mottle virus (WSMoV) sharing 73.9 to 79.1% sequence identity;
(ii) the intermediate relatives, IYSV, Melon yellow spot virus
(MYSV), and Tomato zonate spot virus (TZSV) sharing 62.0 to
65.3% sequence identity; and (iii) the distant relatives, Impatiens
necrotic spot virus (INSV) and TSWYV sharing only 46.3 and
44.7% sequence identity, respectively. Among these tospoviruses,
GBNV was closest to WBNV sharing 79.1% sequence identity.
The melon-infecting tospoviruses, MYSV and WSMoV, known to
occur in Japan and Taiwan (38,53), shared only 63.3 and 75.2%
identity, respectively, with WBNV.

Peanut yellow spot virus. PYSV was identified as a distinct to-
spovirus in groundnut based on thrips transmission, host range, and
serology (81). The disease caused by PYSV in groundnut is
characterized by yellow spots followed by necrosis on leaves. Inci-
dence of PYSV up to 90% has been observed in southern India, but
impact on yield loss is not known. PYSV is serologically distin-
guishable from TSWYV, INSV, and GBNV (89). PYSV was sug-
gested as a new species based on S RNA sequence characteristics
(88). The N and NSs proteins of PYSV are significantly different
from those of the other tospoviruses, as they shared low sequence
identity of 24 to 28% and 16 to 21% with the corresponding genes
of known tospoviruses.

Capsicum chlorosis virus. CaCV is recently reported to be
prevalent in northern, central, and southern parts of India. Symp-
toms of CaCV in tomato and chili (Fig. 4A to D) are very similar to
those induced by GBNV. The disease symptoms in chili are yellow
spots or patches followed by occasional chlorotic concentric rings
on leaves. In tomato, bud necrosis results in dieback of shoot.

Fruits of tomato display uneven ripening and chlorotic concentric
rings. CaCV was first reported from Australia and differs from the
Indian isolate by host range (37,49). CaCV has a similar host range
to that of GBNV.

The complete sequences of S, M, and L segments of CaCV ge-
nome have recently been reported (49). The intergenic region of S
RNA of an Indian isolate of CaCV is considerably shorter than
CaCV-Thailand isolate and therefore shared very low sequence
identity (39.4%). Interestingly, based on the intergenic region se-
quence, CaCV occurring in India is closer to GBNV (76%) com-
pared to the CaCV-Thailand isolate.

Iris yellow spot virus. IYSV is an important constraint in onion
and garlic in several countries (63). In India, [YSV was recently
identified in both onion and garlic (20,74). IYSV shows a wide
range of symptoms. In onion, disease appears as yellow stripes,
spindle-shaped chlorotic lesions, or rings. In garlic, straw-colored
spindle-shaped spots coalesce to form a large patch on the leaves.
The virus appears to be more prevalent in onion. Sequence charac-
teristics of the N gene of several IYSV isolates have been recently
reported (47).

Diversity of Tospoviruses

Biological diversity. GBNV, which is primarily known to affect
groundnut, now has been identified to cause necrosis disease in
diverse crops: blackgram, brinjal, chili, cowpea, mungbean, pea,
potato, and soybean. Comparison of disease response of GBNV
isolates GN, MB, Tom-1, Tom-2, and P, originating from different
hosts and locations in northern and southern India, revealed limited
biological diversity (Table 2). These isolates induced chlorotic or
necrotic local lesions followed by systemic necrosis in different
crop hosts. The isolates, irrespective of their origin, induced identi-
cal disease responses in groundnut and mungbean and showed

Fig. 4. Capsicum chlorosis virus on tomato and chili: A, necrosis on tomato leaves and C, uneven ripening of tomato fruits. Chlorosis on (B) leaves and (D) fruits of chili.
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some variations in cowpea, soybean, tomato, and cucumber. The
host-reactions of Mb isolate originating from mungbean in Delhi
was very similar with the type isolate-GN originating from ground-
nut in Hyderabad in most of the crop hosts except in soybean,
where Mb isolate failed to induce systemic necrosis (104). Two
tomato isolates of GBNV, Tom-1 isolated from Kerala and Tom-2
from Hyderabad, differed in their host-reactions in cowpea and
soybean. Biological diversities of GBNV isolates infecting potato,
chili, brinjal, and soybean are not known. The host-reactions of
CaCV isolates from tomato and chili have been compared and no
difference was observed (49).

