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Abstract A Luminex xTAG-based assay for plant-infect-

ing tospoviruses was developed. The test enables the

detection of tospoviruses in general and the differentiation

of the four important member species of this genus: To-

mato spotted wilt virus, Impatiens necrotic spot virus, the

proposed ‘Capsicum chlorosis virus’ and Watermelon sil-

ver mottle virus. The generic tospovirus primers used in

this method are also applicable for detection of tospo-

viruses by basic RT-PCR. We also describe an economic

alternative method for the distinction of the four tospo-

viruses mentioned and of additional member viruses, based

on a restriction fragment length polymorphism (RFLP).

The sophisticated Luminex xTAG technology allows the

simultaneous detection of various targets. This study is part

of a project that aims to develop a method for the simul-

taneous detection of various plant pathogens (viral, bacte-

rial and fungal) in plant material.

Introduction

The genus Tospovirus comprises all plant-infecting viruses

of the family Bunyaviridae. The other four genera of this

family (Orthobunyavirus, Phlebovirus, Nairovirus and

Hantavirus) contain animal infecting viruses. The genus

Tospovirus obtained its name from the type species Tomato

spotted wilt virus and contains 11 approved species and 20

tentative species [1–3]. These viruses have quasi-spherical

particles, with a diameter of 80-120 nm, enveloped by a

host-derived membrane. The two glycoproteins Gn and Gc

are embedded in this membrane. Particles contain a tri-

partite single-stranded RNA genome with negative- or

ambi-sense polarity. The three RNAs differ in size and are

thus called large (L), medium (M) and small (S). All three

RNAs are incorporated in one particle but independently

packaged by many copies of the nucleoprotein and a few

copies of the viral RNA-dependent RNA polymerase [4, 5].

Tospoviruses have a large host range: tomato spotted

wilt virus (TSWV) infects for example 1,090 plant species

belonging to 85 families, including many economically

important crop plants and numerous weed species [6]. On

the other hand, other tospoviral species have a more

restricted host range. Some of the members, such as

TSWV, impatiens necrotic spot virus (INSV) and iris yel-

low spot virus (IYSV), are found worldwide, while others

are restricted to certain regions: for example watermelon

silver mottle virus (WSMoV) is restricted to Asia, cap-

sicum chlorosis virus (CaCV) to Asia and Australasia and

polygonum ringspot virus (PolRSV) to Europe [7]. The

same applies to the thrips vector species (insect order:

Thysanoptera): some have a worldwide distribution like

Frankliniella occidentalis [8], while others are restricted to

single countries: for example Thrips setosus can be found

only in Japan [9]. Both species of thrips are vectors of

TSWV [10]. Overall, fifteen species of thrips transmit

tospoviruses in a persistent and propagative manner [10]

and are critical for their epidemiology [7]. The host range

and geographical distribution of the established tospovirus

species have increased in recent years [7]. Additionally,

new species belonging to the Tospovirus genus have been

proposed in recent years, such as ‘Alstroemeria necrotic
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streak virus’ [11], ‘Pepper necrotic spot virus’ [12] and

‘Tomato necrotic spot virus’ [13].

Based on the large loss of produce and economic

damage caused, tospoviruses are thought to be the most

devastating plant viruses [14, 15]. This makes the diag-

nosis of tospoviral infections an important issue, espe-

cially for plant protection services trying to confine

further spread of associated diseases. ELISA, RT-PCR

and quantitative or real time RT-qPCR can be used to

detect tospoviruses and to discriminate different species.

Because of its robustness and sensitivity, ELISA is often

the standard method of choice for plant virus diagnostics

[16]. Tospoviruses can be serologically detected by

polyclonal antibodies against the nucleocapsid protein and

distinguished into four major serogroups with TSWV,

WSMoV, IYSV and groundnut yellow spot virus (GYSV)

being the type species [17, 18]. Some tospoviruses have

no clear serological relationship to the serogroups and are

seen as distinct mono-serotypes [19]. In most cases,

monoclonal antibodies can also be used to classify

tospoviral species in serogroups [19], but some tospo-

viruses with high amino acid sequence similarity such as

CaCV, WSMoV, groundnut bud necrosis virus (GBNV)

and watermelon bud necrosis virus (WBNV), are difficult

to distinguish even with monoclonal antibodies [20, 21].

