Eur J Plant Pathol (2022) 162:807-823
https://doi.org/10.1007/s10658-021-02436-z

®

Check for
updates

Development of the first PVM TagMan® primer set
and a one-step real-time multiplex DiRT-PCR
for the detection of PLRV, PVY, PVM, PVS, PVA and PVX

in potato tuber sap

Mirjam Prinz - Adolf Kellermann - Gerda Bauch -
Johannes Hadersdorfer - Johanna Stammler

Accepted: 2 December 2021 / Published online: 25 February 2022
© The Author(s) 2022

Abstract Testing for potato viruses is globally very
important to prevent a critical shortage of potato supply.
In most countries, testing is obligated by law. In Ger-
many, seed potatoes are monitored for six viruses:
PLRV, PVY, PVM, PVA, PVX and PVS. They can
cause up to 90% loss of potato tubers in the field.
Common methods currently used for testing are ELISA
and conventional real-time PCR, but both are very time-
consuming, and the former needs a high capacity of
green houses and human resources, the latter elaborate
RNA extraction steps. Recently, we proposed a new
method called real-time DiRT-PCR which enables us
to test for PLRV, PVY and PVS along with an internal
control in three duplex real-time PCR reactions directly
on diluted tuber sap. In this study, we describe the first
TagMan® assay for PVM published so far and embed it
into a multiplex system to detect the remaining viruses.
We are now able to sensitively test for the presence of
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six viruses in two multiplex reactions using the real-time
DiRT-PCR without RNA purification.
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Introduction

Potato viruses can cause a major loss of yield and, thus,
are an important problem for seed potato production.
For seed certification, the following six viruses are
considered as most problematic: Potato Leaf Roll Virus
(PLRV) with 20-90% yield loss, Potato Virus Y (PVY)
with 50-90% yield loss, Potato Virus S (PVS) with 5-
75% yield loss, Potato Virus A (PVA) with up to 40%
yield loss, Potato Virus X (PVX) with approximately
10% yield loss and Potato Virus M (PVM) with 20-50%
yield loss at least in Germany (Bauch et al. 2012).

Potato plants can be infected by one or several virus-
es in two ways. Viruses are transmitted to host plant via
aphids and then spread to the tubers (Radcliffe and
Ragsdale 2002). Alternatively, infected mother plants
cause secondary infections in their tuber progeny as
virus particles are transported along with metabolites
through the stolon into the tubers (Dupuis 2017;
Malnoe et al. 1994). It is an important issue for seed
potato growers all over the world as vegetative propa-
gation favours secondary infections in the field.
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Therefore, growers started potato field observations
to find and eliminate virus infected plants very early.
After 1959, virus examination for important viruses in
potato culture became obligatory in German ministerial
seed potato certification (Hepting 2002). In Bavaria,
Double Antibody Sandwich-Enzyme Linked Immuno-
sorbent Assay (DAS-ELISA) is currently the standard
procedure for virus detection in the seed potato certifi-
cation process (Gugerli and Gehriger 1980). However,
the application of DAS-ELISA on dormant tubers is not
reliable (Spiegel and Martin 1993) . Therefore, DAS-
ELISA is performed on leaf extracts of four weeks
cultivated tuber-eye-cuttings that is called growing-on
DAS-ELISA. This tuber cultivation leads to virus en-
richment for some virus species (Stammler et al. 2018)
but is time-consuming and requires big seasonal green-
house capacities. Therefore, an assay on dormant potato
tubers in order to monitor the quality of seed-potato-lots
is more rapid and does not require cultivation of plants
in the greenhouse, especially for seed potatoes intended
for export. There are already various potato virus diag-
nostic protocols published which are also reliable for
virus detection on dormant tubers (RT-PCR: Singh et al.
2000; RT-qPCR: Hiihnlein et al. 2016; Boonham et al.
2009; Agindotan et al. 2007; Mortimer-Jones et al.
2009; Hiihnlein et al. 2013; Macroarray: Agindotan
and Perry 2007; RT-IC-PCR: Ahouee et al. 2010;
NASBA: Leone et al. 1997; LAMP: Ju 2011). One
important drawback of all these conventional potato
virus detection protocols (CoRT-qPCR) is the require-
ment of RNA purification for each sample. In Stammler
et al. (2018) and Stammler (2020), we described an
assay without RNA purification in order to save time
and resources called direct reverse transcription quanti-
tative PCR (DiRT-qPCR). This is possible by using a
commercially available kit named KAPA3G™ Plant
PCR kit (former KAPA Biosystems, USA; now Roche,
Switzerland). The KAPA3G™ DNA polymerase was
selected for successful amplification in the presence of
PCR-inhibitors like polyphenols and polysaccharides.
This kit was initially developed for fast amplification
of genomic DNA (Schori et al. 2013). By adding a
robust reverse transcriptase, we are able to amplify
mRNA and viral RNA for diagnosis by using crude
potato plant sap (Stammler et al. 2014, 2018;
Stammler 2020). However, this method was used for
qualitative and not for quantitative comparison. There-
fore, the former term DiRT-qPCR (Stammler et al.
2018; Stammler 2020) is in our opinion misleading
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and, for that reason, we rename it in this paper to real-
time DiRT-PCR. As shown by Stammler et al. (2018),
the duplex DiRT-qPCR performs well in comparison to
DAS-ELISA and a conventional RT-qPCR protocol
(Mortimer-Jones et al. 2009) for TagMan® primer sets
to detect PVY (Singh etal. 2013), PVS (Mortimer-Jones
etal. 2009) and PLRV (Agindotan et al. 2007) on single
tuber heels. For reliability, the duplex detection of cox
(cytochrome oxidase) was used as an internal control
(Weller et al. 2000). However, three important viruses,
PVA, PVX, and PVM, were not considered in the
former investigations. One reason is that PVA and
PVX are no longer observed frequently in Germany.
Additionally, no PVM TaqMan® primer and probe
were available in literature. However, in Stammler
(2020) all conducted investigations on real-time DiRT-
PCR detection of PVA, PVX and PVM are presented.
The probably most interesting innovation, the develop-
ment, selection and validation of the, to our knowledge,
first PVM TagMan® primer set (termed PVM_St15) is
presented here to a broader scientific community and
directly ties up with experiments published in Stammler
et al. (2018) for real-time DiRT-PCR detection of PVY,
PLRYV and PVS.

In addition, testing for one virus per reaction is still
very expensive and time consuming. Therefore, we also
developed two real-time DiRT-PCR multiplex reac-
tions, one for PLRV, PVY, PVM and cox and the other
for PVS, PVA, PVX and cox on crude potato tuber sap.

