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ABSTRACT

Stavolone, L., Alioto, D., Ragozzino, A., and Laliberté, J.-F. 1998. Vari{SSCP) analysis of the coat protein gene revealed that each isolate pro-
ability anong turnip mosaic potyvirus isolates. Phytopathology 88:1200-duced a specific SSCP profile, except for isolates ITA1 and ITA3. This

1204.

study indicates that (i) even in a small geographical region, there is a great
deal of variation in TuMV isolates; (ii) the use of a set of four differential

Eight turnip mosaic potyvirus (TuMV) isolates from the Campania re-hosts does not always specify the same pathotype in different environ-
gion of Italy were characterized. Experiments based on host range antknts; (i) the TUMV isolates with the same pathotypeBiassica napus
symptomatology indicated that the isolates were biologically different. Inest lines can still differ in host range, symptoms, sexgl and SSCP;
addition, the isolates, with the exception of ITA1 and ITA3, were distin-and (iv) there was perfect correlation between the panel of antibodies and

guished from each other by using a combination @fgunlonal antibodies

SSCP in differentiating among the isolates; ITA1 and ITA3 were indistin-

recognizing the coat protein. Single-strand conformation polymorphisnguishable by either assay.

Turnip mosaic virus (TuMV) is a member of the potyvirus group.
It occurs worldwide in a large number of economically important
cultivated crops and in wild plants (16). In an extensive survey in
many countries, TUMV was found to be second in importance for
crop losses, behind cucumber mosaic virus (28). In Itay in particu-
lar, likely due to the mild weather all year round, TuUMV is widely
spread in garden and ornamental plants, as well as in severa wild
plant species that act as alternative hosts. TUMV has aso been
found in mixed infections with other viruses that produce a more
severe disease than either virus aone (1,3).

Sources of resistance genes to TuUMV have been recorded (22).
However, a knowledge of pathotypic variation and distribution of
TuMV is necessary before resistance genes can be efficiently de-
ployed as part of an integrated control strategy. The existence of
several TUMV strains has been reported based on their host range
and symptomatology (6,8,14,20,21,27,29,32). They have aso
been identified on the basis of serological properties of the capsid
protein (CP) (8,10,13,33). Finally, TuMV isolates have been
classified according to the sequence of the 3'-untranslated re-
gion of the genomic RNA (12,19). In the above studies, the geo-
graphic origin of the TuUMV isolates was very diverse, with
many from Europe and Asia and somewhat fewer from North
Americaand Australia.

Because of this worldwide diversity, we investigated the vari-
ability of TuMV in a small area of the Campania region of Italy.
We hypothesized the existence of abroad TuMV population based
on diverse symptomatology on the same host species or on infec-
tion of plants phylogeneticdly distant. In this report, eight of those
TuMYV isolates were selected and characterized. Experiments based
on host range and induced symptoms indicated that the iso-
lates were biologically different. In addition, the isolates, with
the exception of ITAL1 and ITA3, were distinguished from each
other by using a combination of monoclona antibodies recog-
nizing the CP and a single-strand conformation polymorphism
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(SSCP) analysis of the CP gene. This study then indicates that
even in a very restricted geographic region several different iso-
lates of TUMV can coexist.

MATERIALSAND METHODS

Virus isolates. The eight Italian TuUMV isolates were collected
in the Campania region of Italy. The Canadian strain was described
by Nicolas and Laliberté (17,18). Single-lesion isolates were pro-
duced orChenopodium quinoa to ensure the separation of a single
pathotype from a possible mixed population. Isolates were main-
tained inBrassica perviridis L.H. Bailey (L.H. Bailey) (tender-
green) and stored i6. quinoa freeze-dried leaves or iB. per-
viridis andB. rapa leaves at —20°C.

Biological characterization. All biological tests were carried
out by mechanical inoculations of leaf tissue ground in potassium
phosphate buffer (10 mM, pH 7.5) in a 1:10 (wt/vol) ratio. Leaf
extracts were gently rubbed on healthy test plant leaves after add-
ing 800-grit Carborundum as an abrasive. The inoculated plants
were maintained in an insect-proof glasshouse at 18 to 25°C.