This cross-reactivity has also been described when using

commercial antibodies or ELISA tests supplied by the

Leibniz Institute DSMZ-German Collection of Microor-

ganisms and Cell Cultures (DSMZ; Braunschweig, Ger-

many), Agdia (Elkhart, USA) and LOEWE Biochemica

(Sauerlach, Germany). For TSWV antibodies, possible

cross-reactivity with groundnut ringspot virus (GRSV),

tomato chlorotic spot virus (TCSV) and chrysanthemum

stem necrosis virus (CSNV) are known. This cross-reac-

tivity among species complicates distinction of different

tospoviruses by ELISA. Additionally, an ELISA test has

to be performed independently for every species, since

multiplexing is not possible. Multiplex RT-PCRs can be a

solution for this and have been described for the detection

of TSWV, INSV, CSNV, IYSV and CaCV [22] as well as

for detection of TSWV, melon yellow spot virus

(MYSV), WSMoV, INSV and IYSV [23].

In this study a new method for plant virus diagnosis is

described using the Luminex xTAG technology to test

for tospoviruses in general and for the four species

TSWV, WSMoV, INSV and CaCV. Virus samples of 12

tospovirus isolates from eight different species were

obtained from the DSMZ. The nucleic acid-based assay

platform of the Luminex xTAG technology allows the

simultaneous detection of theoretically up to 500 analytes

in one sample. Tospoviral RNA is transcribed into cDNA

and amplified in a first RT-PCR. The products are then

subjected to a target specific primer extension (TSPE)

reaction, for which tagged primers and biotinylated dCTP

are used. The primer tags allow the hybridization of

TSPE products to complementary anti-tags coupled to

Luminex MagPlex-TAG Microspheres. These paramag-

netic polystyrene ‘‘beads’’ are filled with a mix of two to

three fluorescent dyes at different ratios, enabling their

later identification through excitation and measured flu-

orescence and thus the identification of bound TSPE

products. The presence of hybridized TSPE products is

revealed through the binding of streptavidin-R-phyco-

erythrin to the incorporated biotin, its excitation and

detection of the resulting fluorescence. The test proce-

dure is described in detail by van der Vlugt et al. [24].

This technique has been used in human medicine for

diagnosis of respiratory viruses such as influenza and

coronaviruses, among others [25]. In recent years, this

technique has been adapted for the diagnostics of plant

pathogens. Van Brunschot et al. detected and distin-

guished different begomoviruses and their whitefly vec-

tors [26] and different pospiviroids [27] applying this

method. Lim et al. [28] used it for the simultaneous

detection of three lily-infecting viruses. Together, these

studies demonstrate the advantage of this approach which

allows combination of tests for various pathogens to

detect the most important diseases of a particular crop.

Our work should contribute to this end, as part of a

project for the development of a simultaneous detection

method for various viral, bacterial and fungal plant

pathogens. Additionally, this study describes a more

economical approach for generic tospovirus detection by

RT-PCR and for the differentiation of tospoviral species

by restriction fragment length polymorphism (RFLP).

Materials and methods

Virus specimens

Infected, dried plant material of 12 tospoviral isolates from

eight different species was obtained from the DSMZ

including single isolates of alstroemeria necrotic streak

virus (ANSV), CaCV, GRSV, IYSV, TCSV and WSMoV

as well as three isolates each of INSV and TSWV. Infor-

mation about the viral origin (host plant, country of origin

and provider) was supplied by the DSMZ (Table 1) for

most isolates. All 12 isolates were mechanically inoculated

on Nicotiana benthamiana plants using phosphate buffer

(0.05 M KH2PO4, 0.05 M Na2HPO4, 1 mM EDTA, 5 mM

Na-DIECA) with a spatula tip of celite and charcoal.

Inoculated plants were grown in a greenhouse and moni-

tored for symptom expression. Leaves of plants showing

systemic symptoms (after one to two weeks) were used for

RNA extraction.
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Nucleic acid extraction

Total RNA was extracted once from infected, dried plant

material, twice from infected N. benthamiana plants and

three times from healthy N. benthamiana plants. The

RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) was

used, following the manufacturer’s instructions.