Material and methods
Plants and tubers
PVM TagMan® primer set development and validation

For PVM comparison experiments and PVM TagMan®
primer and probe selection, we used virus infected
in vitro potato plants as test plants and/or controls. They
were cultivated on MS medium (Murashige and Skoog
1962) supplied with 0.03 g/L chlormequat chloride
(CCC720, Bayer CropScience, Monheim, Germany)
at a temperature of 22 °C with a photoperiod of 16 h
light at 50-70 pmol/m? s. The PVM in vitro plants
were infected with a PVM isolate (sequence not pub-
lished) holding the internal number 4/007 that was
provided by Dr. Petyr Dedi¢ (Potato Research
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Institute Havlicktiv Brod, Department of Virology,
Czech Republic).

In addition, 332 dormant field grown potato tubers of
different varieties were sampled as test material for the
PVM protocol validation experiment with the standard
DAS-ELISA protocol of the Bavarian seed potato agen-
cy. The tuber material was harvested and processed in
2015. The virus infection probability of the potato tubers
was empirically high owing to their origin.

Multiplex development and validation

For the multiplex development (MD) we used sap of
tubers of virus free seedlings from different breeding
programs cultivated in the glasshouse. We further used
the PVY (number 2/045; 2/187 for PVY-O; 2/027,
2/110 for PVY-N; 2/193; 2/196; 2/201 for PVY-N-
Wilga; 2/044; 2/063; 2/190; 2/191 for PVY-N-NTN),
PLRV (number 1/045; 1/047), PVA (number 3/057;
3/027; 3/039), PVX (number 5/005; 5/021; 5/008) and
PVS (number 6/270 for PVS-0) infected in vitro plants
provided by Dr. Petyr Dedi¢ (Potato Research Institute
Havlickdv Brod, Department of Virology,
Czech Republic), cultivated as described above to ex-
tract virus RNA (PureLink®). Plants were infected with
only one virus strain per plant. The amount of total RNA
was measured with nanodrop 2000 and diluted to a
starting concentration of 100 ng/uL with ultrapure H,O.

For the multiplex validation (MV), we processed
different varieties of field grown potato tubers. Tubers
were stored in cool temperatures from September on and
used until May.

Protocols for different methods used in this study
Growing-on DAS-ELISA (virus-enrichment)

The tuber dormancy was broken by dipping one bud of
the tuber rose-end into 0.0001% (w/v) gibberellic acid
(GA3, Carl Roth, Karlsruhe, Germany) solution for
20 min. After air drying, the bud cuttings were cultivat-
ed in peat-sand substrate in the greenhouse under artifi-
cial light with a photoperiod of 16 h light at 22 °C. After
4-6 weeks cultivation, the third fully developed leaf was
sampled for PVM detection using the DAS-ELISA
assay.

150 pL of the centrifuged leaf sap were added to
antibody coated microtiter plates. Antibodies provided
by Bioreba AG (Reinach, Switzerland) were used in the

DAS-ELISA assay that was performed according to the
manufacturer’s instructions. Para-nitrophenol (pNP)
was used as substrate to visualize the assay results by
using a spectrophotometer (Power Wave HT, Bio Stack
Ready, BioTek Instruments, Winooski, USA) at 405 nm
absorbance (A4snm) With a molar extinction coefficient
of 18,000 M ' ecm™".

Ten-fold diluted plant sap stocks derived from virus-
free in vitro potato plants were used as negative controls.
Extraction buffer without any sample material was
added to each DAS-ELISA assay as no template control
(NTC).

Method comparison regarding sensitivity: within one
biological repetition, three technical repeats have been
performed for each ten-fold dilution. Virus-positive re-
sults have been accepted when A4os,m, Was at or above
the cut-off of 0.1 for at least two of the three technical
repeats.

Validation by protocol comparison: one reaction per
sample was evaluated. This was according to the stan-
dard procedure of the growing-on DAS-ELISA for seed
potato certification of the Bavarian seed potato agency,
LfL (Freising, Germany).

PVM TagMan® primer set development and validation

For validation of the newly established PVM TagMan®
primer set, we used the same terms and conditions as in
Stammler et al. (2018).

Sensitivity of methods (Method comparison): The
sensitivity of three PVM detection methods was mea-
sured using dilution series in three biological repetitions.
Thereby, DAS-ELISA, one-step duplex real-time
CoRT-PCR (a modified protocol of Mortimer-Jones
et al. 2009), and one-step duplex real-time DiRT-PCR
have been compared. The used plant sap was obtained
from in vitro plants for one-step duplex real-time DiRT-
PCR and DAS-ELISA and the used RNA template for
one-step duplex real-time CoRT-PCR was purified from
the same plant sap.

Validation (Protocol comparison): By using field
grown potato tubers, the one-step duplex real-time
DiRT-PCR protocol on dormant potato tubers was com-
pared with growing-on DAS-ELISA (on the leaves of
4-6-weeks cultivated tuber eye cuttings) with respect to
their qualitative results by using field grown potato
tubers.

For the development of the PVM TagMan® real-
time PCR detection system, three forward primers
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Table 1 Potato virus M primer designed for selection. The termi-
nation of the primers and the unlabeled probes was as follows:
virus_oligo nucleotide type primer number. Whereupon, the

oligonucleotide type options are forward primer (FP), reverse
primer (RP) and hydrolysis probe (HP)

Name of primers and probes Sequence of primers and probes (5'=> 3') Length of primers and probes Selection
PVM_FP_1 GCTAGGTGTCACAGGTGCTA 20

PVM_FP_2 CACATACAGAACGCCAATGGAAG 23

PVM_FP_3 GAGGAGCAACACTGCCAATACTT 23 PVM_St15
PVM_RP_1 GCTTGTTGATGACTGAAGGTA 21

PVM_RP 2 AAGTATTGGCAGTGTTGCTCCTC 23

PVM_RP 3 CTTCGAGGAGCAACACTGCCAATACTT 29

PVM_RP_4 GAATGCACGACTGCCGAGTA 20 PVM_St15
PVM_HP _1 ACAATGTGCGCGTGGCGCAA 20

PVM_HP 2 TGAGCCAGCAACTCAGGCTGTGATAGCT 28

PVM_HP 3 CCGTACTCGGCAGTCGTGCATTCGCA 26

PVM_HP_4 AGGAAATTGAGCATGGCAGGCATATACTTG 30

PVM_HP_5 TGGCGAAAAGGAAATTGAGCATGGCAGG 28 PVM_St15

(FP), four reverse primers (RP) and five TagMan®
hydrolysis probes (HP) were designed (Primer3Plus
Software; Untergasser et al. 2007). The primers are
listed in Table 1. Forward and revers primers and un-
tagged oligonucleotide sequences intended for
TagMan® hydrolysis probe selection have been tested
in different combinations for PVM detection in a real-
time DiRT-PCR system supplemented with SYBR®
Green.

