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ABSTRACT

Potato mop top virus (PMTV) is a continuing threat to potato
production throughout the world. It has the potential to persist in the soil
for long periods in the sporosori of its vector Spongospora subterranea
f. sp. subterranea, which is as an important source for PMTV infection
and dissemination. In this study, we used real-time quantitative reverse-
transcription PCR (qRT-PCR) and reverse-transcription droplet digital
PCR (RT-ddPCR) assays of the total RNA extracted directly from the soil
to develop a simple, fast, and sensitive method to detect PMTV in soil
samples using a specific primer with high efficiency despite a minimal
amount of viral RNA. The designed primers are resilient in the presence
of various PCR inhibitors in the soil when RNA is extracted. Both assays
detected PMTV in all soil types used and supported the detection of <10
PMTV copies µl_1 in the RNA sample. With qRT-PCR, detection was
linear, with amplification efficiencies ranging from 93.3 to 105.3% for silt
loam, loamy sand, sand, and sandy loam in various experiments with

R2 > 0.99. Furthermore, the RT-ddPCR assay also demonstrated a high
degree of linearity (R2 > 0.99 and P < 0.0001) with the RNA extracted
from the soil samples representing different textures and physiochemical
characteristics that were artificially spiked with infested S. subterranea f.
sp. subterranea sporosori. Additionally, both assays successfully detected
PMTV in different types of naturally infested soil with PMTV carrying
S. subterranea f. sp. subterranea sporosori levels ranging from 6.2 × 102 g

_1

to 1.2 × 106 g
_1 in soils with pH ranging from 4.9 to 7.5 and organic matter

ranging from 0.9 to 5.1%, demonstrating the potential to detect PMTV in a
wide variety of soils. To our knowledge, this is the first report of the
development of real-time PCR and ddPCR methods for the direct detection
of a soilborne virus in soil.

Keywords: soilborne virus, Potato mop top virus, quantitative reverse-
transcription PCR, RT-ddPCR

Potato mop top virus (PMTV) is an important potato pathogen of
the genusPomovirus of the familyVirgaviridae (Adams et al. 2009).
It is a tripartite, single-stranded RNAvirus that contains three linear
positive-sense single-stranded (ss) RNA molecules separately
encapsulated in capsid protein (Savenkov et al. 2003; Scott et al.
1994). These RNAs are designated as RNA-Rep, RNA-CP, and
RNA-TGB based on their encoded products (Adams et al. 2012).
RNA-Rep is associated with virus replication and encodes
components of RNA-dependent RNA polymerase (Savenkov
et al. 1999). RNA-CP encodes capsid protein and a readthrough
protein, and RNA-TGB encodes the triple gene block (TGB) of
movement protein and a putative mini cysteine-rich 8kDa protein
(Adams et al. 2012; Kashiwazaki et al. 1995).
PMTV causes potato mop top disease, which has been found in

various potato-growing regions of the world (Abbas and Madadi
2016; Beuch et al. 2015; Garcia et al. 2013a; Santala et al. 2010; Xu
et al. 2004). Disease symptoms may vary with environment and
potato cultivars (Gil et al. 2016). In addition to the typical necrotic
arcs and brown flecks in the tuber flesh, foliar symptoms such as
reduction of internodes and yellow spots or V-shaped lesions,
frequently referred to as chevrons, on the leaf caused by chlorosis
may appear on the plant (Gil et al. 2016; Santala et al. 2010). The
tuber necrosis caused by PMTV is responsible for the reduced
quality of potato tubers, thus leading to significant economic losses
(Mumford et al. 2000; Sandgren et al. 2002).

PMTV is transmitted by the soilborne plasmodiophorid Spongo-
spora subterranea f. sp subterranea, which causes powdery scab
disease on susceptible potato cultivars (Bittara et al. 2016; Jones
and Harrison 1972). PMTV has the potential to persist in the soil
for long periods in resting spores or sporosori of its vector
S. subterranea f. sp. subterranea, which is known to remain viable
in the soil for years, even in the absence of the host crop (Calvert
1968; Falloon 2008; Jones and Harrison 1972; Merz and Falloon
2009). During favorable conditions, infested sporosori release
PMTV-carrying zoosporeswith the ability to infect emerging tubers
or roots and transmit the virus to the plant cell (Arif et al. 1995; Kirk
2008). Hence, the perseverance of PMTV in soil has an important
role in virus transmission, and sensitive potato cultivars planted
in soil with PMTV-carrying S. subterranea f. sp. subterranea
sporosori are likely to be exposed to PMTVand, consequently, are
at great risk for infection.
The ability to detect PMTV in the field soil could assist potato