Primer design

Primers for general tospovirus detection, for pre-amplifi-

cation and for TSPE reactions were designed on the basis

of alignments of nucleotide sequences. Sequences of seg-

ment M were retrieved from GenBank (National Center for

Biotechnology Information), imported into CLC Main

Workbench (CLC bio, Aarhus, Denmark) and aligned. For

the general detection primers (Tospo_GENs/as), the pre-

amplification primers (Tospo_OUTs/Tospo_GENas) and

the generic TSPE primers (tTospo_GENs/as), the align-

ments were analyzed for conserved regions and corre-

sponding sequences were chosen for the primers. Some

degenerate bases were inserted into primers sequences. For

the species-specific TSPE primers tTSWVs/as, tINSVs/as,

tWSMoVs/as and tCaCVs/as, conserved regions for each of

the species were identified in the alignments and relevant

sequences used for the primers. As internal control primers

we used the pre-amplification primers (Nad5s/as) for the

NADH dehydrogenase subunit 5 gene (nad5) from Menzel

et al. [29] and the TSPE primer (tNad5) for nad5 from van

Brunschot et al. [26] and adapted from Botermans et al.

[30]. The tag sequences were added to all TSPE primers by

Luminex (Austin, USA) and were complementary to anti-

tags on the microspheres’ surfaces. The primers were

synthesized by Eurofins Scientific (Luxembourg). Table 2

displays their characteristics.

Pre-amplification RT-PCR

Viral RNA was transcribed into cDNA and then amplified

using the Access RT-PCR System kit (Promega, Fitchburg,

USA), using the concentrations specified by the manufac-

turer in a volume of 25 ll, in covered 96-well Multiply

PCR plates (Sarstedt, Nuembrecht, Germany). The fol-

lowing incubations were carried out: 45 min at 45 �C,

2 min at 94 �C, 30 cycles of 30 s at 94 �C, 30 s at 47 �C
and 30 s at 68 �C, followed by a final extension of 7 min at

68 �C. The internal control primers (Nad5s/as) and the

degenerate primers (Tospo_OUTs/Tospo_GENas) were

used, enabling the production of a 180 bp fragment for all

plant samples and a 480 bp fragment for all tospoviruses.

After RT-PCR, 5 ll of each product were stained with 1 ll

of loading buffer (37.5% glycerol, 0.2% bromophenol blue,

125X GelRed [Biotium, Hayward, USA]) and loaded on an

agarose gel (1%) to visualize the expected fragments.

TSPE reaction

The pre-amplification products were directly used for a

multiplex TSPE reaction. Primers were extended and bio-

tin-14-dCTP (Thermo Fisher Scientific, Waltham, USA),

instead of normal dCTP, was incorporated, alongside with

the remaining unmodified nucleotides (dATP, dGTP,

dTTP; Thermo Fisher Scientific). A set of eleven primers

was used: two generic primers, to detect all tospoviruses

(tTospo_GENs/as), eight specific primers, to identify four

tospovirus species (tTSWVs/as, tINSVs/as, tWSMoVs/as

and tCaCVs/as) and one plant internal control primer

(tNad5) for nad5. TSPE mixes of 20 ll containing 5 ll of

the pre-amplification products were prepared (0.75 U

Platinum GenoTYPE Tsp DNA polymerase [Thermo

Fisher Scientific], 5 lM biotin-14-dCTP, 5 lM each of

Table 1 Tospovirus species and isolates from the DSMZ with information about the original host plant, the country of origin and the provider as

supplied by the DSMZ

Tospovirus Isolate Host plant Country of origin Provider

Alstroemeria necrotic streak virus (ANSV) PV-1027 Alstroemeria sp. Colombia R. Kormelink

Capsicum chlorosis virus (CaCV) PV-0864 Solanum lycopersicum Thailand E. Maiss

Groundnut ringspot virus (GRSV) PV-0205 Arachis hypogaea South Africa G. Pietersen

Impatiens necrotic spot virus (INSV) PV-0280 Hippeastrum sp. USA O.W. Barnett

INSV PV-0281 Anemone coronaria Germany J. Dalchow

INSV PV-0485 Gloxinia sp. unknown P. Roggero

Iris yellow spot virus (IYSV) PV-0528 Allium ampeloprasum unknown J.T.J. Verhoeven

Tomato chlorotic spot virus (TCSV) PV-0391 Capsicum annuum Brazil O. Lovisolo

Tomato spotted wilt virus (TSWV) PV-0182 Nicotiana tabacum Bulgaria M. Jankulova

TSWV PV-0204 Impatiens New Guinea Hybrid unknown D.-E. Lesemann

TSWV PV-0393 Nicotiana tabacum Bulgaria M. Jankulova

Watermelon silver mottle virus (WSMoV) PV-0283 Solanum lycopersicum Taiwan S.K. Green
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normal dATP, dGTP and dTTP, 1.5 mM MgCl2, 25 nM of

each primer, 1X PCR reaction buffer [Thermo Fisher Sci-

entific] and sterile water up to 20 ll). The reaction mix was

incubated under the following conditions in covered

96-well Multiply PCR plates: one cycle of 2 min at 94 �C,

30 cycles of 30 s at 94 �C, 30 s at 45 �C and 1 min at

72 �C, followed by a final extension of 5 min at 72 �C.