The ingredients for the applied one-step real-time
DiRT-PCR protocol were: 12.5 uL. KAPA3G Direct
Plant PCR buffer (2 x Kapa Biosystems/Roche, Basel,
Switzerland), 0.3 uM of each respective primer (FP +
RP or HP + RP), 2.5 pL SYBRGreen® mix (10 x,
Applichem, Darmstadt, Germany), 20 U
SuperScript®III reverse transcriptase (Thermo Fisher
Scientific, Waltham, USA), 0.5 U KAPA3G Direct
Plant DNA polymerase (Kapa Biosystems/Roche), 1.2
M betaine (Sigma-Aldrich, St. Louis, USA) and 2 uL of
RNA/plant sap or tuber sap.

The applied temperature schedule included a subse-
quent melting curve analysis (42 °C for 15 min, 95 °C
for 3 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 45 s, afterwards the melting curve analysis
was applied from 60 °C to 95 °C for 40 min). The
complete thermal cycling protocol took 98 min, and
the threshold for quantification was set automatically
by the software (CFX Manager 3.1, Bio-Rad, Hercules,
USA). The quantitative threshold (Cq) was set at
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36 cycles (cut-off) as the limit for discrimination be-
tween virus-infected and virus-free potato material. Af-
terwards, all PCR products were put on an agarose gel
(TBE buffer with 1.5% (w/v) agarose powder and 1%
(w/v) ethidium bromide (both Applichem).

For validation of the selected PVM TagMan®
primer set a standard curve has been established using
cRNA in known concentration. The cRNA-10-fold
dilution series starts with 10'® copies per reaction.
Therefore, 100 mg potato in vitro plant material in-
fected with PVM was grinded in liquid nitrogen. RNA
was extracted as described in the manual of the used
PureLink® Plant RNA Reagent (Thermo Fisher Sci-
entific, Waltham, USA). The purified RNA was re-
solved in ultrapure H,O. Subsequently, the purified
RNA was transformed into cDNA. The cDNA was
maintained and propagated in E. coli using the plas-
mid pCR™2.1-TOPO® vector (TOPO® TA Clon-
ing® kit; Thermo Fisher Scientific) according to the
manufacturer’s instructions. Afterwards, cRNA syn-
thesis and copy number calculation was conducted
according to Fronhoffs et al. (2002).

The DAS-ELISA, the growing-on DAS-ELISA, the
real-time CoRT-PCR and the real-time DiRT-PCR com-
paring PVM detection were conducted according to the
comparison experiments of Stammler et al. (2018).

The reaction mix for the real-time one-step duplex
DiRT-PCR protocol is as follows: 12.5 uL. KAPA3G
Direct Plant PCR buffer (2x, Kapa Biosystems), 0.4 uM
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of each primer/probe of the newly developed PVM
TagMan® primer set, 0.2 uM of the TagMan® forward
and reverse primers of the internal control cox and
0.3 uM of the cox TagMan® probe, 20 U
SuperScript®III reverse transcriptase (Thermo Fisher
Scientific), 0.5 U KAPA3G Direct Plant DNA polymer-
ase (Kapa Biosystems), 1.2 M betaine (Sigma-Aldrich,
St. Louis, USA) and 2 pL the of plant sap. The reaction
volume was set to 25 pL with ultrapure H,O. In addi-
tion, the quantitative threshold (Cq) at 36 cycles was set
(cut-off) as the limit for discrimination between virus-
infected and virus-free potato material.

The reaction mix for the real-time one-step duplex
CoRT-PCR protocol is based on Mortimer-Jones et al.
(2009): 12.5 pL JumpStart™ Taq ReadyMix™ (2x,
including 3 mM MgCl,, Sigma-Aldrich), 0.4 uM of each
primer/probe of the newly developed PVM TagMan®
primer set, 0.2 uM of the TagMan® forward and reverse
primers of the internal control cox and 0.3 uM of the cox
TagMan® probe, 20 U SuperScript®III reverse tran-
scriptase (Thermo Fisher Scientific), 2.5 mM MgCl,
(Merck, Darmstadt, Germany) and 2 pL of purified total
RNA. The reaction volume was set to 25 pL with ultra-
pure H,O. According to Mortimer-Jones et al. (2009), the
Cq cut-off at 30 cycles was set as the limit for discrim-
ination between virus-infected and virus-free potato
material.

For verification of each real-time RT-PCR assay, we
include a negative control by adding plant sap or puri-
fied RNA of virus-free potato material, and a positive
control with purified RNA derived from in vitro potato
plants infected with the respective virus species. In
addition, we used ultrapure H,O as no template control
(NTC).

For the development of the cRNA standard curve
using PVM_St15 TagMan® primers, three technical
repeats represent one cCRNA quantity status (Fig. 1).

For method comparison regarding sensitivity, three
technical repeats were performed for each dilution step
of the plant sap within one biological repetition. In total,
three biological repetitions were performed. For virus-
positive result acceptance, at least two of three technical
repeats had to be assessed positive.

For validation by protocol comparison, one reaction
per sample was evaluated (unclear first results in real-
time DiRT-PCR were repeated twice) to adapt the ex-
perimental set up of standard growing-on DAS-ELISA
for seed potato certification at Bavarian State Research
Center for Agriculture (LfL, Freising, Germany).

Multiplex development and validation (MD)

1 g seedling tubers were homogenized in an extraction
bag with a membrane (Bioreba) together with 3 mL
extraction buffer, transferred to an Eppendorf tube and
centrifuged with 10,000xg for 3 min. The supernatant
was further diluted 1:10 with extraction buffer. We then
produced a dilution series from 10" to 107 using the
sap of these tubers spiked with total RNA (100 ng/uL)
isolated from the in vitro plants described above. In the
special case of multiplex experiments, we mixed the
total RNAs of three in vitro plants each infected with a
different virus.