TuMV isolates were tested on four differential linedBohapus
subsp.oleifera (oilseed rape and swede) provided by J. A. Walsh
(Horticulture Research International, Wellesbourne, United King-
dom) (9). Five plants per each line were inoculated at the four-true-
leaf stage with single-lesion isolates. They wamnitored for the
production of local and systemigraptoms. Inoculated and uninoc-
ulated leaf samples were tested by double-antibody sandwich en-
zyme-linked immunosorbent assay (DAS-ELISA) (4) for the pres-
ence of TuMV by using the anti-TuMV ELISA kit (Bioreba AG,
Basel, Switzerland) according to the manufacturer’s instructions.
The ELISA was carried out 2 and 4 weeks after inoculation to
verify local and systemic infection of inoculated plants. The whole
test was repeated at least twice for ITA8 and three times for the
other isolates.

Serological characterization. TUMV isolates were tested for
their serological relationships in an indirect plate-trapped anti-
gen ELISA. Twenty monoclonal antibodies (MAb) provided
by M. F. Clark (Horticulture Research International, East
Malling, United Kingdom) were used for the test. The antibodies
were produced against four different TuMV strains: MAb 51,



67, and 68 against the CZE strain; MAb 58, 59, 60, 61, 70, RESULTSAND DISCUSSION
and 71 against the UK 1 strain; MAb 72, 73, 74, 75, 76, and 77
against the CDN strain; and MADb 78, 79, 80, 81, and 82 against For 3 years, starting in the fall of 1993, a large screening of
the GK strain. TuMV-infected plants was carried out in the Campania region of
Leaf sap from infected C. quinoa was diluted 1:30 in 50 mM Italy. Many isolates were collected from several fields randomly
carbonate buffer, pH 9.6, pipetted into microtiter plates, and kept chosen in two highly cultivated areas of approximately 1,500 km
overnight at 4°C. Plates were incubated for 2 h at 37°C, first witeach. Plants showed a broad variability of reaction to TuMV: the
MAb and then with peroxidase-conjugated anti-mouse immunosame host could be immune, resistant, or show a different symp-
globulin G (Sigma Immunochemicals, St. Louis), both diluted intomatology in different cultivated areas and even in different in-
phosphate-buffered saline, pH 7.5, containing 0.5% Tween-20, 2%cted plants in the same field. DAS-ELISA and immunosorbent
polyvinylpyrrolidone, and 0.2% bovine serum albumin. For theelectron microscopy (15) confirmed all the isolates as TuMV. Eight
color reaction, plates were incubated for 5 min with,3,3 tetra-  isolates were selected based on the natural host infected and on
methylbenzidine as a substrate. Readings were taken at 450 tine distinctive symptom reactions (Table 1).
using a Titertek Multiskan Plus MK Il ELISA reader (Titertek Instru- TuMYV isolates have previously been characterized by inocula-
ments, Inc., Huntsville, AL). Colorimetric readings at least twicetion on four differential lines dB. napus (9). Pathotypes were dis-
the value of the negative control (healt@y quinoa) were con-  criminated by three different symptom phenotypes: local infection
sidered as positives. only (resistance), systemic infection (susceptibility), and no infec-
SSCP analysis. Total RNA was extracted from fresh, frozen, tion (apparent immunity). Pathotypes were further differentiated
and freeze-drie€. quinoa- andB. perviridis-infected leaves. Fro- on the basis of the initial local symptoms they induced in suscep-
zen and fresh leaf tissue (50 mg) were ground in 0.5 ml of extratible plants, which could be either chlorotic or necrotic. With this
tion buffer (1.0 M Tris-HCI, pH 9.0; 10 mM EDTA; 100 mM LiCl; approach, 12 pathotypes were reported. These same lines were used
and 2% sodium dodecy! sulfate), added to an equal volume &b investigate whether the eight TuMV isolates studied here could
phenol, and incubated at 70°C for 5 min. The water phase wdse ascribed to specific pathotype groups. Patterns of reactions in-
recovered after centrifugation and extracted with phenol, pheduced in differentiaB. napus lines by the isolates are shown in
nol/chloroform (1:1), and chloroform. RNA was precipitated Table 2. The inoculations were repeated several times, and ELISA
with ethanol for 60 min at —70°C and resuspended in 10 pl ofn inoculated and uninoculated leaves confirmed the presence or