growers with avoiding planting susceptible potato cultivars in
infested soil. Currently, detection of PMTV in the soil is based on
bait plant bioassays using plants such as Nicotiana debneyi and
N. benthamiana as hosts for virus propagation and detection (Arif
et al. 2014; Davey 2009; Nakayama et al. 2010; Santala et al. 2010).
The plant bioassay procedure is a tedious and time-consuming
process because it takes several weeks to grow bait plants and
conduct the bioassay. In addition, several steps involved in growing
and testing bait plants maximize the potential errors that can lead
to false-positive or false-negative results. Furthermore, the chal-
lenges of maintaining the favorable environmental conditions for
S. subterranea f. sp. subterranea infection during the process to
obtain reliable test results cannot be underestimated. Therefore, to
better assess risks associated with PMTVon potato and to adopt a
proper disease management strategy, it is important to develop a
specific protocol for sensitive and rapid detection of PMTV in the
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soil. Technological progress in molecular procedures, including
PCR-based methods, have provided a pathway for fast and accurate
detection of PMTV in the soil, even with the possible presence of
a minimum amount of viral RNA extracted from soil. This study
investigated real-time reverse-transcription (RT) and digital droplet
(dd) PCR of the total RNA extracted directly from the soil to
develop a simple, fast, and sensitive method to detect PMTV.

MATERIALS AND METHODS

Collection and preparation of soil samples. Soil samples
obtained from PMTV-infested and noninfested potato fields located
in North Dakota, Maine, Idaho, Colorado, and Washington were
used for protocol development and assessment. Soil subsamples
were submitted to the soil testing laboratory at North Dakota State
University to determine texture, pH, and organic matter (OM)
content. The remainder of the soil samples were dried at ambient
temperature, followed by grinding of each soil individually to a fine
powder using a flail-type soil pulverizer (Agvise, ND). The
pulverizer was dusted, sprayed, and wiped with alcohol between
grinding the soil samples to avoid cross-contamination. The ground
soil sampleswere then stored in awalk-in cold room (4�C) until they
were used. The presence of S. subterranea f. sp. subterranea
sporosori in naturally infested soil was determined by real-time
quantitative PCR of DNA extracted from the soil (Mallik et al.
2019).
To spike the soil with PMTV-infested S. subterranea f. sp.

subterranea sporosori, S. subterranea f. sp. subterranea-free soil
samples were used. These samples were sterilized by autoclaving
twice at 121�C for 60 min before storing at 4�C. Sporosori of
S. subterranea f. sp. subterraneawere harvested from the surface of
S. subterranea f. sp. subterranea and PMTV-infected potato tubers
by scraping with a scalpel, followed by grinding and sequential
sieving with 40 to 150 mesh screens. Sporosori were suspended in
nuclease-free water and counted using a hemocytometer. The
sporosori concentrations of 20,000 sporosoriml_1, 10,000 sporosori
ml_1, 5000 sporosori ml_1, 1000 sporosori ml_1, 500 sporosori ml_1,

and 100 sporosori ml_1 were prepared by serial dilution. These
dilutions of sporosori were added to 1-g aliquots of sterilized soil
and then incubated at ambient temperature for 5to 7 days.

Extraction and refinement of total RNA. Total RNA was
extracted from artificially PMTV-infested soil as well as naturally
infested soil samples using a soil total RNApurification kit (Norgen
BioteK, ON, Canada) according to the manufacturer’s instructions
with a supplementary DNase digestion step using RNAase-free
DNase I (NorgenBioteK,ON,Canada andQiagen,Valencia, CA) to
remove contaminating genomic DNA. To improve the quality of
RNA for downstream applications, extracted total RNA from two
subsamples of 0.4 g of soil were pooled together and further purified
using RNeasy PowerClean Pro Cleanup kit (Qiagen, CA).
The integrity of RNA was confirmed by the standard electro-

phoresis technique. Additionally, RNA quality and quantity were
evaluated using a NanoDrop 2000c spectrophotometer. Total RNA
was immediately stored at _80�C in the ultra-deep freezer for
further procedures.

Primers and probes. Three sets of primers and probes
targeting the PMTV coat protein–readthrough protein gene were
designed using sequences obtained from the NCBI GenBank
database via the GenScript real-time PCR (TaqMan) primer design
tool (Table 1). In addition, a previously described primer–probe set
(PMTV-1948F/PMTV-2017R/PMTV-1970) (Mumford et al. 2000)
was assessed and used to make comparisons between the newly
designed primer–probe sets. The goal was to identify sensitive and
specific primers with high efficiency that were capable of detecting
a small amount of viral RNA in the presence of various PCR
inhibitors in soil-extracted RNA. First, putative amplicon se-
quences anticipated from each potential primer–probe set were
compared with the available sequences in the NCBI GenBank
database using the BLAST program to confirm their specificity.
Then, primer–probe sets were tested with quantitative reverse-
transcription (qRT) PCR (qRT-PCR) using RNA extracted from
PMTV-infested S. subterranea f. sp. subterranea sporosori adjusted
to �1 × 103 copies µl_1 viral target sandy loam soil artificially
spiked with S. subterranea f. sp. subterranea sporosori at the rate of