Genetic diversity. Genetic diversity studies have been largely
based on the N gene, followed by the NSm gene. Amino acid se-
quence identity (>90%) of N gene is considered to be one of the

important criteria for species demarcation in tospoviruses (24), and
N gene sequences of more than 100 GBNV isolates originating
from different hosts and locations are available in GenBank. Com-
parison of amino acid sequences of these isolates revealed diver-
gence of up to 8.4%, and the isolates were classified into eight
different evolutionary clusters irrespective of their geographical
origin or host (Fig. 5). GBNV isolates from mungbean, tomato,
and cowpea from Kerala, Uttar Padesh, and Delhi were nearly
identical (99% identity) to the GBNV type isolate (35,104). GBNV
isolates from tomato from Kerala, Maharashtra, Tamil Nadu, and
Uttar Pradesh showed 96 to 100% identity with type isolate of
GBNV (71,108). GBNV from potato causing stem necrosis disease
in Gujarat, Madhya Pradesh, and Rajasthan showed 98 to 99%
identity with the GBNV type isolate (32). Comparison of NSm

Table 2. Host reactions to Groundnut bud necrosis virus isolates originating from different hosts and locations in India

Host reaction?®

AY529712 = Chill, MH

. EU373782 = Tomato, MH

AYS57610 = Tomato, MH

Isolates Origin Groundnut Mungbean Cowpea Soybean Tomato Cucumber Reference
Groundnut (GN) Andhra Pradesh S+ S+ S+ S+ S+ L+ 23
Mungbean (MB) Delhi S+ S+ S+ L+ NT L+ 104
Tomato (Tom-1) K Kerala S+ S+ S+ (0] S+ O 108
Tomato (Tom-2) Andhra Pradesh S+ S+ L+ S+ S+ NT 67
Pea (Pea) Andhra Pradesh S+ S+ S+ S+ S+ NT 68
2 0: No infection; S+: systemic necrosis; L+: chlorotic/necrotic local lesion; NT: not tested.
Clustr-8
1. DQ375812= Brinjal, MH
Cluster-7 n
1. EU3T3787 = Tomato, MH & EldlEb
Cluater§ e o B 4 EU373789 = Tomato, MH
EU73790 = Tomato, NH 3. EUS73779 = Tomato, MH 5. EU373788 = Tomato, MH
ELI373781 = Tomalo, N4 4, EU373785 = Tomalo, MH 8 A o
EU3T3775 = Tomato, MH 5. FJ447355 =Tomato, MH ?' EU373793 = Tcmlabo MH Cluster-1
EU373774 = Tomato, MH 6. EU446282 = Tomato, MH 8.- EU3TATT6 - Tamabu: MH DQ375809 = Tomato, KT
AYT34235 = Tomato, UP ;. AY529713 = Mung bean, MH 9. AF515822 = Potalo, GT . AY510137 = Tomato, KT
9

EU3T3TT1 = Tomato, MH
. AY510139 = Chili, UP
EU373773 = Tomato, MH
10. FJ168033 = Chill, MH
11. EU237116 = Brinjal, AP

G000 LN e £ R

Cluster-5

FJ168031 = Chili, MH
AF4567289 = Soybean, DL
FJ447359 = Chilli, MH
AYBE2000 = Tomato, MH
EU3T3765 = Tom, 7
EF179100 = Ground nut, AP
AYE18562 = Tomalo, KT