Microsphere hybridization

The TSPE products were hybridized to the corresponding

beads. A mix of the eleven Luminex MagPlex-TAG

Microspheres (MTAG-A075, MTAG-A072, MTAG-A067,

MTAG-A064, MTAG-A063, MTAG-A056, MTAG-A053,

MTAG-A043, MTAG-A042, MTAG-A039 and MTAG-

A019) was prepared (0.5 ll of each bead per reaction

containing 1,250 beads) in 2X Tm hybridization buffer

(0.4 M NaCl, 0.2 M Tris, 0.16% Triton X-100, pH 8.0;

25 ll per reaction) and double distilled and deionized

water (13.5 ll per reaction). The mixture was split into

96-well polycarbonate microplates (Corning, Corning,

USA) and 5 ll of the TSPE products were added to each

well, for a final volume of 50 ll with 25 microspheres per

microliter of hybridization mixture. Interactions between

the complementary tag sequences of the TSPE primers and

anti-tag sequences coupled to the microspheres allowed the

hybridization of TSPE products to the beads. To facilitate

this, the mixtures were first denatured at 96 �C for 90 s and

then incubated at 37 �C for 30 min.

Luminex assay

After hybridization the mixtures were moved to Cellstar

96-well cell culture plates (Greiner Bio-One,

Kremsmuenster, Austria) and the microspheres were pel-

leted on a magnetic separator for 1 min. The supernatants

were discarded and the beads resuspended and washed

twice in 80 ll 1X Tm hybridization buffer per well. The

supernatants were removed again and 80 ll of 1X Tm

hybridization buffer containing streptavidin-R-phycoery-

thrin (2 lg/ml; Thermo Fisher Scientific) were added to

each well. The plates were protected from light and incu-

bated on a shaker (600 rpm) at room temperature for

15 min. After pelleting the microspheres again, the super-

natants were discarded and the microspheres resuspended

in 90 ll of 1X Tm hybridization buffer per well. Finally,

70 ll per sample were analyzed in a Luminex 200 System

with the xPONENT Software (Version 3.0; Luminex). A

red laser (635 nm) excited the bead dyes and a green laser

(532 nm) excited the R-phycoerythrin, bound via strepta-

vidin and biotin to the TSPE products. The fluorescence of

the R-phycoerythrin was recorded as the median fluores-

cence intensity (MFI) signal, allowing identification of

samples containing amplified plant or tospoviral nucleic

acids. Identification of these nucleic acids could be

achieved by the fluorescence of the bead dyes, which are

unique for each microsphere with its specific anti-tag.

Three independent measurements were performed with the

three RNA extractions described above.

Table 2 Characteristics of oligonucleotide primers used in this study

Name Sequence (50-30) Length

[nts]

Fragment

size [bp]