TABLE 1. Primers and probes for Potato mop top virus (PMTV) detection and their preliminary test results

Primer/probe
(Reference) Sequence (5939) (fluorophore)

Amplicon
size (nt)a

RNA extracted from
Spongospora subterranea

f. sp. subterranea
sporosorib

RNA extracted from
manually spiked soilc

RNA extracted from
naturally infested soil

samplesd

Ct value ± SD (detection
frequency (%))e

Ct value ± SD (detection
frequency (%))

Ct values (detection
frequency (%))

PMTV 601 F ACCGAACGCTTTGGTGGAAGT 157 25.87 ± 0.59 (100) 34.19 ± 0.89 (30) >35 (25)
PMTV 601 R CGGAAGCTTCTCTCGGACCT
PMTV 603 P CGTCTTGCCCGCCCTTCGCCGT
This study (FAM)f

PMTV 501 F TGACGCTTGGGACCATGAGC 144 24.80 ± 0.56 (100) 34.36 ± 1.16 (20) >40 (0)
PMTV 501 R GACACCTGGCTCAACACGCT
PMTV 503 P ACTTCCTCACGGCAGCCTTCATGGCCT
This study (FAM)
PMTV 401 F GGAAGTTCACTTGTTGGTGATAAA 140 22.58 ± 0.38 (100) 27.47 ± 0.91 (100) �25 to �31 (90)
PMTV 402 R GAAGCTTCTCTCGGACCTAATC
PMTV 403 P TGTAGCGTTGCAGACAGTGAACGG
This study (FAM)
PMTV-1948F GTGATCAGATCCGCGTCCTT 70 25.48 ± 0.19 (100) 35.23 ± 0.68 (40) >35 (10)
PMTV-2017R CCACTGCAAAAGAACCGATTTC
PMTV-1970
Mumford et al.
2000

ACC AGA ACT ACG GTG CCG
CGT CG (FAM)

a nt, nucleotide.
b RNA with �1 × 103 µl_1 copies of viral target.
c Sandy loam soil collected in North Dakota was spiked with PMTV-infested S. subterranea f. sp. subterranea sporosori with a rate of 20,000 sporosori/g

_1.
d Soil samples obtained from a known PMTV-infested field in North Dakota.
e Ct, mean cycle threshold. Only positive reactions were used for the calculation of the mean Ct value. SD, standard deviation.
f 6-carboxyfluorescein.
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20,000 sporosori g_1 and soil samples obtained from a known
PMTV-infested field in North Dakota. Additionally, selected PCR
products were cleaned with the QIAquick PCR purification Kit
(Qiagen) and subjected to Sanger sequencing (Retrogen, Inc., San
Diego, CA) for further validation of amplicon sequences. Based on
the initial results, the primer–probe set with the most reliable and
reproducible detection, as measured and determined by the lowest
cycle threshold (Ct) or quantitation cycle (Cq) value, was selected
for further PMTV detection method development.

Real-time quantitative reverse-transcription PCR. The
newly designed primer–probe set PMTV 401F/PMTV 402R/
PMTV 403P (Table 1) selected using the previous step was used
for further qRT-PCR assays. One-tube, one-step qRT-PCR was
performed in 20 µl of reaction mix using the GoTaq Probe 1-step
RT-PCR system (Promega, USA). The qRT-PCR reaction mixture
contained 10 µl of GoTaq Probe qPCR master Mix (2×), 0.4 µl of
GoScript RT Mix for 1-step qRT-PCR (50×), 1 µl of each forward
and reverse primer at a concentration of 900 nM, 0.5 µl of a probe at
a concentration of 250 nM, 4 µl of RNA template, and nuclease-free
water to 20 µl. qRT-PCR was performed using a thermal cycler
(CFX96 Real-Time System; Bio-Rad) to amplify DNA fragments
using the following cyclic condition: reverse transcription at 45�C
for 15 min followed by polymerase activation and DNA de-
naturation for 2 min at 95�C; and 50 cycles of amplification with
each cycle at 95�C for 10 s and 30 s for 60.4�C.
RNA extracted from PMTV-infested S. subterranea f. sp.