EU373780 =Tomato, MH

10, AY529711 = Tomalo, MH

10, F.355952 = Ground nut, ND

11.EU3TATT2 =T, MH . EU3T376T = Tomato, MH

EU3T3768 = Tomalo, MH
FJ987637 = Chili, MH

Cluster-6
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27, FJ355951 = Ground nut, AP
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Fig. 5. Phylogenetic clustering of isolates of Groundnut bud necrosis virus from diverse crops and places in India. Maximum Parsimony tree was constructed in MEGA4

sofware (http://www.megasoftware.net).
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gene also revealed limited diversity (2 to 3%) in GBNV isolates
from cowpea, groundnut, tomato, and potato from Kerala, Madhya
Pradesh, Rajasthan, Tamil Nadu, and Uttar Pradesh (2,3,71).

Genetic diversity in IYSV, CaCV, and WBNV occurring in India
has been described based on fewer isolates compared to GBNV
(47). Diversity in PYSV, however, has not been studied so far. N
gene sequence of 31 IYSV isolates from onion showed divergence
of up to 5.2% at the amino acid level. WBNV is a serious problem
in watermelon, and 12 isolates that were sequenced showed 7.0
and 8.55% divergence based on the amino acid sequences of N and
NSm proteins, respectively.

Thrips as Vectors

Tospoviruses are exclusively vectored by thrips in a circulative
and propagative manner (36,84,113). In the thrips body, tospovirus
is transported through midgut and salivary epithelium membrane
barriers to salivary gland or through ligaments connecting midgut
and salivary glands (58). Of 11 species of thrips recorded as vec-
tors of tospoviruses throughout the world (63), five thrips vectors,
Ceratothripoides claratris, Frankliniella schultzei, Scirtothrips
dorsalis, Thrips palmi, and T. tabaci, have been reported from In-
dia. The distribution of thrips genera in the vegetable crops sur-
veyed during 2006 to 2007 in Andhra Pradesh, Karnataka, and
Maharashtra showed a dominance of Thrips sp. in onion, Scirto-
thrips sp. in chili, and Frankliniella sp. in tomato (13). Inappropri-
ate identification perhaps resulted in Thrips flavus being reported
as a vector of WBNV (96). Not much is known about the virus—
vector relationships of thrips-transmitted tospoviruses in the Indian
subcontinent and is a fertile ground for further research.

T. palmi is a suspected vector for GBNV (50) and WBNYV (96)
in India. It has been recorded as a pest of Capsicum annuum,
Citrullus lanatus, Cucumis melo, Cucumis sativus, Cucurbita spp.,
Glycine max, Gossypium spp., Helianthus annuus, Nicotiana ta-
bacum, Phaseolus vulgaris, Pisum sativum, Sesamum indicum,
Solanum melongena, Solanum tuberosum, and Vigna unguiculata.
In glasshouses, economically important hosts of 7. palmi are
Capsicum annuum, Chrysanthemum spp., Cucumis sativus, Cycla-
men spp., Ficus spp., and Solanum melongena. Meena et al. (57)
reported S. dorsalis as a vector of GBNV in tomato. While T
tabaci has been identified as a vector of IYSV in Israel (22) and C.
claratris as a vector of CaCV in Thailand (69), the vector status of
these thrips species in relation to I'YSV and CaCV has yet to be
established. There is also no data on the biotype composition of the
major thrips species such as T. tabaci and T. palmi. PYSV was
efficiently transmitted by S. dorsalis in groundnut. Larvae could
acquire the virus in 30 min, and the maximum percent transmission
of 43.8% by individual insects resulted following two days acquisi-
tion access period. Single adult thrips transmitted the virus after
minimum inoculation access period (IAP) of 30 min. The percent
transmission increased with an increase in IAP (26). While there is
no record of western flower thrips (Frankliniella occidentalis) in
the subcontinent, strategies to contain this vector and the tospovi-
ruses that can potentially be transmitted need to be developed in
the event this important thrips vector is introduced into the region.