Corresponding

microsphere

Tospo_GENs TCHTNCCAACHTGGRAYAG 19 420

Tospo_GENas TGCADGCYTCAATNAADGC 19 480

Tospo_OUTs TVACHAAYTGGAARAATGA 19

Nad5s GATGCTTCTTGGGGCTTCTTGTT 23

180Nad5as CTCCAGTCACCAACATTGGCATAA 24

tTospo_GENs CTTAAACTCTACTTACTTCTAATT-TCHTNCCAACHTGGRAYAG 43

420

MTAG-A056

tTospo_GENas CATAAATCTTCTCATTCTAACAAA-TGCADGCYTCAATNAADGC 43 MTAG-A075

tTSWVs ACAAATATCTAACTACTATCACAA-AACCCTACAGGGAAAC 40

180

MTAG-A039

tTSWVas TTAACAACTTATACAAACACAAAC-CTGCACATCAAATGC 39 MTAG-A053

tINSVs ATACTTTACAAACAAATAACACAC-ACCAAGATAATTAAGATACA 44

260

MTAG-A019

tINSVas ATCTCAATTACAATAACACACAAA-AAGCTGAACACAATTC 40 MTAG-A067

tWSMoVs CACTACACATTTATCATAACAAAT-GTCAGTTTCACTATAAGC 42

260

MTAG-A042

tWSMoVas CTATCATTTATCTCTTTCTCAATT-TAAGTTGCATGCACTG 40 MTAG-A072

tCaCVs CTAAATCACATACTTAACAACAAA-GTCAGCTTCACTATAAAT 42

260

MTAG-A063

tCaCVas TTCAATTCAAATCAAACACATCAT-TTGAGTTGCATGCAGTA 41 MTAG-A064

tNad5 AACTTTCTCTCTCTATTCTTATTT-AGGATCCGCATAGCCCTCGATTTATGTG 52 MTAG-A043

TSPE primer names are preceded by the letter t, their tag sequences are italicized and their corresponding Luminex MagPlex-TAG Microspheres

with bead addresses are listed
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RT-PCR and RFLP

For the general detection of tospoviruses, RNA from

infected plant material was transcribed into cDNA by

incubating 4 ll of water, 2 ll of RNA, 1 ll of primer

Tospo_GENas (10 lM) and 0.5 ll of dNTP mix (10 mM

each) at 99 �C for 3 min. The reaction mix was then cooled

on ice and 0.5 ll of RevertAid reverse transcriptase (20 U/

ll; Thermo Fischer Scientific) and 2 ll of 5X reaction

buffer (RevertAid; Thermo Fisher Scientific), were added.

The mixture was then incubated at 42 �C for 60 min. The

cDNA was amplified in a reaction mix consisting of 10 ll

of Phusion Flash High-Fidelity PCR Master Mix (Thermo

Fisher Scientific), 6 ll of water, 2 ll of cDNA, 1 ll of

primer Tospo_GENs and 1 ll of primer Tospo_GENas and

was incubated under the following conditions: one cycle

for 15 s at 98 �C, 34 cycles of 5 s at 98 �C, 5 s at 52 �C
and 15 s at 72 �C and a final extension of 5 min at 72 �C.

PCR products were analyzed by gel electrophoresis on an

agarose gel. For distinction of tospoviruses by RFLP, an

RT-PCR was performed like above and the products were

digested with the restriction enzymes HinfI (Thermo Fisher

Scientific) and BclI (New England Biolabs, Ipswich, USA).

For this, 20 ll of each PCR product were mixed with 2 ll

of HinfI (10 U/ll), 2 ll of BclI (10 U/ll), 3 ll of 10X

FastDigest buffer (Thermo Fisher Scientific) and 3 ll of

water and incubated at 37 �C for one hour. RFLP reactions

were visualized using gel electrophoresis.

Results

Luminex assay for tospovirus detection

and distinction

We verified by conventional RT-PCR experiments that the

pre-amplification and generic primers worked with tospo-

virus RNA and that the species-specific primers were

specific for the corresponding virus species (data not

shown). After pre-amplification with the four primers

Tospo_OUTs/Tospo_GENas and Nad5s/as, the RT-PCR

products were used in TSPE reactions with all eleven TSPE

primers (tTospo_GENs/as, tTSWVs/as, tINSVs/as,

tWSMoVs/as, tCaCVs/as and tNad5). TSPE products were

hybridized to the corresponding eleven MagPlex-TAG

Microspheres listed in Table 2 and the hybridization mix

was analyzed. Three independent Luminex tests were

conducted to verify the reliability of the method. Every test

included new RNA extractions, pre-amplifications, TSPE

reactions, hybridizations and Luminex measurements. The

mean values of the MFIs of the three Luminex measure-

ments were determined and plotted in Fig. 1.

Fig. 1 Results of three independent measurements of the Luminex

assay. The tests were conducted against tospoviruses in general,

against the tospoviral species CaCV, INSV, TSWV and WSMoV as

well as against a plant internal control. Plant material isolated from a

series of plants, each infected with one of the 12 tospoviral isolates,

healthy plant material and a water control were used in each test. The

MFI values were measured and the mean values of the three

measurements were plotted as well as the standard deviations. The

threshold for all tests was set at twice the mean MFI value of the

water control of the tNad5 test (dashed line)