subterranea sporosori was used as a positive control. To prepare
standard curves, a 10-fold dilution series of RNA extracted from
PMTV-infested S. subterranea f. sp. subterranea sporosori was
used. Viral copies of standards were determined by using the
PMTV genesig Standard Kit (Primerdesign, UK) according to the
manufacturer’s instructions. In brief, the kit contains a template with a
known concentration of PMTV coat protein–readthrough protein
gene that canbeused togenerate a standard curve toestimate the copy
number in the RNA extracted from PMTV-infested S. subterranea
f. sp. subterranea sporosori. First, a real-time RT-PCR protocol and
the standard curve developed with the known concentration of coat
protein–readthrough protein genewere used to determine the number
of coat protein–readthrough protein genes inRNA extracted from the
PMTV-infested S. subterranea f. sp. subterranea sporosori. Then, a
10-fold serial dilutionof quantifiedRNAwasusedas a standard curve
for the developmentof assays for the direct detectionofPMTVinsoil.
Viral copy numbers used for constructing standard curves ranged
from �1 to 1 × 104 µl_1. The standard curve and Ct values of qRT-
PCR assays were determined using Bio-Rad CFX Manager 3.1
software (Bio-Rad, CA). Three independent qRT-PCR assays were
conducted for each soil sample. All statistical analyses related to
qRT–PCR data were conducted with Minitab 18 statistical software
(State College, PA).

Reverse-transcription droplet digital PCR assay. The RT-
ddPCR assay was performed after optimizing the qRT-PCR. The
one-step RT-ddPCR advanced kit for probes (Bio-Rad, CA) using
the identical primer–probe set selected for the qRT-PCR was used
for the RT-ddPCR. Each reaction mixture (20 µl) contained 5 µl of
supermix, 2 µl of reverse transcription, 1 µl of 300 mM DTT, 1 µl
(450 nM) of each forward and reverse primer, 0.5 µl (250 nM) of
probe, 4 µl of RNA template, and nuclease-freewater to 20 µl. Each
designated well of a DG8 cartridge (Bio-Rad) assembled with the
DG8 cartridge holder was manually loaded with 20 µl of reaction
mixture and 70 µl of QX200 droplet generation oil (Bio-Rad) and
placed in the QX 200 droplet generator for droplet creation.
Generated droplets (40 µl each) were transferred to a 96-well PCR
plate and sealed with a heat seal foil using PX1 PCR plate sealer
(Bio-Rad). The PCR assay was performed on a S1000 thermal
cycler. The cyclic and temperature conditions used for the PCR
assay were as follows: reverse transcription at 45�C for 60 min;
enzyme activation for 10 min at 95�C; 40 cycles of 30 s at 95�C for
denaturation, followed by 1 min at 60.4�C (ramp speed of 2.5 C/s)

for annealing/extension; and enzyme deactivation at 98�C for
10 min, followed by cooling at 4�C. The PCR assay was analyzed
with a QX200 droplet reader and QuantaSoft Analysis Pro (Bio-
Rad, CA). Three independent RT-ddPCR assays were conducted
for each soil sample. Linear regression curves were calculated
by plotting virus copy number concentrations determined by RT-
ddPCR and expected values of serially diluted RNA extracted from
PMTV-infested S. subterranea f. sp. subterranea sporosori against
each other. All statistical analyses were conducted with Minitab 18
statistical software (State College, PA).

RESULTS

Primer–probe selection. Newly designed primer–probe sets
PMTV 401F/PMTV 402R/PMTV 403P, PMTV 501F/PMTV502R/
PMTV503P, and PMTV601F/PMTV602R/PMTV603Pwere found
to amplify single products of 140-nucleotide (nt), 144-nt, and 157-nt
fragments of PMTV coat protein–readthrough protein genes, re-
spectively (Table 1). Sequencing of amplicons followed by database
searches also confirmed their similarity to the targeted sequence.
Similarly, primer–probe set PMTV-1948F/PMTV-2017R/PMTV-
1970 (Mumford et al. 2000) was also found to amplify a single
product of a 70-nt fragment of PMTV coat protein gene. During initial
experiments, all four primer–probe sets were able to detect PMTV
in the RNA extracted from PMTV-infested S. subterranea f. sp.
subterranea sporosori with �1 × 103 µl_1 copies of viral target.
However, the Ct value generated by the primer–probe set PMTV
401F/PMTV 402R/PMTV 403P was substantially lower than that
of PMTV501F/PMTV502R/PMTV503P, PMTV601F/PMTV602R/
PMTV603P, and PMTV-1948F/PMTV-2017R/PMTV-1970. In addi-
tion, PMTV 401F/PMTV 402R/PMTV 403P yielded the most reliable
detection with the lowest Ct value and 100% detection frequency
when tested with RNA extracted from artificially spiked soil using
PMTV-infested S. subterranea f. sp. subterranea sporosori at a rate
of 20,000 sporosori g_1. Furthermore, it detected PMTV in 90% of
the samples collected from the PMTV-infested field in North
Dakota (Table 1). Using these data, the primer–probe set PMTV
401F/PMTV 402R/PMTV 403P was determined to be superior to a
published PMTV PCR protocol (Mumford et al. 2000); therefore,
the other newly designed primer–probe set was selected for further
development (Table 1).