(MV) 90 tubers of one variety were washed together
in tap water. Afterwards, approximately 0.2-0.5 g of the
heel end of each tuber was homogenized in a Bioreba
extraction bag together with 1 mL extraction buffer
using a Homex 6 (Bioreba). The sap was transferred
into 96 Well plates (Brand, Germany) and centrifuged
30 min on 4000xg at 4 °C. The supernatant was further
diluted 1:50 with extraction buffer and 2 pl used for
real-time DiRT-PCR.

All primers and TagMan® probes were ordered from
Biomers (Ulm, Germany) except for the minor-grove-
binding probe (MGB, Eurofins, Ebersberg, Germany).
For the specific sequence, fluorophore and origin see
Table 2.

Combinations of viruses in multiplex sets were
chosen according to the practical use in routine
testing.

The concentrations of primers, probes, MgCl,, poly-
merase (Kapa Biosystems/ Roche), dNTPs (Genaxxon,
Ulm, Germany) and SSIII reverse transcriptase (Sigma
Aldrich) were varied extensively until we found the
lowest dilution detectable. Final concentrations can be
found in Table 3. For duplex reactions, we used the
same concentrations as Stammler et al. (2018).

The real-time PCR program was run on a Bio-Rad
CFX96 at 42 °C for 20 min, 95 °C for 3 min, followed
by 41 cycles 0f 95 °C for 45 s, 60 °C for 45 s, and 72 °C
for 60 s. The four different channels were used with the
fluorescence dyes 6 Carboxyfluoresceine (6-Fam),
Hexachlorofluoresceine (Hex), Cyanine 3.5 (almost
equal to Texas Red in wavelength) and Cyanine 5
(Cy9).

We extended the reverse transcription in (MV) to 1 h
and changed the reverse transcriptase from
SuperScript®IIl (Thermo Fisher Scientific) to
HighScriber (HighQu, London, GB, 5000 U/25r). The
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PVM_St15 standard curve Procedure:
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Fig. 1 Standard curve and preparation procedure of the developed TagMan® primer set PVM_St15 for PVM detection

results. The final concentration was 0.28 U/uL for set
A and 0.23 U/uL for set B.

amount of HighScriber (HighQu) was kept as low as
possible to optimize for low cost but receive reliable

Table 2 Sequences of primers and probes used for the multiplex reaction in this study

Primers and Probes

sequence and fluorophores used in this study (5> 3")

sequence published by

PLRYV for AAAGCCGAAAGGTGATTAGGC Agindotan et al. 2007
PLRV rev CCTGGCTACACAGTCGCGT Agindotan et al. 2007
PLRYV probe Cy5-CTCAACGCCTGCTAGAGACCGTCGAAA-BMN-Q650 Agindotan et al. 2007
PVY-1_FP CCAATCGTTGAGAATGCAAAAC Singh et al. 2013
PVY-1_RP ATATACGCTTCTGCAACATCTGAGA Singh et al. 2013

PVY-1 MGB probe
PVA for

PVA rev TGCTTTGGTTTGTAAGATAGCAAGTG Agindotan et al. 2007
PVA probe Cy5-CACTACCAATGCTCAAAGGTAAGAGTGTCG-BMN-Q650 Agindotan et al. 2007
PVX for AAGCCTGAGCACAAATTCGC Agindotan et al. 2007
PVX rev GCTTCAGACGGTGGCCG Agindotan et al. 2007
PVX probe FAM-AATGGAGTCACCAACCCAGCTGCC-BMN-Q535 Agindotan et al. 2007

PVS for AAGTGGTGATCATGTGTGCAAGCG Mortimer-Jones et al. 2009
PVS rev ATTGCAATGATCGAGTCCAAGGGC Mortimer-Jones et al. 2009
PVS probe Cy3.5-ACTGTGGAGTTCCCAACAGGCGCAGT-BMN-Q590 Mortimer-Jones et al. 2009
PVM for GAGGAGCAACACTGCCAATACTT this publication

PVM rev GAATGCACGACTGCCGAGTA this publication

PVM probe Cy3.5-TGG CGA AAA GGA AAT TGA GCA TGG CAG G-BMN-Q590 this publication

PVM probe Duplex FAM-TGG CGA AAA GGA AAT TGA GCA TGG CAG G-BHQ1 this publication

Cox for CGTCGCATTCCAGATTATCCA Weller et al. 2000

Cox rev CAACTACGGATATATAAGAGCCAAAACTG Weller et al. 2000

Cox probe HEX-TGCTTACGCTGGATGGAATGCCCT-BMN-Q535 Weller et al. 2000

FAM-TTA GGC AAA TCA TGG CAC AT BMN-Q535
TGTCGATTTAGGTACTGCTGGGAC

Singh et al. 2013
Agindotan et al. 2007
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Table 3 Stock solutions and final concentrations of mastermix (MM) components in 18 pl plus 2 pl sample

Mastermix Multiplex Set A

for 18 ul MM+2 pl sap with RNA

Mastermix Multiplex Set B

for 18 ul MM +2 pl sap with RNA

Component Stock Final Concentration in 20 pl Component Stock Final Concentration in 20 pl
Kapa MgCI2 25mM  0.97 mM
dNTP Mix 10 mM 046 mM dNTP Mix 10mM  0.39 mM
Betaine 5M 1.06 M Betaine 5M 0.89 M
Kapa3GPlant PCR Buffer 2X 091X Kapa3GPlant PCR Buffer 2 X 0.77 X
Primer fw PVA 10 uM 69 nM Primer fw PLRV 10uM  97nM
Primer rev PVA 10 uM 69 nM Primer rev PLRV 10uM 97 nM
Probe PVA 5 uM 96 nM Probe PLRV 5 uM 102 nM
Primer fw Cox 10 uM 69 nM Primer fw Cox 10 uM 116 nM
Primer fw Cox 10 uM 69 nM Primer fw Cox 10uM 116 nM
Probe Cox 5 uM 96 nM Probe Cox 5 uM 155 nM
Primer fw PVX 10 uM 69 nM Primer fw PVY 10uM 116 nM
Primer fw PVX 10 uM 69 nM Primer fw PVY 10 uM 116 nM
Probe PVX 5 uM 96 nM Probe PVY 5 uM 155 nM
Primer fw PVS 10 uM 69 nM Primer fw PVM 10 uM 232 nM
Primer fw PVS 10 uM 69 nM Primer fw PVM 10 uM 232 nM
Probe PVS 5 uM 96 nM Probe PVM 5 uM 194 nM
Kapa3GPlant Polymerase 2.5 U/ul  0.02 U/ul Kapa3GPlant Polymerase 2.5 U/ul  0.015 U/ul
SuperScript®III 200 U/ul 0.73 U/ul SuperScript®III 200 U/ul 0.62 U/ul

For analyzing the multiplex, BioRad CFX™ Manag-
er 3.1 was used with following settings: Baseline
subtracted curve fit, fluorescence drift correction and
Cq determination mode “single threshold”. Due to the
high fluctuation in background fluorescence, the thresh-
old line was set manually above background fluores-
cence. We excluded samples for which the positive
controls showed a fluorescence lower than ~200 RFU.
A cut-off- Cq value was empirically set at following
Cycles for each primer and probe set in the multiplex
separately: PLRV, PVA and PVX: Cycle 36; PVY:
Cycle 39; PVM and PVS: Cycle 33.