Epidemiology of Tospoviruses

Since tospoviruses are not seedborne, it is assumed that the pri-
mary spread of tospoviruses is by thrips coming from other crops
or weeds, whereas secondary spread takes place from infected
plants within a field. The primary sources of GBNV include a
range of solanaceous and fabaceous hosts such as blackgram, cow-
pea, eggplant, groundnut, mungbean, pepper, potato, soybean, and
tomato, which can sustain virus infection and support thrips vector
multiplication (78). Bud necrosis disease of groundnut is mostly
monocyclic type, and disease incidence depends on infection by
viruliferous thrips that acquire the virus from other crops or alter-
nate hosts. Ageratum conyzoides has been shown to support GBNV
and vector multiplication (77). In another study, spread of WBNV
was influenced by the incidence of thrips population, maximum
temperature and relative humidity (during morning hours). While

minimum temperature negatively influenced WBNV incidence,
wind velocity and rainfall failed to influence the WBNYV spread or
thrips population build-up. The rate of spread of WBNV was high-
est in watermelon cultivars Arka Manik, followed by NS 295 and
Madhu Bala (42,45).

Usually, raising melons early (October to February) in the sea-
son is advocated in southern India to minimize WBNYV, as it coin-
cides with fewer thrips. WBNV can be devastating even during
monsoon (July to October) if there is a dry spell of 25 to 30 days.
Thrips need 10 to 12 days from egg to adult development, and a
dry spell in the midst of monsoon can facilitate large-scale mul-
tiplication and subsequent migration leading to a WBNYV outbreak
(M. Krishnareddy, unpublished data).

Diagnosis of Tospoviruses

Tospovirus diagnostics received considerable attention during
the last two decades in India. This has led to the identification of
various tospovirus species. A combination of bio-, immuno-, and
nucleo-based assays have been developed. For GBNV, WBNYV, and
CaCV, cowpea (Vigna unguiculata ‘Pusa Komal’ and ‘C-152’) has
been identified as a suitable indicator host, which produces local-
ized as well as occasional systemic symptoms (23,31,49,71,96).
Local symptoms included mild chlorotic spots, which turned ne-
crotic with necrotic rings followed by yellowing and wilting of
inoculated leaves, and systemic symptoms included necrotic spots
or veinal necrosis on young leaves and necrosis of stem (Fig. 6D to
F). Nicotiana benthamiana is another important indicator, as well
as propagative host, which produces systemic chlorotic mottling,
necrosis, and rapid wilting (Fig. 6A to C).

Polyclonal antibodies (PAb) to N protein of WSMoV and GBNV
were capable of detecting GBNV, WBNYV, and CaCV originating
from different hosts and locations by enzyme-linked immu-
nosorbent assay (ELISA) (8,31,35), suggesting these tospoviruses
are serologically indistinguishable. On the basis of nucleocapsid
protein (N) serology, GBNV, WBNYV, and CaCV were grouped in
WSMoV serogroup, IYSV in IYSV serogroup, and PYSV in un-
classified serogroup (18). As purification of tospovirus is difficult,
recombinant N protein expressed in Escherichia coli has been util-
ized for the production of PAb (33), which led to commercializa-
tion of an ELISA-based diagnostic kit for GBNV and other sero-
logically related tospoviruses in India (55). Monoclonal antibodies
developed against N protein of GBNV were highly specific and
capable of differentiating GBNV and WBNYV isolates, and a simple
dot blot assay was developed for detection of GBNV in field sam-
ples (30).

Unequivocal identification of tospovirus species is based on N-
gene sequence with a threshold level of <90% amino acid sequence
identity (24). Reverse transcription—polymerase chain reaction (RT-
PCR) using virus-specific N-gene primers has been standardized
and validated (34,71). Specific primers and RT-PCR methods were
successfully used for the detection of GBNV and WBNV, which
are otherwise serologically indistinguishable (B. Mandal, unpub-
lished results). Further, a single tube one-step RT-PCR method was
developed using degenerate, conserved forward and virus-specific
reverse primers for the specific detection of GBNV, WBNYV, and
CaCV (49).