qRT-PCR. A 10-fold dilution series of RNA extracted from
PMTV-infested S. subterranea f. sp. subterranea sporosori was
used in standard curve constructions. To achieve this, the copy
number of the PMTV target (RNA-CP) in extracted RNA was
determined and then adjusted to 1 × 104 µl_1. Subsequently, serial
10-fold dilutions of RNA templates from 1 × 104 to 1 µl_1 copies
were used to determine the efficiency and linearity of qRT-PCR. In
standard curves obtained from various experiments, amplification
efficiency ranged from 93.7 to 97.6%,withR2 > 0.99 indicating that
this assay is reliable for the detection and quantification of PMTV.
The detection limit of the assay was determined using a 10-fold

dilution series (�1 × 103 µl_1 to 0.1 µl_1 target copies) of RNA
extracted from the artificially spiked soil samples representing
different textures and physiochemical characteristics. Soils were
spikedwith�1×106 PMTV-infested S. subterranea f. sp. subterranea
sporosori g_1 and extracts diluted accordingly. PMTV was
detected at PMTV levels <10 copies/µl_1 in the RNA samples of all
soil types. In addition, detections were linear over five log10 steps
with amplification efficiency of 93.3, 101.8, 95.6, and 105.3%,
respectively, for the silt loam (pH5.8 andOM5.0%), loamy sand (pH
7.5 and OM 1.4%), sand (pH 6.7 and OM 0.9%), and sandy loam
(pH4.9 andOM3.5%),withR2>0.99demonstrating that this assay is
reproducible for use in soils with different textures and physiochem-
ical characteristics (Fig. 1). The lower detection limit using RNA
extracted from composite soil samples spiked with PMTV-infested
S. subterranea f. sp. subterranea was determined as low as 500
sporosori g_1 40% of the time (Table 2).
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RT-ddPCR. A 10-fold dilution series of RNA extracted from
PMTV-infested S. subterranea f. sp. subterranea sporosori with
viral copies ranging from 1 × 104 to 1 µl_1 was used to evaluate
RT-ddPCR performance and for comparisons with qRT-PCR.

Standard curves generated for the qRT-PCR showed amplifica-
tion efficiency of 95.5%, with R2 = 0.999 (Fig. 2A). As with
qRT-PCR, in RT-ddPCR assays, predicted target amounts and
ddPCR-measured values determined a high degree of linearity

Fig. 1. Evaluation of quantitative reverse-transcription PCR (qRT-PCR) using a 10-fold dilution series of RNA extracted from the artificially spiked soil samples
with �1 × 106 Potato mop top virus (PMTV)-infested Spongospora subterranea f. sp. subterranea sporosori g

_1: A, silt loam, B, loamy sand, C, sand, and D, sandy
loam.

TABLE 2. Evaluation of the detection limit of the quantitative reverse-transcription PCR (qRT-PCR) and reverse-transcription droplet digital PCR (RT-ddPCR)
assays based on Potato mop top virus (PMTV)-infested vector in the soil

PMTV infested Spongospora
subterranea f. sp. subterranea
sporosori g

_1 soil
qRT-PCR Ct
value ± SDa CV (%)b

Detection
frequency (%)

RT-ddPCR detected
concentration

copies µl_1 ± SD CV (%)
Detection

frequency (%)

20,000 27.10 ± 0.54 2.01 100 159.00 ± 7.62 4.79 100
10,000 28.77 ± 0.83 2.88 100 44.97 ± 5.00 11.12 100
5000 29.99 ± 0.41 1.36 100 9.97 ± 0.05 0.52 100
1000 31.48 ± 0.29 0.92 80 5.03 ± 0.41 8.22 100
500 31.66 ± 0.37 1.66 40 2.61 ± 0.39 15.08 80
100 Not detected 0 Not detected 0

a Ct, cycle threshold; SD, standard deviation. Only positive reactions were used in the calculation of the mean Ct value of qRT-PCR and mean detection
concentration µl_1 for RT-ddPCR.

b CV, coefficient of variance.
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(R2 = 1 and P < 0.0001), demonstrating that the RT-ddPCR assay
can detect and quantify PMTV with a high degree of resolution
(Fig. 2B).
The RNA extracted from the soil samples spiked with �1 × 106

PMTV-infested S. subterranea f. sp. subterranea sporosori g_1,
representing silt loam, loamy sand, sand, and sandy loam, also
exhibited a high degree of linearity in RT-ddPCR assays over the

10-fold dilution series. Among all soil types, R2 values varied from
0.9924 to 1.0 andwere statistically significant (P < 0.0001) (Fig. 3).
The ddPCR assay was able to detect PMTV from targets as low as
0.30, 0.59, 0.25, and 0.22 copies/µl_1 from RNA extracted from
artificially spiked silt loam, loamy sand, sand, and sandy loam,
respectively (Fig. 3). In addition, the detection limit based on the
PMTV-infested vector in the soil was determined to be as low as 500

Fig. 2. A, Standard curve of quantitative reverse-transcription PCR (qRT-PCR) and B, linear quantitative range of reverse-transcription droplet digital PCR (RT-
ddPCR) constructed using 10-fold serial dilutions of RNA with target copies ranging from 1 × 104 to 1 µl_1 extracted from the Potato mop top virus (PMTV)-
infested Spongospora subterranea f. sp. subterranea sporosori.
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S. subterranea f. sp. subterranea sporosori g_1 80% of the time
(Table 2).