All validation experiments

Cohens Kappa coefficient (k) was calculated according
to the method by Petrie and Sabin (2009). This is com-
monly used as a measure to rate the inter-method agree-
ment for categorical items. Cohen’s Kappa coefficient
(k) ranges between 0 and 1 (Cohen 1960). We also
calculated Gwet’s AC1 as a measure of inter-method
agreement for experiments with unequal numbers of

positive and negative samples (Gwet 2008;
Wongpakaran et al. 2013). In addition, we used the
rating categories developed by Landis and Koch (1977).

Results
PVM TagMan® primer set development

For all PVM infected samples (RNA, leaf sap and tuber
sap), the combination of PVM F 3 + PVM R 4 is
displayed, in both repeats (Supplement 1A: 1st run and
2nd run) with a specific amplified fragment 107 bp in
size and PVM negative samples fragments smaller than
100 bp. Primers are listed in Table 1.

In addition, evident temperature differences could be
observed in the melting curve analysis between the NTC
(no template control), the PVM negative leaf sap control
and all PVM positive samples (RNA, leaf sap and tuber
sap, Supplement 1A). However, it was not possible to
discriminate purified RNA derived from PVM negative
potato plants and all PVM positive samples (RNA, leaf
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sap and tuber sap) by using just PVM_F 3 +
PVM R 4 primer combination for the real-time DiRT-
PCR assay. This was because one longer fragment ap-
peared for the PVM negative purified RNA target
(Supplement 1A, highlighted by an arrow pointing the
DNA fragment and the appropriate melting curve). Still,
all samples taken from PVM infected plants were iden-
tified by this primer combination including the tuber sap
samples comprising low virus titer.

For hydrolysis probe selection (Supplement 1B), the
probe and reverse primer combination PVM P 5 +
PVM R 4 was tested and later selected. Therefore, the
unlabeled oligonucleotide sequence of the probe
(Supplement 1B) was used as forward primer and com-
bined with the reverse primer. By doing this, the melting
peaks of PVM negative samples can be hardly differen-
tiated from PVM positive samples (see Supplement 1B).
That means PVM P 5 is a rather unspecific probe.
However, the usage of the selected forward and reverse
primers PVM_F 3 + PVM R 4 in combination with
this rather unspecific PVM_P_5 TagMan® hydrolysis
probe empirically leads to a convincing PVM real-time
TagMan® DiRT-PCR system (termed PVM_St15, see
Table 1, Supplement 1).

This real-time TagMan® DiRT-PCR system using
the primer set PVM_St15, was validated by obtaining a
standard curve (Fig. 1). The regression analysis of the
PVM_Stl5 standard curve using the cRNA copy num-
bers 1000 - 10,000,000,000 gave a good linearity of
0.9834. The efficiency of the standard curve was
100% with a slope of —3.3114 for real-time DiRT-
PCR (Fig. 1). The lowestcRNA copy number concen-
tration (1 x 10%) of the standard curve displayed in Fig.
1 is not indicating the limit of detection but the limit of
linearity.

On the left, the established standard curve is shown
using a dilution series of prepared cRNA with calculated
copy numbers (10°-10'%). On the right, the preparation
procedure of the standard curve is roughly displayed.

The sensitivity of both real-time RT-PCR methods
was inconsistent. The sensitivity of real-time DiRT-
PCR was 100,000,000-fold higher than that of the im-
munological method DAS-ELISA (Fig. 2A, Cqg-values
in Supplement 2). In contrast, the real-time CoRT-PCR
assay for PVM that was conducted according to the
protocol of Mortimer-Jones et al. (2009) was only 10-
fold more sensitive than DAS-ELISA. On average, real-
time DIRT-PCR was 10,000,000-fold more sensitive
than real-time CoRT-PCR. However, the no template
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control (NTC, water) used in real-time DiRT-PCR ar-
chived in each of the three biological repeats a relative
fluorescence signal before the cut-off (cycle 36). But the
negative control using virus-free plant sap remained
negative (NC, Cg-values in Supplement 2) in all assays
for PVM detection.

Validation by protocol comparison for PVM detection
(growing-on DAS-ELISA vs. real-time DiRT-PCR
on dormant tubers)

The potato virus detection protocol using the real-time
DiRT-PCR method was compared with the standard
virus detection protocol using growing-on DAS-ELISA
on dormant potato tubers that were grown in the field,
harvested and processed in 2015. We used both proto-
cols for PVM detection to test 332 tubers and compared
them in terms of high-throughput ability and result
agreement.

The qualitative protocol comparison of growing-on
DAS-ELISA using 4-6-week-old leaves of tuber eye
cuttings to validate the established real-time DiRT-PCR
protocol for PVM detection using dormant tubers with-
out RNA purification, revealed high agreement of
93.1% (Fig. 2B). A Cohens Kappa (k) value of 0.86
was calculated, and thus, according to Landis and Koch
(1977), an almost perfect agreement was achieved.
However, 0.6% of total sample size of 332 tubers
showed a positive result for PVM detection by real-
time DiRT-PCR but not by DAS-ELISA. Merely,
6.3% of the specimens were indicated PVM positive
by DAS-ELISA and PVM negative by real-time DiRT-
PCR (Fig. 2B).