water. Freeze-dried samples were processed in the same way aftbsence of viral particles. With this test, we were able to assign
rehydration in phosphate buffer, pH 7.5 (1:10). One-tenth ofhe isolates to five or six pathotype groups. However, classification
the RNA extraction was used to synthesize oligo(dT)-primedy using thes®. napus differential lines showed some limitations.
cDNA with Superscript Il reverse transcriptase (Gibco BRL,Although the eight Italian isolates could be ascribed to pathotype
Burlington, Ontario, Canada). For amplification of the CP genegroups, in some cases, assignation to a particular group proved to
a primer pair based on the nucleotide sequence of the Canlae difficult. It was not possible to definitely ascribe isolates ITA4,
dian strain was used (18): JF7a-@BSTGTTGAGGCTTGGA-  ITA5, and ITA6 to pathotype group 3 or 5, since the local lesions
TCCGAACCATGGCAGGTGAAAG-3) (nucleotides 8,737 to induced in ‘Rape R4’, which always started as chlorotic, could
8,774 of the RNA genome) and FT4d-TATAGTCTACCA- either stay chlorotic or turn necrotic in different plants that had been
GGATCCACTTCATAACCCCTGAAGGCC-3 (complementary simultaneously inoculated under the same conditions. Furthermore,
to nucleotides 9,605 to 9,643 of the RNAngme). Tag DNA  isolates ITAL to ITA7 were previously tested by Jenner and Walsh
polymerase (BIO/CAN Scientific, Mississauga, Ontario, Canada]9). Only ITA1 and ITA2 were assigned to the same groups as in this
was used with one-fifth of the reverse-transcriptase (RT) prodstudy. This discrepancy may result from different environmental
uct for polymerase chain reaction (PCR) amplification. PCRgrowth conditions affecting the plant response to infection.
conditions were 2 cycles of 1 min at 94°C; 32 cycles of 30 s at The TuMV isolates were also compared on 27 plant species
94°C, 30 s at 50°C, and 2 min at 72°C; and 1 cycle of 5 min gfTable 3). Plants of the same age were inoculated at the same time
72°C. For total RNA extracted from infected leaves, the anand observed over 7 weeks for production of local and systemic
nealing temperature was occasionally increased to 55°C, arsymptoms and for symptomatological variability within and among
0.1% skim milk powder was added to the PCR mix to obtainsolates. Several species reacted similarly to all isolates. For exam-
specific PCR products in a higher amount. Restrictindoau-  ple, Cucumis sativus, Datura stramonium, Lactuca sativa, and
cleasedHinfl and EcoRI were incubated with RT-PCR products to Ocimum basilicum did not show any symptoms and were not in-
obtain fragments of a maximum of 280 bp in length. Cleaved DNAected when tested by ELISA. Equally, systemic mosaic symptoms,
was denatured by heating 10 min at 95°C in 0.3 volume o&nd in some cases, leaf distortion were observed for all isolates on
formamide containing 20 mM EDTA and 0.1% bromophenol blueB. pekinensis, B. rapa var. rapa, C. quinoa, Matthiola incana,
and immediately cooled on ice. Electrophoresis was carried out inNicotiana benthamiana, Petunia hybrida, and Zinnia elegans.
Miniprotean Il apparatus (Bio-Rad Laboratories, MississaugalNevertheless, systematic analysis of the symptoms suggested that
Ontario, Canada) in a 10% polyacrylamide bisacrylamide (29:1the isolates were all biologically distinct.
1-mme-thick gel with X TBE buffer (90 mM Tris, 90 mM borate,
and 2 mM EDTA), pH 8.0. The running conditions were 200 TABLE 2. Reactions of turnip mosaic virus isolates on differential Brassica
V (constant) and 20 mA for 1 to 2 h at room temperature (18 napus lines
to 25°C). The gel was silver-stained (2).

Plant line

TABLE 1. Origin of the Italian isolates Isolate Rape S6 RapeR4 Swede165 SwedeSl Pathotype

ITAL +a + 0 R 6
Isolate Plant Symptoms ITA2 + R 0 R 9
ITAL Brassica ruvo Severe leaf crinkling ITA3 + + 0 R 6
ITA2 Cheirantus cheiri Rugose mosaic ITA4 + +N 0 + 3ors
ITA3 Brassica ruvo Severe vein clearing ITAS + +N 0 + 3or5
ITA4 Brassica rapa var. rapa Chlorosis and ring spotting ITA6 + +N 0 + 3ors
ITA5 Brassicarapa var. septices  Diffuse yellowing and browning ITA7 R R 0 R 2
ITA6 Matthiola incana Flower color breaking ITA8 + + 0 0 10
ITA7 Raphanus sativus Veinal and interveinal clearings 20 = No infection, immune; R = local infection only, resistant; + = systemic
ITA8 Papaver rhoeas Lesf crinkling infection, susceptible; and N = local necrotic symptoms.