Molecular assay for the general detection and the distinction between tospoviral species 1523
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The generic primer tTospo_GENs detected most tospo-

viruses, except IYSV and WSMoV. The positive signal

ranged from 333 for one INSV isolate to 1,135 for one

TSWV isolate. IYSV- and WSMoV-infected plant material

produced a signal of 117 and 123, respectively, not

exceeding the threshold set at 323 (light grey columns in

Fig. 1). The internal control TSPE primer (tNad5) detected

the nad5 gene in previously amplified plant material in

almost all samples, with MFIs ranging from 415 for one

INSV isolate to 1,048 for CaCV. Only in the WSMoV

sample the threshold was not reached, with a value of 239

(checkered columns in Fig. 1). Each species-specific sense

TSPE primer correctly identified the target virus species it

was designed to detect. The tCaCVs primer produced a

high signal of 1,499 in the CaCV infected samples but no

signal was detected in any other sample or control (black

columns in Fig. 1). The tINSVs primer lead to high MFI

values of 1,148 to 1,708 only in the samples infected with

the three INSV isolates (diagonally striped columns in

Fig. 1). The signal induced by the tWSMoVs primer was

slightly lower (594) and also restricted to samples infected

with WSMoV (white columns in Fig. 1). The MFI values

generated by the tTSWVs primer were also slightly lower

(455-891) and restricted to samples containing the three

TSWV isolates tested. In this case, a slight reaction (MFI

of 268) also occurred in plants infected with ANSV (dark

grey columns in Fig. 1). The five antisense TSPE primers

(tTospo_GENas, tTSWVas, tINSVas, tWSMoVas and

tCaCVas) were tested as alternatives for the sense primers,

but they did not generate satisfactory results in Luminex

tests for tospovirus detection and distinction (data not

shown). As a threshold for all tests, an MFI value twice the

MFI value of the water control from the tNad5 test was

chosen, because this sample showed the highest MFI value

of all healthy plant and water controls. The values of the

other tests were comparable, but were left out of the fig-

ure for the sake of clarity (dashed line in Fig. 1).

Generic and specific tospovirus detection by RT-

PCR

The generic tospovirus primers Tospo_GENs/as (without

tags) allowed the detection of all eight tospoviruses and of

all three isolates of INSV and TSWV tested in RT-PCR

experiments. The expected fragment of about 420 bp was

produced when using RNA extracted from infected plants.

The primers generated no band when using RNA from

healthy plants or from plants infected with other viruses

like cucumber mosaic virus (CMV), plum pox virus (PPV)

and pepper mild mottle virus (PMMoV) (Fig. 2), demon-

strating the specificity of the primers.

The four species-specific primer pairs (without tags)

also worked in normal RT-PCRs for the identification of

these species (data not shown). These primers led to the

production of the expected fragments only when RNA from

plant material infected with the corresponding virus was

used. For TSWV the specific fragment was 180 bp in size

and for CaCV, INSV and WSMoV 260 bp. Primer

Fig. 2 Results of a RT-PCR with RNA from plants infected with 12

tospovirus isolates, CMV, PMMoV and PPV as well as RNA from

healthy plants and a water control using primers Tospo_GENs/as after

gel electrophoresis. Enterobacteria phage k DNA digested with PstI

was used as molecular-weight size marker. DNA fragments appear

larger than the expected 420 bp, because the DNA stain GelRed

changes the migration speed of DNA, depending on the concentra-

tions of DNA and GelRed [40]
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sequences can be deduced from Table 2 omitting the tag

sequences in italics.

RFLP distinction of tospoviruses

Most of the examined tospovirus species could be distin-

guished by a RFLP analysis using the restriction enzymes

HinfI and BclI after RT-PCR with primers Tospo_GENs/

as. The PCR products of the tospoviruses have different

restriction enzyme recognition sites which leads to a dis-

tinct pattern for most tospoviruses after gel electrophoresis.

RFLP analysis was first performed in silico using the

software CLC Main Workbench and tospoviral segment M

sequences from GenBank, to predict fragment sizes. After

RT-PCR, digestion and RFLP analysis, the predicted

fragments were observed for most viruses: for TSWV these

were 325 and 90 bp in size, for INSV they were 260, 90

and 70 bp, for WSMoV 290, 50, 30 and 20 bp, for CaCV

280, 80 and 30 bp, for GRSV 320 and 90 bp and for TCSV

they were 140, 90 and 50 bp. For IYSV, fragments of 310,

80 and 20 bp were detected, but a predicted 10 bp fragment

was not detected. For ANSV no predictions could be made

in silico because for this virus only a partial segment S

sequence (containing the nucleocapsid protein gene) is

available. Nevertheless, the RFLP pattern for the ANSV

was determined and fragments of about 320 and 90 bp

were detected. Therefore, the RFLP pattern of ANSV was

similar to that of GRSV and TSWV, and these three viruses

could not be clearly differentiated. CaCV, INSV, IYSV,

TCSV and WSMoV could be distinguished from these

viruses and from one another (Fig. 3).