A: The sensitivity of double-antibody sandwich
(DAS-) ELISA, real time Direct Reverse Transcription
PCR (DiRT-PCR), and real-time Conventional Reverse
Transcription PCR (CoRT-PCR) was compared (Sensi-
tivity of methods). On the left, sensitivity values are
shown with three biological repeats using plant sap
derived from PVM-infected in vitro potato plants in a
ten-fold (10" to 107 '%) dilution series. The dark lines
indicate the average sensitivity differences. Each col-
ored square represents at least two virus positive tech-
nical repeats out of three (see Supplement 2). On the
upper right, the sampling procedure is roughly described
for the sensitivity of methods experiment. For real-time
CoRT-PCR, RNA was purified, and the quantity was
measured in pg/uLl. For all three biological repeats the
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Fig. 2 Method (A) and protocol (B) comparison of PVM detection

RNA quantity is displayed in the lower right quadrant.
B: The agreement of the validation by protocol compar-
ison experiment between DAS-ELISA on leaves of 4-6-
weeks cultivated tuber eye cutting and real-time DiRT-
PCR using dormant potato tubers, of the same 332 field-
grown tubers is displayed on the left. For 93.1% of the
tuber samples both protocols gave the same result
(51.8% PVM positive and 41.3% PVM-negative). The
Cohens Kappa (k) coefficient gave almost perfect

agreement (0.86). Top right, the sampling procedure is
roughly described for the protocol comparison experi-
ment (validation).

Multiplex development
To compare the sensitivity of the duplex (Stammler et al.

2018; this study) and multiplex (this study) reaction
mixtures, we created a 10-fold dilution series of RNA
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derived of virus-infected in vitro plants. We used
100 ng/uL total RNA of up to 3 different plants infected
with different viruses as a starting concentration for
dilution with either water or tuber sap. The dilution
range was 107" to 107>, When comparing the duplex
mixtures in water versus diluted tuber sap, the detection
limit was the same in both test conditions (Fig. 3).
Specifically, the detection limit was reached for the
reaction mixtures of PLRV, PVY and PVX at a dilution
of 107> and at a dilution of 10~ for the reaction mixtures
of PVM, PVS and PVA (Fig. 3).

For the developed PLRV/PVY/PVM multiplex
reaction mixture, the sensitivity was equal to the
duplex mixtures on tuber sap for PLRV (107°)
but slightly reduced for PVY (10™* and PVM
(10%). However, one of two technical replicates
still showed a positive Cq at a dilution of 107
for PVY and 10 for PVM (Fig. 3, Supplement
3). The developed PVS/PVA/PVX multiplex reac-
tion mixture detected each virus as sensitively as
the duplex reactions, that is 10™* for PVS and
PVA and 107> for PVX (Fig. 3, Supplement 3).

Multiplex validation

In Fig. 4, we compare test results from DAS-
ELISA on leaves and the above-described multi-
plex real-time DiRT-PCR mixtures for
PLRV/PVY/PVM and PVS/PVA/PVX on heel-
ends of ~2000-3000 single tubers of different po-
tato varieties. We tested tuber batches with a high
virus content simulating a seed certification
process.

For PLRYV, there was a large general agreement
of 97.6% between DAS-ELISA and multiplex real-
time DiRT-PCR, with 96.1% negative and 1.5%
positive in both methods. 2.1% of samples where
solely positive with the multiplex real-time DiRT-
PCR and 0.3% were solely positive in DAS-
ELISA. Interestingly, Cohen’s kappa showed a
moderate agreement of 0.54. This is due to the
generally high number of negative samples. In
contrast to Cohen’s kappa, Gwet’s AC1 does not
take into acount the unequal number of positiv an
negative samples. Accordingly, Gwet’s ACI

Fig. 3 Detection of different
potato viruses in a 10-fold dilu-
tion series from 107" to 107> of
total RNA from virus infected

in vitro plants in either water or
diluted tuber sap. The total RNA
dilution series contained either
single or three pooled RNAs from
plants each infected with one of
three different viruses. It was
tested by a duplex (cox + virus)
or multiplex assay (cox + three
viruses) shown on the left. A col-

ored field marks two of two pos- PVM

itive detections, hatched fields
mark one of two positive detec-
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PVY

16 1102 (102104 110>
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Fig. 4 Agreement of protocol comparison (validation) between
DAS-ELISA on leaves of 4-6 weeks old tuber eye cuttings and
real-time DiRT-PCR multiplex on dormant tubers of the same
field grown tuber samples. The stacked columns represent, for
each virus (x-axis), the % (y-axis) of the total number of tubers (n,
table below) tested negative in green and tested positive in red by
both methods, in orange tested only positive by multiplex real-

assumes a value of 0.97, which is now an almost
perfect agreement.

When comparing the results for PVY, we found
83.9% agreement overall, where 64.5% of samples were
tested negative and 19.5% tested positive in both
methods, 5% were solely positive in real-time DiRT-
PCR and 11% solely in DAS-ELISA. Cohen’s kappa
was 0.6, which is on the upper end of a moderate
agreement and Gwet’s ACI is already within the range
of a substantial agreement with 0.73.

For PVM we found 78.8% general agreement
with 65.2% of the samples being positive and
12.8% being negative, 15.3% were solely positive
with DAS-ELISA and 6.7% were solely positive
with real-time DiRT-PCR. Still, the Cohen’s kappa
is 0.4, which is on the upper end of a fair agree-
ment. In contrast, the calculation of Gwet’s ACI1
showed a substantial agreement with 0.65. Conse-
quently, we also calculated Gwet’s AC1 for duplex
real-time DiRT-PCR above. There was no differ-
ence here compared to Cohen’s kappa with both
taking a value of 0.86.

Further, there is a 90.2% overlap for PVS in both
methods, with 80.8% positive and 9.4% negative

time DiRT-PCR and negative by DAS-ELISA and blue tested
only positive by DAS- ELISA and negative by real-time DiRT-
PCR. For numbers see table below graphic. The % of agreement
between the two methods is shown between the arrows left to the
columns for each virus. Cohen’s kappa and Gwet’s AC1 as mea-
sures of agreement are the last numbers below each column

agreement. 5.6% were solely positive with DAS-ELISA
and 4.3% solely with real-time DiRT-PCR. Cohen’s
kappa is on the upper end of a moderate agreement with
0.6 and Gwet’s AC1 is in the range of an almost perfect
agreement with 0.87.

Notably, all tubers were negative for PVA and PVX
with both methods. As there were no positive samples,
we did not calculate Cohen’s kappa or do any further
analysis with these viruses.