Vol. 88, No. 11, 1998 1201



TABLE 3. Reactions of test species to turnip mosaic virus isolates

Isolate
Species ITAL1 ITA2 ITA3 ITA4 ITAS ITA6 ITA7 ITA8
Brassica pekinensis SM, fLD2 SM, fLD SM SM sSM, LD sSM, S sSM, LD SM
Brassicarapa var. rapa SM VC, SM SM SM SM SM VC, SM VC, SM
Capsicum annuum fvC fvC
Chenopodium amaranticolor SCS LCS LCS LCS SCS SCS LCS SCS
Chenopodium quinoa sSCS sSCS sSCS fSCS sSCS sSCS sSCS sSCS
Cucumis sativus
Cucurbita pepo fvC fvC
Datura metel SCS SCS SCS SCS SCS
Datura stramonim
Gomphrena globosa LNS, NSS LNS, NSS LNS, NSS LNS, NSS LNS, NSS
Lactuca sativa
Lycopersicon esculentum VvC VvC VvC VvC LCD, NSS LCD, NSS
Matthiola incana SM SM SM SM SM SM SM SM
Nicotiana benthamiana SM, LD SM, LD SM, LD sSM, PD sSM, LD SM, LD SM, LD sSM, LD
Nicotiana glauca SCS SCS SCS SCS
Nicotiana glutinosa LNS, NSS LNS, NSS LNS, SM LNS, NSS LNS, SM LNS, SM LNS, NSS LNS, NSS
Nicotiana rustica LCS, NSS LCS, NSS LCS, SCR SCS LNS, NSS LCS, NSS
Nicotiana tabacum cv. Burley 64 LNS, NSS LND, NSS LNS, NSS LND, NSS LNS, NSS LNS, NSS LNS, NSS LNS, NSS
Ocimum basilicum
Petunia hybrida SM SCD SM SM SM SM SCD SM
Phaseolus vulgaris LND LND LND
Physalis floridana LNS, NSS LNS, NSS LCD, sSM LNS, NSS LNS, NSS
Physalis oxycarpa SM SCS SM SCS SM SM SM SM
Pisum sativum LND, NSS LND, NSS LND, NSS
Sonchus oleraceus LNS, NSS LND, NSS ... LND, NSS LND, NSS
Tetragonia expansa LCS, NSS LCS, NSS LCS, NSS LCS, NSS LCS, NSS LCS, NSS LCS, NSS
Zinnia elegans SM SM VC SM SM SM SM VC
a ... = no reaction, LCD = local chlorotic dotting, LCS = local chlorotic spots, LD = leaf distortion, LND = local necrotic, ddtttg local necrotic spots, NSS =

no systemic symptoms, PD = plant death, S = stunting, SCD = systemic chlorotic dotting, SCR = systemic chlorotic ringst&@i8 shéorotic spots, SM =
systemic mosaic, and VC = vein clearing. The letters f and s in front of the reaction codes refer to the intensity airthédattt and s = severe.

TABLE 4. Reactions of economically important regional plants to turnip mosaic virus isolates

Isolate
Species ITAL ITA2 ITA3 ITA4 ITAS ITA6 ITA7 ITA8
Brassica oleracea .2
Brassica oleracea var. botrytis
Brassica ruvo fvC sVC VC, SCS VvC VvC
Brassica rapa var.rapa VvC VC VvC VC, VN SM VvC VvC VvC
Diplotaxis erucoideses fLCD fLCD fLCD
Eruca sativa LNS, SM LCR VB LNS, VN, SM, PD  LNS, VC, SM,PD LNS, VC, SM, PD SM, VC SM, VC
Raphanus sativus SM, P LCD

a ... no reaction, LCR = local chlorotic rings, LCD = local chlorotic dotting, LNS = local necrotic spots, P = leaf puckeringl@Pbdeath, SCS = systemic
chlorotic spots, SM = systemic mosaic, VB = vein banding, VC = vein clearing, and VN = veinal necrosis. The letters fflamd sfithe reaction codes

refer to the intensity of the reaction: f = faint and s = severe.