Evaluation of qRT-PCR and RT-ddPCR assays with
field-collected soil samples. The qRT-PCR and RT- ddPCR
assayswereevaluatedusingselectednaturally infestedandnoninfested
soil samples collected from Maine, Indiana, North Dakota, Wash-
ington, and Colorado. The assayed soil samples had considerable
variations in textures, pH (4.9 to 7.9), OM content (0.9 to 5.1%), and

amount of S. subterranea f. sp. subterranea sporosori (Table 3). The
qRT-PCR and RT-ddPCR assays effectively detected PMTV in
naturally infested silt loam, loamy sand, sand, and sandy loam. In
addition, both assays successfully detected PMTV in these naturally
infested soils, with S. subterranea f. sp. subterranea sporosori levels
ranging from 6.2 × 102 to 1.2 × 106 g_1 (Table 3). Results from these
assays clearly demonstrated the potential to detect PMTV from awide
variation of soil types using either qRT-PCR or RT-ddPCR methods.

(Continued on next page)

Fig. 3. Linear quantitative range of reverse-transcription droplet digital PCR (RT-ddPCR) assay constructed using RNA extracted from the artificially spiked soil
samples with �1 × 106 Potato mop top virus (PMTV)-infested Spongospora subterranea f. sp. subterranea sporosori g

_1 representing A, silt loam (R2 = 1 and P <
0.0001), B, loamy sand (R2 = 1 and P < 0.0001), C, sand (R2 = 1 and P < 0.0001), and D, sandy loam (R2 = 0.9924 and P < 0.0001).
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DISCUSSION

Detection of PMTV directly from soil has been a challenge that
has hindered the effective management of this potato pathogen for
some time. Prior to the studies performed and reported here, PMTV
could only be effectively detected using bioassay bait plants, such as
Nicotiana debneyi, capable of being colonized by S. subterranea f.
sp. subterraneawhen grown in infested soil (Arif et al. 2014; Davey
2009; Nakayama et al. 2010). Rapid direct detection of PMTV
in naturally infested field soil can assist in the implementation
of appropriate disease management strategies. Although various

methods of PMTV detection and identification have been described
(Garcia et al. 2013b; Nakayama et al. 2010; Ryazantsev andZavriev
2009; Santala et al. 2010; Sokmen et al. 1998), none of these
methods allows direct detection in the soil. This study offers new qRT-
PCRandRT-ddPCRbased assays as effective alternatives for directly
detecting PMTV in infested soil.
Although a number of PCR assays have been developed to detect

soilborne plant viruses, many have been used only to detect and
quantify these viruses in plant tissue, but not in soil (Deb and
Anderson 2008; Meunier et al. 2003; Ratti et al. 2004). There is a
dearth of published information regarding the detection of soilborne

Fig. 3. (Continued from previous page)

7

https://apsjournals.apsnet.org/action/showImage?doi=10.1094/PHYTO-05-19-0185-FI&iName=master.img-003.jpg&w=519&h=549


plant viruses directly from the soil. A previous study reported the
conventional PCR-based method for detecting Beet necrotic yellow
vein virus using total nucleic acid extracted from the naturally
infested soil (Ghorbani et al. 2013). Yet, to the best of our knowl-
edge, this study is the first to present assays based on qRT-PCR and
RT-ddPCR to detect a soilborne plant virus directly from RNA
extracted from the naturally infested soil. This studynot only has the
potential to replace the tedious and time-consuming bait plant
bioassay method of PMTV detection but also may allow for the
evaluation of the possibility of developing similar detection
methods for other soilborne plant viruses.
Extraction of total RNA from the soil was a key step in the