Discussion

Since direct virus detection by solely DAS-ELISA on
dormant potato tubers is not reliable (Gugerli and
Gehriger 1980; Spiegel and Martin 1993) the standard-
ized procedure for virus detection during seed potato
certification in Bavaria (Germany) is growing on DAS-
ELISA. Growing on DAS-ELISA is based on leaf ex-
tracts of 4-6-week-old glasshouse-cultivated tuber eye
cuttings. This phase of virus-enrichment is time con-
suming and requires large, seasonal glasshouse capaci-
ties. Therefore, other certification agencies in Germany
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and Europe are using different protocols of real-time
CoRT-PCR (Schumpp et al. 2016; Agroscope video:
https://www.youtube.com/watch?v=02jXuCzVdYk)
that requires expensive RNA extraction. For that reason,
we directed our research efforts into making real-time
PCR a cost-effective alternative for high throughput
testing. Thus, we first developed the real-time DiRT-
PCR for single virus detection in duplex application for
PLRV, PVY and PVS (Stammler et al. 2018). In this
study, we present a single virus detection for PVM and
two multiplex applications for PLRV, PVY, PVM,
PVS, PVA and PVX. Once this new method will be
embedded into a pool testing scheme, the advantage of
this new method over DAS-ELISA and conventional
qPCR methods lies mainly in saving costs for extraction
or glasshouse keeping and testing the three most impor-
tant viruses (PLRV, PVY and PVM) in one reaction.

PVM TagMan® primer set development

Potato Virus M reduces crop yield up to 45% (Bauch
et al. 2012) and, thus, is part of the seed potato certifi-
cation process for most European countries. There are
primers published for PVM detection by conventional
RT-PCR using agarose gel electrophoresis (Zhang et al.
2017; Xu et al. 2010). While there are a lot of TagMan®
primers and probes published for detection of other
potato viruses (Boonham et al. 2009; Agindotan et al.
2007; Mortimer-Jones et al. 2009), it is striking, that
there has not yet been a published TagMan® primer and
probe set to detect PVM. Reasons for that might be poor
prerequisites in conserved sequence regions of the
known PVM isolates.

However, in this study, it was possible to establish
primer and probe candidates for TagMan® based PVM
detection. Yet, most of these candidates gave poor re-
sults regarding sensitivity and specificity or both (Data
not shown). Solely, the forward and reverse primer
combination PVM_F 3 + PVM R 4 was sensitive
and specific enough to reduce the tendency to obtain
unspecific binding by one PVM probe, namely
PVM P 5 (Table 1).

To our knowledge, this is the first published
TagMan® primer and probe set specific to Potato
Virus M. Tt performs reliably on direct potato tuber
sap in duplex reactions using 6-carboxyfluorescein
(6-FAM) as a fluorophore in combination with the
internal control cox (cytochrome oxidase, Weller
et al. 2000) using hexachlorofluorescein (HEX).
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The results are directly comparable to duplex po-
tato virus detection of PVY, PLRV and PVS by
real-time DiRT-PCR published by Stammler et al.
(2018) and Stammler (2020). One disadvantage of
these PVM detecting TagMan® primer and probe
set is that an assay using just water as no template
control (NTC) tends to result in fluorescence sig-
nal before 36 cycles, discussed later. However, the
negative control always stays clear (this study and
Stammler 2020).

Standard curves for PVM detection by one step duplex
real-time DiRT-PCR

The obtained standard curves for the newly estab-
lished PVM primer set in one step duplex real-
time DiRT-PCR. led to an efficiency of 100% and
a regression (R?) value of 0.9834. Thus, the de-
veloped TagMan® PVM primer and probe combi-
nation is acceptable for diagnostics (Kavanagh
et al. 2011). However, during establishment of
cRNA standard curves, the no reverse transcription
control (NRTC) showed Cg-values within a range
for potato virus positive evaluation. We do not
know if that is based on insufficient DNAse treat-
ment or coming from background signals as also
experienced for PVM-negative RNA and water
(NTC) during primer selection and further experi-
ments like sensitivity of methods, later discussed.

Multiplex real-time DiRT-PCR development

Our one-step real-time multiplex DiRT-PCR assay
is the first multiplex for potato viruses, which
detects four targets in one reaction and runs di-
rectly and sensitively on diluted tuber sap. To save
time and money, sensitive one-step multiplex real-
time PCRs on extracted RNA from potatoes have
found increased popularity in past years and con-
sequently primers and probes have been developed
for several potato viruses (Agindotan et al. 2007;
Boonham et al. 2009; Singh et al. 2013; Ali et al.
2010; Mortimer-Jones et al. 2009). Also, a two-
step multiplex was developed for diluted crude
tuber sap (Agindotan et al. 2007). Our multiplex
assay consists of primers and probes for PVY,
PLRV, PVS, PVA and PVX from those
publications and we added our newly developed
PVM primer and probe set. Stammler et al. (2018)
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and Stammler (2020) showed that these primers
and probes can be used to successfully detect
viruses directly on tuber sap in a qualitative man-
ner. Thus, in this study, we confirm that detection
is extremely sensitive for the suggested combina-
tions of published primer and probes even on such
PCR-inhibitory material as tuber sap. When com-
bining our new primer/probe set for PVM with
those for PLRV and PVY however, sensitivity to
detect PVM was decreased. Nevertheless, this
combination of multiplex sets was preferable and
sensitive enough for our routine testing, but it
remains to be tested if sensitivity increases again
in other combinations, i.e., with PVA, PVS or
PVX.

Validation process

In contrast to comparison of sensitivity (method com-
parison) of PVY, PVS and PLRV detection in Stammler
et al. (2018), the PVM detection sensitivity differed
extremely between the two different RT-PCR assays.
While real-time DiRT-PCR was up to 100,000,000-fold
more sensitive than DAS-ELISA, real-time CoRT-PCR
was only up to 10-fold more sensitive. Up to now, it is
unclear if these results are due to false-positive or true-
positive results of real-time DiRT-PCR. False-positive
detection could happen here due to a potential predis-
position of the polymerase to hydrolyze the probe in
PVM detection without previous amplification in a
blank and poor environment. Therefore, high dilutions
might lead to unspecific reactions when either no target
or no plant sap matrix is available. This would explain
the obtained false-positive results of the developed
PVM TagMan® primer set PVM_St15 for the NTC
(water) and PVM-free RNA diluted in nuclease free
water (see Supplement 2, Cqs), but the same assay
remained true negative for the virus free plant sap target
on the same reaction plate.

Also, Hadersdorfer et al. (2011) found greater
sensitivity for purified RNA than for crude plant
sap within one nucleic acid-based virus detection
method in plums. Because of the highly concen-
trated total RNA in comparison to the unprocessed
crude plant sap, we generally expected greater
sensitivity when comparing real-time DiRT-PCR
with real-time CoRT-PCR. Nevertheless, further
experiments gave hints approving this PVM primer

set in real-time DiRT-PCR for high detection sen-
sitivity at low virus titers.