Management of Thrips and Tospoviruses

Management of tospoviruses is difficult because of their wide
host range, thrips resistance to insecticides, and lack of durable
resistance in crop hosts. Control measures for tospoviruses, which
include phytosanitary, cultural resistance, host plant resistance, and
chemical and biocontrol measures, need to be based on sound epi-
demiological principles such as internal and external sources of
inoculum, early or late phases of virus spread, and vulnerable
stages in the virus/vector/crop cycle (36).

Cultural practices. Agronomic practices followed for crop
cultivation strongly influence build-up of thrips population and
tospovirus infection. Tospovirus infection can be reduced by sow-
ing the crop when the most sensitive stage is least invaded by thrips
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vector. Adjusting sowing date so as to avoid thrips vectors mark-
edly influences disease build-up in groundnut and other crops.
Reddy et al. (78) showed that peak thrips flight activity of F.
schultzei near Hyderabad in peninsular India occurred from late
July to early September and late November to mid-January. Sowing
of groundnut during this period resulted in higher incidence of GBNV
and subsequent losses to crop production. In southern India, Reddy
et al. (79) observed that groundnut crops sown early with the onset
of rains (mid to late June) escaped GBNV infection, as the thrips
vector flights usually occurred in July and August. In contrast,
Thira et al. (105) observed maximum GBNYV infection in a ground-
nut crop sown during May in northern India. Sowing of mungbean
during the second half of May to the first half of June in summer
and late sowing in spring helped in containing the thrips infestation
as well as GBNV infection (99). Potato planted on 13 November
completely escaped stem necrosis disease in central India (98).
Under experimental conditions, the number of groundnut plants
affected per unit area remained the same as plant density increased
(78). Further, close spacing was effective for the groundnut crop in
peninsular and central India as increasing plant density compen-
sated yield loss due to bud necrosis disease. Roguing of sympto-
matic tomato seedlings during and soon after transplanting is a
simple and effective measure in reducing virus incidence and crop
loss without incurring extra costs for spraying pesticides to control
thrips vectors (60).

Physical barriers that limit the movement of thrips have been
shown to reduce GBNV incidence (79). Intercropping of groundnut
with maize (Zea mays), pearl millet (Pennisetum typhoides),
pigeonpea (Cajanus cajan), and sorghum (Sorghum vulgare) (3:1)
significantly reduced GBNV incidence. Similarly, intercropping of

mungbean with pearl millet (2:1) was best in reducing GBNV
infection (100). Castor and sunflower were not effective in reduc-
ing the incidence of this disease and increasing the pod yield of
groundnut (29). In watermelon, border cropping with two rows of
maize significantly reduced WBNV incidence, and there was a
delay of 10 to 15 days in the initial incidence.

The role of plastic mulches in reducing tospovirus incidence in
commercial fields of tomato, pepper, muskmelon, and watermelon
was recently tested. In tomato and pepper, black plastic mulch was
very effective in reducing GBNV incidence up to 11% and thrips
population up to 8.5%. Aluminum-surfaced plastic mulch gave sig-
nificant reduction in WBNV incidence in cucurbit crops and was
superior to black plastic mulch. Disease incidence in the mulched
treatments could be correlated with vector thrips populations and in-
crease in yield (M. Krishnareddy, unpublished results).

Thrips management by chemical measures. Thrips-transmit-
ted viruses are rarely managed by using pesticides, as virus ac-
quisition and transmission are closely linked to the developmental
stage of the insect and only a small number of thrips vectors can
result in a high rate of virus spread (107,113). Many thrips species
are also resistant to insecticides, and their population may not be
effectively controlled by chemical measures. Furthermore, tospovi-
rus epidemics are commonly caused by dispersing thrips that are
transient on the crop and insecticides are less likely to control this
population. However, insecticides still constitute an important tac-
tic in managing tospovirus diseases. High and frequent doses (400 g
a.i. ha'! at 3- or 5-day intervals) of dimethoate resulted in reduction
of bud necrosis in groundnut in India, whereas low rates with
longer intervals of dimethoate application (100 g a.i. ha™ at 7- or
10-day intervals) induced higher levels of bud necrosis disease inci-