Discussion

A molecular assay for the detection of tospoviruses in

general and for viruses from the four species belonging to

this genus (TSWV, INSV, CaCV and WSMoV), using the

Luminex xTAG technology, was successfully developed.

The generic tospovirus test with primer tTospo_GENs

detected six of the eight tested species. It failed to prove the

presence of IYSV and WSMoV. However, the same primer

without its tag, in combination with an antisense primer,

detected these two viruses in RT-PCR experiments. These

RT-PCR results suggest that with further optimization, the

generic tospovirus Luminex test could be improved to

detect all eight species. The failure to detect IYSV and

WSMoV might be a sensitivity problem of the generic

primer in the tospovirus Luminex test. The virus concen-

tration in these samples could be too low for detection, as

the TSPE reaction only linearly amplifies the target, while

a conventional PCR leads to an exponential amplification.

Alternatively, primers might not bind perfectly to target

sequences or the tag sequences of the TSPE primers might

Fig. 3 Results of a RFLP after

gel electrophoresis. RNA from

plants infected with 12

tospovirus isolates was

transcribed and amplified in a

RT-PCR with primers

Tospo_GENs/as. PCR products

were then digested using HinfI

and BclI. The O’GeneRuler

Ultra Low Range DNA Ladder

(Thermo Fisher Scientific) was

used as molecular-weight size

marker. The figure was

assembled from two gels

Molecular assay for the general detection and the distinction between tospoviral species 1525

123



interact non-specifically with plant or viral sequences. In

this case, adaptations of the primer or tag sequences might

solve the problem. The plant internal control primer tNad5

detected its target except in the case of WSMoV samples.

This result probably points to a low nucleic acid concen-

tration in the WSMoV samples preventing successful

detection of the internal control due to a sensitivity prob-

lem in this Luminex assay. By increasing the sample

number, the low nucleic acid concentration and low MFI

values of single samples in the hybridization mix would

probably be corrected, leading to exceedance of the

threshold. The species-specific tests using the primers

tCaCVs, tINSVs, tTSWVs and tWSMoVs were specific for

the viruses they were designed to detect. In the case of

tINSVs and tTSWVs, all three isolates of each of these two

viruses were successfully detected.

This study is one of only a few employing the Luminex

xTAG technology for the detection of plant pathogens and

the first for tospoviruses. So far it has been applied to

screen for begomoviruses and pospiviroids [26, 27], for lily

mottle virus (LMoV) and lily symptomless virus (LSV) in

lily plants [28] and for CMV and its two subgroups [31].

The related Luminex xMAP technology utilizing coupled

antibodies instead of oligonucleotides has been used to

identify potato virus X (PVX), potato virus Y (PVY) and

potato leaf roll virus (PLRV) [32] as well as plum pox virus

(PPV) [33] in plant material. However, antibodies cross

reactivity between different tospoviral species has been

described by researchers [2, 20] and antisera suppliers

(DSMZ, Agdia and LOEWE Biochemica). This may be a

problem in the antibody-based Luminex xMAP test for the

differentiation of tospovirus species, and hence a nucleic

acid based array is thought to be advantageous. An

advantage of both these assay formats is their multiplexing

capability and their ability to simultaneously detect various

diseases in plant samples. The study of Lim et al. [28] is an

example of this since they used a Luminex xTAG assay for

the detection of the three viruses (CMV, LMoV and LSV)

infecting lily plants. The standard method for virus detec-

tion (ELISA) lacks this potential and is quite labor- and

time-intensive as it only allows to test for one virus at a

time. Charlermroj et al. [34] have created a multiplex

antibody array similar to an ELISA for the simultaneous

detection of the three viruses MYSV, WSMoV and chilli

veinal mottle virus (ChiVMV) as well as of the fruit blotch

bacterium Acidovorax avenae subsp. citrulli. All four

pathogens were immobilized by capture antibodies specific

to the four pathogens in each well at preassigned positions,

detected by fluorescently conjugated secondary antibodies

and identified by their position in the microwells. Such

multiplexed antibody array technologies are still under

development and are unlikely to be used for routine plant

pathogen detection. A mixed detection method combining

RT-PCR and ELISA was developed and applied for the

detection of the four tospoviruses CaCV, MYSV, tomato

necrotic ringspot virus (TNRV) and WSMoV. Using this

technique, the RNA is first transcribed and amplified by

RT-PCR using degenerate primers and digoxigenin (DIG)

labelled dUTP, then the PCR products are hybridized to

four species-specific biotinylated probes in streptavidin-

coated microtiter wells and finally the labelled and hybri-

dized PCR products are detected by ELISA using a per-

oxidase-conjugated anti-DIG antibody [35].