We compared different protocols but also the
sampling of different parts of the same tuber, name-
ly rose-end and heel-end. For the real-time DiRT-
PCR protocol, the heel-end of the dormant tuber was
directly used whereas for the growing-on DAS-
ELISA protocol the rose-end of the same dormant
tuber was further cultivated. After 4-6 weeks culti-
vation, leaves of these plants were used in the DAS-
ELISA assay. Different biological prerequisites were
present in different potato tuber parts of the same
sampled tuber that may lead to non-homogeneous
virus distribution/titer in both samples (Dupuis
2017). This could have led to virus exclusion for
one or the other protocol. Additionally, virus repli-
cation also differs by virus-type due to differing
virus-enrichment capacity across the virus species
and isolates during enrichment phase for DAS-
ELISA.

In addition, results might be affected by altered inhib-
itor concentrations in different potato varieties, because
the used KAPA3G™ Direct Plant DNA polymerase is
referred to be robust but not immune against existing
PCR inhibitors (Gallup 2011; Schori et al. 2013).

The protocol agreement for PVM detection using the
newly developed TagMan® primer set gave “almost
perfect” agreement (protocol agreement: 93.1%, Cohens
Kappa (k): 0.86) according to Landis and Koch (1977).
However, the growing-on DAS-ELISA protocol was
slightly more sensitive compared to the real-time
DiRT-PCR protocol (6,3%). Assuming no false-
positive and false-negative results, the coverage of all
PVM isolates of the used primer set and considering the
extreme sensitivity of real-time DiRT-PCR in the sensi-
tivity comparison of methods (this study), we propose
for PVM high natural viral replication frequency during
virus enrichment phase of the growing-on DAS-ELISA
protocol that filled the sensitivity gap obtained between
real-time DiRT-PCR and DAS-ELISA to obtain high
agreement between both protocols.

For all viruses tested, real-time DiRT-PCR
multiplex shows a fair to an almost perfect pro-
tocol agreement with DAS-ELISA, depending on
the measures applied. Interestingly, Cohen’s kap-
pa and Gwet’s ACI1 differ for each virus, espe-
cially for PLRV. This is due to the fact that
Cohen’s kappa is influenced by the ratio of
negative and positive samples, which in our case
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is greater for negative samples (Wongpakaran
et al. 2013; Gwet 2008). Therefore, we chose
Gwet’s AC1 (Gwet 2008) as a second measure
of agreement. It has been used frequently in
clinical studies including comparison experi-
ments with DAS-ELISA (e.g. Petzold et al.
2010).

Looking at the Gwet’s AC1 values, the multi-
plex results largely resemble the results for the
duplex protocol comparison (Stammler et al.
2018) in terms of the percentages of overlap and
agreement coefficents for PLRV (duplex: 92.8%,
0.84; muliplex: 97.6%, 0.97), PVY (duplex:
83.8%, 0.67; muliplex: 83.9%, 0.73) and PVS
(duplex: 82.3%, 0.62; muliplex: 90.2%, 0.87). This
underlines, that our designed multiplex real-time
DiRT-PCR is a sensitive tool for direct potato
virus detection.

In detail, the multiplex real-time DiRT-PCR
detected more samples PLRV positive than DAS-
ELISA and for PVY slightly less samples positive
in comparison to DAS-ELISA. The PVY primer
and probe used for our experiment was developed
but also compared to DAS-ELISA by Singh
et al.(2013). They compared their established
real-time CoRT-PCR protocol using dormant tu-
bers to that with growing-on DAS-ELISA (Singh
et al. 2013) using leaves of 6—8-week old progeny
plants of the same tubers. Additionally, the tuber
sprouts were tested by DAS-ELISA before plant-
ing. Their results also showed the highest sensitiv-
ity for growing-on DAS-ELISA. Their real-time
CoRT-PCR approach ranked on second position
comparable to our validation experiment by proto-
col comparison of real-time DiRT-PCR, whereas
DAS-ELISA on tuber sprouts was scored lowest.
In addition, high virus multiplication ability for
PVY isolates (Stare et al. 2015), PLRV isolates
(Stammler et al. 2018) and possibly also PVM
(this study and Stammler 2020) in the first 4-
6 weeks of cultivation is extremely high and there-
fore detection with DAS-ELISA seems much more
sensitive.

One of several possible reasons for discrepancies in
this validation by protocol comparison could be that
PLRV is also more concentrated in the heel end of the
tuber whereas PVY is distributed unequally throughout
the tuber phloem and in some varieties it can even be
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found only in some eyes and not in others (Vetten et al.
1983; Dupuis 2017, personal communication with O.
Schumpp, Agroscope, Switzerland).

The detection sensitivity for PVM is particularly
reduced compared to single detection (duplex: 93.1%,
0.86; muliplex: 78.8%, 0.66). This reflects the results in
the multiplex development phase above. Reasons for
this reduction might prevalently be the strong interac-
tion between primers and probes in the multiplex (Pan
et al. 2018). Furthermore, our samples were thawed and
frozen several times due to limited time and workforce.
Many freezing and thawing cycles evidently affect RNA
stability (Wang et al. 2015) and might affect viruses like
PVM more than others (personal communication with
Bioreba AG, Switzerland), especially combined with
free enzymes and inhibitors present in potato tuber
sap. Therefore, the agreement between DAS-ELISA
and real-time DiRT-PCR might be improved when tu-
bers are freshly processed and directly put into real-time
DiRT-PCR.

These factors all account for additional loss of detec-
tion sensitivity. Nonetheless, detection sensitivity is still
strong enough to produce very high agreement scores
for three of the viruses tested by our multiplex sets.
Thus, this multiplex real-time DiRT-PCR is a very good
candidate for pool testing and will be less costly but still
sensitive enough for routine procedures.

Conclusion

In this study, we introduced and validated the first
TagMan® primers and probes for PVM detection
in real-time DiRT-PCR. We further converted this
method into a multiplex system to detect PLRV,
PVY, PVM, PVS, PVA and PVX using crude
tuber sap. However, detection of PVX and PVA
was possible in crude sap of in-vitro plants, but no
field grown tubers were available for evaluation.
The agreement results for real-time DiRT-PCR
duplex and multiplex detections of PLRV, PVY,
PVM and PVS, on crude sap of field grown tubers
in comparison to growing on DAS-ELISA under-
line that these methods are reliable alternatives to
DAS-ELISA and CoRT-PCR in time and cost-
effective routine testing for single tubers. We sug-
gest taking this real-time DiRT-PCR one step fur-
ther into testing tuber pools.
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