Fig. 6. Bioassay of Groundnut bud necrosis virus. A to C, Nicotiana benthamiana, a systemic and propagative host: A, healthy plant, B, systemic mottling, and C, wilting of
shoots and top leaves following sap inoculation. D to F, Vigna unguiculata ‘Pusa Komal', a local lesion assay host: D, chlorotic spots, E, chlorotic spots turn into mecrotic

lesions, and F, healthy leaf.
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dence (114). Potato seed tuber dip in 0.07% imidacloprid plus one
spray of 0.07% imidacloprid at 21 days or two foliar sprays of
0.07% imidacloprid at 21 to 35 days postplanting were effective in
reducing potato stem necrosis disease caused by GBNV (98). Vari-
ous application schedules of imidacloprid, thiamethoxam, acetami-
prid, fipronil, dimethoate, fenvalerate, and azadirachtin were effec-
tive in managing 7. palmi population in mungbean. Imidacloprid
resulted in the most satisfactory control of 7. palmi as well as the
GBNYV incidence in mungbean (101). Spraying of Acephate (Phos-
phorus Pentasulfide) or Regent (Fipronil) in combination with
neem oil at 10 days interval from crop emergence to fruit forma-
tion was effective in reducing the thrips population and minimizing
losses due to WBNYV in watermelon (9).

Thrips management by biological measures. Exploiting natu-
ral enemies and predators of thrips to manage vector populations
has been the subject of many studies (19). 7. tabaci on onion is
attacked by a eulophid parasitoid, Ceranisus sp., but its level of
parasitism was low (up to 2 to 3%) under open field conditions.
Another eulophid, Thripobius sp., accounted for more than 60%
parasitism of S. dorsalis on capsicum under polyhouse conditions.
However, occurrence of a few predatory anthacorid bugs, Orius
maxidentex (Ghauri) and O. tantillus (Motschulsky), was observed
on S. dorsalis on tomato. A study on the feeding potential of O.
tantillus revealed that the predator was capable of preying on 43 to
336 thrips (with a mean of 166 thrips) during its adult period of 34
days (A. Krishnamoorthy, personal communication). A mass pro-
duction technology has been developed for O. tantillus using
thrips, flower buds, and French bean as sites of oviposition. S. dor-
salis was effectively kept under control on capsicum by releasing
O. tantillus predator (two per plant) under polyhouse conditions
(41). An unidentified phytoseiid predatory mite of the genus
Euseilus sp. was very effective in preying on onion thrips under
laboratory conditions. Each predator consumed a mean of 16.5
second instar larvae per day (A. Krishnamoorthy, personal commu-
nication). Among several entomopathogens such as Verticillium
lecanii, Metarhizium anisopliae var. anisoliae, Beauveria bassi-
ana, and B. brongniertii screened for their efficacy against chili
thrips, it was observed that M. anisopliae isolate obtained from
thrips was effective in controlling thrips under field conditions;
however, pesticides and antagonists are likely to interfere with the
potential of entomopathogens (40).

Host Resistance

Resistance in groundnut. Evaluation of germplasm and breed-
ing lines has resulted in identification of sources of resistance to
GBNV in groundnut (51,79). Robut 33-1, a cultivar commonly
grown by small farmers in Asia and Africa, has a marked degree of
resistance to F. schultzei and some tolerance to GBNV infection (5).
Other genotypes with higher levels of thrips resistance than Robut
33-1 have been crossed with high-yielding lines. Thus the field resis-
tance in some of the groundnut genotypes may be due to resistance
to the vectors combined with tolerance to GBNV.