development of the assays based on qRT-PCR and RT-ddPCR. The
total RNA extraction method used for this study was based on the
commercially available kit, which successfully recovered total
RNA from both the artificially inoculated and the naturally infested
soil. Soil samples can be very diverse and complex in their pH, OM
content, and texture; therefore, any RNA extraction procedure and
PCR assay developed to detect a soilborne virus such as PMTV must
be robust to increase its utility across a variable environment such as
soil. In addition to the variable RNAyield, the presence of inhibitory
compounds may affect the downstream applications of RNA in
the RT-PCR. Hence, a further purification step was conducted to
improve the quality of the RNA whenever needed. Generally, the
total RNA extraction and cleaning procedures applied here were
suitable formaintaining the integrity of PMTVgenomes in extracts.
Additionally, the single-tube, one-step PCR method decreased the
number of steps involved, thereby reducing the risk of errors that
can lead to false-positive or false-negative results.
Primers and probes for qRT-PCR and RT-ddPCR were designed

and evaluated using the stretch of nucleotides located in the coat
protein–readthrough protein gene identified as conserved in PMTV
isolates from the United States (Crosslin 2011; David et al. 2010;
Kaur et al. 2016; Lambert et al. 2003; Mallik and Gudmestad 2015;
Ramesh et al. 2014; Xu et al. 2004). The coat protein–readthrough
protein gene was chosen because it is associated with vector

acquisition and transmission (Adams et al. 2001; Reavy et al. 1998);
therefore, it is more likely to be detected in the vector-infested soil.
Serial dilution studies performed with RNA extracted from the

PMTV-infested S. subterranea f. sp. subterranea sporosori and
artificially spiked soil samples supported the reliability of these
assays for the detection and quantification of PMTV. Both assays
showed good reproducibility, as indicated by measurements of the
coefficient of variation percentage. Results also indicated that
both assays were able to detect very low concentrations of virus
templates obtained from the low concentration of vector in the soil.
However, the detection rate of RT-ddPCR was substantially higher
than that of qRT-PCR, even though low amounts of the target were
present in the sample. Additionally, the RT-ddPCR assay displayed
a higher degree of linearity than qRT-PCR when a 10-fold dilution
series of RNA extracted from the S. subterranea f. sp. subterranea
sporosori was evaluated. With increased specificity and similar
sensitivity to that of qRT-PCR, the recently developed RT-ddPCR
assay offers a number of advantages over qRT-PCR, especially
for the estimation of copy numbers of targeted genes or the
concentration of virus in the RNA sample. However, standard
curves generated from the control sample require prior information
regarding the copy number for qRT-PCR to estimate the quantity of
the target in the sample; then, the assessment is based on the
difference in relative copy number. Therefore, data generated are
calculations that are highly dependent on the quality of standards
used. Unfortunately, the development of a control sample with a
known concentration of serial dilutions to use in a standard curve
construction can be time-consuming, labor-intensive, and expen-
sive (Kim et al. 2013). However, RT-ddPCR, as an endpoint PCR,
does not need a standard curve and offers an absolute number of
viral RNA copies present in the total RNA sample. Consequently, it
appears more useful when prior information regarding the copy
number of the control is not available and does not depend on PCR
efficiency or require technical replicates. Another advantage that
RT-ddPCR has over qRT-PCR is that it is known to be less
susceptible to PCR inhibitors (Dingle et al. 2013; Rački et al.

TABLE 3. Detection of Potato mop top virus (PMTV) by quantitative reverse-transcription PCR (qRT-PCR) and reverse-transcription droplet digital PCR (RT-
ddPCR) using total RNA extracted from the field-collected soil samplesa

Sample
number

Sample
ID

State
obtained

Soil
pH

Soil
OM (%) Soil texture

Spongospora
subterranea

f. sp. subterranea
sporosori g

_1

of soil
RT-PCR
(Ct ± SD) CV (%)