Seven economically important species, mostly cultivated and
commercialized in the Campania region, were also tested for reac-
tion to the TuUMYV isolates (Table 4). The two B. oleracea varieties
were immune to all isolates. This is consistent with the fact that
TuMV has never been reported infecting this species in Campania
and only oncein Italy (31). On the other hand, Eruca sativa (cul-
tivated rocket) and B. rapa var. rapa were susceptible to al TuMV
isolates. Only isolates ITAL, ITA7, and ITA8 could infect Diplo-
taxis erucoides (wild rocket). Systemic infections were aso pro-
duced in B. ruvo by the ITA3, ITA4, ITA5, and ITA6 isolates. Raph-
anus sativus was susceptible only to ITA4 and ITA7. Thus, host range
and symptomatology experiments demonstrated the wide variability
among the TuMYV isolates and the biologica difference of them all.

Reactivities of the Italian isolates, with the exception of ITAS,
were further tested against 20 MAb by ELISA (Table 5). No se-
rological differences were observed among the TuMV isolates
with 14 of the 20 MAb. Only MADb 75 was found to be specific for
asingleisolate, ITA2. On the other hand, MADb 70 reacted with all
isolates except ITA2. The other MAD reacted with at least three
isolates. The isolates could be distinguished from each other by
using a combination of MAb 59, 68, 71, and 77, but ITA1 and
ITA3 isolates possessed identical serological profiles.
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The analysis of the SSCP of the CP gene was carried out to con-
firm the variability of the TuUMV strains at the molecular level.
The Canadian strain was included as a reference standard. The iso-
lates produced specific SSCP profiles (Fig. 1). The best difference
in the migration patterns was observed among the faster migrating
fragments; the slower migrating bands represented partially dena-
tured or renatured species (11,25,26). With the exception of ITA1
and ITAS, isolates could be differentiated from one another. The
ITAS and ITAG profiles were only slightly different, but repeated
experiments showed that the difference was consistent. Interest-
ingly, ITA1 and ITA3, which had the sasme SSCP profile, reacted
identically with the MAb. However, one must be cautious when
examining SSCP data. SSCP is dependent on RT-PCR amplifica-
tion, resulting in products representative of the TuMV isolates.
The PCR primers may, in some cases, present amplifications from
a sequence that does not represent the majority of the virus popu-
lation (7).

Considerable biological variation in TuUMV isolates has been
observed (9) and was recently shown to originate, in part, in the
coat protein (12,19). Variability from diverse geographic origin was
also reported for potyviruses (5,23,24,30). This study demonstrates
that potyvirus variation can aso be observed even in a small geo-



Fig. 1.
virus is

& mosaic
€ standard

(Canadian |solate [C]) and the Italian isolates ITAS (5) ITA6 (6) ITA7 (7) and ITA8 (8) Each |solate produced a sp@afprcsma The line between the
two black squares indicates the region of highest polymorphism among the isolates.

TABLE 5. Reactivity of monoclonal antibodies (MADb) to turnip mosaic virus

isolates in enzyme-linked immunosorbent assay

MAb?2
Isolate 59 68 70 71 75 e
ITAL +b - + - - -
ITA2 - - - + + +
ITA3 + - + - -
ITA4 - + + - - +
ITAS - - + - - +
ITA6 + + + + - -
ITA7 + + + + - +

»>2.

>4

aMADb 51, 60, 61, 72, 73, 74, 78, and 82 did not react with any of the iso-

lates. MAb 58, 67, 79, 80, and 81 reacted with all the isolates.

>s5.

b Sample was scored as positive (+) when its colorimetric reading at 450 nm

was at least two times the value of the negative control (he@héyopo-
dium quinoa) included in the same plate. — = scored as negative.

graphic region as evidenced by host range, symptoms, serology,
and SSCP. Our investigation illustrates the importance of hav-
ing several classification criteria based on different properties
of the virus. For instance, isolates ITA4, ITA5, and ITA6 were
assigned to the same pathotype group on B. napus test lines,
but differed in host range, symptoms, serology, and SSCP. Simi-
larly, ITA1 and ITA3, belonging to the same pathotype group,
were indistinguishable by serology and SSCP, but had dif-
ferent host ranges and symptoms. The coexistence of several
TuMYV isolates in a restricted geographic area has important
implications for TUMV evolution and epidemiology of the dis-
ease. The possibility of coinfections is high, which may lead
to amore severe disease. In addition, deployment of resistant culti-
vars becomes much more problematic.
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