Ramapandu and Raychaudhuri (73) screened 320 groundnut va-
rieties under natural conditions; 56 varieties were free from bud
necrosis and 15 were assessed as moderately resistant. When these
71 varieties were further tested in the greenhouse using graft
inoculation, only three genotypes, EAH1010, EAH1232, and
TMV7, were considered resistant. Desai (16) studied the response
of 137 groundnut genotypes to GBNV during summer 1993-1994
in Karnataka, and less than 5% incidence was recorded in
ICG5323, ICG2866, NRCG 1015, R13, and NRCG4400. In Jag-
tial, Andhra Pradesh State, 242 groundnut genotypes were evalu-
ated during 1996-1997 for resistance to GBNV, and 10 genotypes
were identified as promising resistant sources (ICGV 92269,
89/94-3-2, ICGV 91229, ICGV 91193, 89/94-7-3, 83/151-7,
85/203-6, ICGV 91248, ICGV 91117, and ICGV 86031) (25).
Field screening of 172 genotypes at the Regional Research Station,
Raichur, Karnataka during 1996-1997 to 1998-1999 resulted in
identification of seven genotypes viz. DRG-18, ICG-7812, ICG
(FDRS)-10, ICGV-80325, JSSP-3, KGN-22, and PI-393516 with

high level of resistance (0 to 1% disease incidence) (28). Forty-
four groundnut lines were evaluated for their resistance to GBNV
in a field experiment conducted in Jalgaon, Maharashtra, during
the 2000 summer season, and six lines were found highly resistant
(103). Several groundnut cultivars and breeding lines (ICGV
86029, 86031, 86388, 91239, 91245, 91246, and 91249) were
identified at International Crops Research Institute for the Semi-
Arid-Tropics with field resistance to GBNV, and GBN V-resistant
groundnut cultivars ICGS 44 and ICGS 11 were released in India.
Pratap Mungphali 2, a new Spanish groundnut cultivar, was bred
and developed from the cross ICGV 86055 x ICG (FDRS)-10,
which was moderately resistant to GBNV in Rajasthan (59).
TCGS-635, a pentafoliate groundnut cultivar derived from the F3
generation of a cross between Tirupati-1 and ICGV-86398, was
found to have tolerance to GBNV at Tirupati, Andhra Pradesh
(110).

Several wild Arachis germplasm were evaluated for resistance to
GBNYV, and one accession each of A. benensis and A. cardenasii,
two accessions of A. villosa (section Arachis), two accessions of A.
appressipila (section Procumbentes), and one accession of A.
triseminata (section Triseminatae) were identified as resistant to
GBNV. These seven field-resistant accessions, when tested under
glasshouse conditions by mechanical sap inoculation, exhibited
only local symptoms, and the virus was not detected in the newly
developed leaves. Therefore, resistance in these accessions appears
to be due to inhibition in systemic movement of the virus (75).

Resistance in mungbean. Of 38 genotypes screened for resis-
tance to 7. palmi and GBNV under field conditions in Hyderabad,
Andhra Pradesh during 2000 winter and 2001 summer season,
LGG 460, 480, 491, and 582 consistently showed resistance to 7.
palmi and GBNV (99).

Resistance in soybean. Of 48 genotypes screened against bud
blight caused by GBNV during 2000 summer, genotypes MACS-
754, NRC-55, VLS-55, JS-SH-96-04, TS-128-5, DSb-228, and SL-
528 were highly resistant with 0.1 to 1% final disease incidence
(51).

Resistance in tomato. Sources of resistance to TSWV in differ-
ent Lycopersicon species have been identified. Genotypes with the
Sw-5 gene are more durable and the most widely used
(12,14,85,102). Tomato genotypes with Sw-5 genes when evaluated
for resistance to GBNV both under natural and artificial mechani-
cal inoculation conditions failed to show resistance against GBNV
in India (M. Krishnareddy, wunpublished results). Venkata
Ramamana et al. (112) evaluated 20 cultivars, 36 genotypes, and 7
wild species of tomato for resistance to GBNV under natural and
glasshouse conditions, of which EC8630 and EC5888 showed
resistant reactions.