Our Luminex xTAG test for tospoviruses could be

combined with already existing and prospective tests for

plant pathogens to create assays that can identify crops’

most important diseases, similar to the respiratory virus

panel test developed by Mahony et al. [25] that screens for

20 different human respiratory viruses and their subtypes.

For example, for tomato crops (Solanum lycopersicum) we

could combine the tests for TSWV, CaCV and INSV from

this study, for tomato yellow leaf curl virus (TYLCV) from

van Brunschot et al. [26], for tomato apical stunt viroid

(TASVd), tomato chlorotic dwarf viroid (TCDVd) and

tomato planta macho viroid (TPMVd) from van Brunschot

et al. [27] as well as the test for CMV from Lim et al. [28]

or from Bald-Blume et al. [31]. Further tests could be

added to cover the most important of the 136 viruses

infecting tomatoes [36, 37] and also bacterial and fungal

pathogens.

A more economical alternative for generic tospovirus

detection and species distinction was successfully devel-

oped in this study. The primer Tospo_GENs/as detected

RNA of all eight examined tospoviruses in RT-PCRs but

not of viruses from other genera. This is one of the best

coverages of tospoviral species obtained by one primer pair

so far. Hassani-Mehraban et al. [2] reported an overview of

universal, degenerate and multiplex primers for tospovirus

detection from eleven studies (details of covered species

are reported in Table 4 of [2]). Chen et al. [38] designed

two degenerate primer pairs that transcribed and amplified

RNA of 12 species. One of the pairs binds to segment L

and the other to the NSm gene of segment M. Their anti-

sense primer gM870c for segment M partially coincides

with our Tospo_GENas primer. Since our primer is more

degenerated, our primers might also identify RNA from the

additional tospoviral species GBNV, calla lily chlorotic

spot virus (CCSV), MYSV, WBNV and tomato yellow ring

virus (TYRV) tested by Chen et al. [38], although we have

not tested this. Hassani-Mehraban et al. [2] describe six

primer pairs and RT-PCRs that cover 20 assigned and

tentative tospoviral species and classify them into six

subgroups.

Also, the four species-specific primer pairs (without

tags) can be used in RT-PCRs for the identification of these

species. They lead to the amplification of nucleic acids
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only of the corresponding species and of all three isolates

tested from either TSWV or INSV. They cannot be used for

multiplex RT-PCRs, because the CaCV, INSV and

WSMoV specific primers lead to fragments of the same

size. So a distinction of these species would not be possible

by a plain multiplex RT-PCR. The fragments of the generic

tospovirus primers and the TSWV specific primers can be

distinguished from these primers and from one another, and

could be combined with one of the other four primer pairs

for a clear multiplex RT-PCR. Kuwabara et al. [22]

described such a multiplex RT-PCR for the detection of the

five tospoviruses TSWV, INSV, CSNV, IYSV and CaCV.

Alternatively, RT-PCR products of the different tospo-

virus species generated with the generic primers Tospo_-

GENs/as could be differentiated by RFLP using the

restriction enzymes HinfI and BclI. The five species CaCV,

IYSV, INSV, TCSV and WSMoV were clearly distin-

guished. The additional three species ANSV, GRSV and

TSWV could be discriminated from the rest but not clearly

from each other. Chu et al. [39] used this method to detect

and differentiate the five tospoviruses TSWV, GRSV,

INSV, WSMoV and peanut chlorotic fan-spot virus

(PCFV) using primers binding to segment L and the

restriction enzyme XbaI.

The three methods described in this study for tospovirus

detection and species differentiation (Luminex xTAG, RT-

PCR and RFLP) are comparable in detection efficiency.

The Luminex xTAG assay seems to be less sensitive than

the other two methods. However, an advantage of the

Luminex xTAG technology is the high multiplexing

potential leading to a reduction in labor when testing for

several possible tospoviruses and other plant pathogens.
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