Resistance in potato. Of 207 exotic accessions of cultivated po-
tato screened under natural conditions in Gwalior (Madhya
Pradesh) for three successive years for GBNYV, several accessions
showed resistant reaction and can be of use in potato breeding
programs for developing GBN V-resistant varieties (97).

Concluding Remarks and Research Needs

Of five tospoviruses known to occur in India, GBNV and
WBNYV are widely prevalent and becoming increasingly important
in vegetables. TSWV and Impatiens necrotic spot virus, two of the
well-established tospoviruses on vegetables and ornamentals (63),
are not known to occur in India. Their potential introduction
through ornamentals needs to be monitored. It is possible that
many more tospovirus species, which are apparently not distin-
guishable by symptoms alone, will be identified in the subconti-
nent in the near future, largely due to the agricultural trade. In
other countries in the subcontinent, there is a need for systematic
and regular surveys to identify and document thrips vectors and
tospoviruses and their impact.

The natural host range of some tospoviruses is increasing (63).
WBNYV, predominantly considered to be a pathogen of cucurbita-
ceous hosts, was recently detected in chili and tomato (47). Simi-
larly, the possibility of natural infection of GBNV on cucurbita-
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ceous hosts can’t be ruled out. The host range of recently recorded
CaCV and IYSV need to be further examined. Expansion in host
range has resulted in mixed infection of GBNV, WBNYV, and CaCV
in tomato and chili (47). Their detection in mixed infection is diffi-
cult using polyclonal antibodies. There is a need to develop virus
species-specific monoclonal antibodies or multiplex RT-PCR based
diagnosis. Disease diagnosis becomes even more difficult when
there is co-infection of GBNV with Tobacco streak virus (76,111).

Although GBNV and WBNV populations originating from
different hosts and locations are homogenous, virus—vector or vi-
rus—host interactions have not been extensively studied in the re-
gion. Limited or no information is available about biologically
distinct strains of GBNV or tospoviruses reported from India. T.
palmi tends to be the predominant thrips vector species, but data on
population dynamics and biotype composition are lacking. This
information will be highly useful in refining chemical sprays for
thrips control and possibly provide important parameters for devel-
oping forecasting models. Multiple and overlapping crops that are
hosts to both thrips vectors and tospoviruses and nearly year-round
cultivation of crops without any crop-free period provide the con-
tinuous green bridge for both the virus and vector complex, thereby
making it extremely difficult if not impossible to break the ‘life
cycle’ of the virus. Therefore, IPM tactics should focus on keeping
disease incidence to the minimum so that maximum yield could be
attained with minimal crop loss.

Management of the tospovirus diseases through application of
cultural practices and chemical measures for thrips control is to
some extent effective, but development and deployment of resistant
cultivars should be the priority and should be the main tactic in
developing IPM programs. In the absence of suitable resistant
cultivars, an integrated disease management approach is the best
option for the management of tospovirus diseases (36). Chemical
control of thrips, phytosanitary cultural practices, and use of resis-
tant cultivars have resulted in reduced disease incidence of GBNV
in groundnut and WBNV in watermelon. Virus-, region-, and crop-
specific IPM programs need to be developed, as one set of IPM
tactics effective for one crop may not be equally effective for other
Crops.

Breeding for resistance, which has largely relied on the natural
occurrence of the virus under field conditions, has occasionally led
to misidentification of resistant sources. Greenhouse-based screen-
ing through mechanical or thrips-mediate transmission is desirable.
However, GBNV and WBNV are not easily sap transmitted to
tomato and watermelon, and as such optimization in transmission
technique is required to develop reliable screening protocols. In
addition to the conventional breeding, pathogen-derived resistance
against GBNV through genetic transformation using the N gene
has been attempted in some important crops including tomato and
groundnut in association with private industry (65,72). These ef-
forts have yielded transgenic lines, characterized under controlled
greenhouse conditions, that are awaiting evaluation under field
conditions. Virus resistant transgenic crops hold great promise for
reducing the impact of tospoviruses in the Indian subcontinent.
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