RT-ddPCR
copies

µl_1 (Ct ± SD) CV (%) PMTV

1 ME a1 Maine 5.4 5.1 Silt loam 4.1 × 104 29.88 ± 0.25 0.84 14.57 ± 0.4 2.77 Positive
2 ME a2 Maine 5.8 5.0 Silt loam 4.5 × 103 29.78 ± 0.50 1.68 13.13 ± 1.50 11.46 Positive
3 ME a3 Maine 6.2 4.9 Silt loam 1.6 × 104 28.52 ± 0.14 0.49 54.53 ± 2.81 5.16 Positive
4 ME b1 Maine 5.8 5.0 Silt loam 1.7 × 103 30.04 ± 0.59 1.98 7.99 ± 1.13 14.08 Positive
5 ME b2 Maine 6.0 4.4 Silt loam 2.5 × 105 27.44 ± 0.65 2.36 75.73 ± 3.91 5.17 Positive
6 ME b3 Maine 6.2 4.9 Silt loam 0 –b – – – Negative
7 ID 1 Idaho 6.9 1.0 Loamy sand 4.02 × 105 29.80 ± 0.69 2.33 41.60 ± 3.11 7.48 Positive
8 ID 2 Idaho 6.6 1.2 Loamy sand 4.3 × 103 28.90 ± 0.44 1.54 43.67 ± 4.19 9.59 Positive
9 CO 1 Colorado 7.5 1.4 Loamy sand 6.2 × 102 30.61 ± 0.24 0.80 6.00 ± 0.37 6.10 Positive
10 CO 2 Colorado 7.2 1.1 Loamy sand 0 – – – – Negative
11 CO 3 Colorado 7.6 1.3 Loamy sand 1.5 × 103 31.40 ± 0.08 0.25 6.28 ± 0.74 11.74 Positive
12 CO 4 Colorado 7.6 1.4 Loamy sand 4.3 × 104 30.01 ± 0.01 0.05 22.20 ± 3.54 17.50 Positive
13 CO 5 Colorado 7.6 0.7 Loamy sand 5.6 × 104 30.46 ± 0.20 0.66 7.96 ± 1.11 13.93 Positive
14 ND 1 North Dakota 5.3 3.9 Sandy loam 3.7 × 105 26.74 ± 0.48 1.80 167.00 ± 5.51 3.28 Positive
15 ND 2 North Dakota 4.9 3.5 Sandy loam 1.1 × 106 27.45 ± 0.69 2.52 72.43 ± 6.68 9.22 Positive
16 ND 3 North Dakota 5.0 3.7 Sandy loam 1.2 × 106 28.36 ± 0.51 1.79 27.40 ± 0.90 3.28 Positive
17 ND 4 North Dakota 5.0 2.8 Sandy loam 1.5 × 105 28.11 ± 0.75 2.66 42.57 ± 1.93 4.55 Positive
18 ND 5 North Dakota 4.6 2.8 Sandy loam 1.7 × 103 29.90 ± 0.99 3.31 12.37 ± 0.40 3.27 Positive
19 ND 6 North Dakota 5.1 3.3 Sandy loam 1.3 × 102 – – – – Negative
20 WA a1 Washington 7.4 1.7 Sand 3.4 × 105 28.22 ± 0.30 1.06 55.30 ± 5.07 9.17 Positive
21 WA a2 Washington 7.5 1.6 Sand 5.1 × 105 28.93 ± 0.20 0.69 19.97 ± 3.10 15.52 Positive
22 WA b1 Washington 6.7 0.9 Sand 5.8 × 103 29.59 ± 0.59 1.98 14.93 ± 2.11 14.12 Positive
23 WA b2 Washington 6.8 0.9 Sand 1.45 × 105 28.12 ± 0.24 0.85 54.60 ± 5.66 10.36 Positive
24 WA b3 Washington 6.7 0.7 Sand 2.1 × 104 28.80 ± 0.38 1.33 33.03 ± 2.62 7.92 Positive

a OM, Organic matter; Ct, mean cycle threshold; SD, standard deviation; and CV, coefficient of variance.
b Dashes indicate not applicable.
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2014a), which could be beneficial when dealing with RNA samples
extracted from soil. Such advantages of the RT-ddPCR approach
over qRT-PCR for the detection of viruses have been reported in
previous studies (Abachin et al. 2018; Rački et al. 2014b; Wu et al.
2017).
Results obtained from performing assays of spiked and naturally

infested soils demonstrated that qRT-PCR and RT-ddPCR were in
agreement and that both worked well for the detection of PMTV in
soil-extracted RNA, demonstrating that both PCR methods can be
used effectively. Yet, some qRT-PCR test results obtained from
field-collected samples can be inconclusive, especially when Ct
values are at the upper limit. Under these conditions, it is advantageous
to use RT-ddPCR as an additional tool to confirm qRT-PCR results
because of its sensitivity. In the serial dilution of RNA extracted
from soil artificially spiked with PMTV-infested S. subterranea f.
sp. subterranea sporosori, RT-ddPCR was able to detect as few as
0.22 PMTV copies/µl_1, thus demonstrating high sensitivity.
However, such sensitivity is unlikely to be achieved when working
with RNA extracted from the naturally infested soil. However, it is
expected to produce useful information to differentiate between
PMTV-positive and PMTV-negative soil samples, which will assist
the potato industry in making disease management decisions.
Successful detection of PMTV from diverse samples showed the

ability of the proposed method to detect PMTV from the wide
variety of soil types. Because PMTVhas been detected in theUnited
States only fairly recently (Lambert et al. 2003), and because it
continues to be detected in new potato production areas (Kaur et al.
2016), the detection method described here could be extremely
beneficial for surveys used to determine the extent of this invasive
virus.
Frequent unpredictable distributions of PMTV in its vector and

vector in the field (Jones and Harrison 1972) could make accurate
PMTV detection and verification of test results of field-collected
soil samples challenging. If feasible, then it is advisable to test soil
collected near potato tubers or soil that has adhered to tubers or
separated from the tubers because these soils are expected to contain
a higher concentration of S. subterranea f. sp. subterranea resting
spores (Sandgren 1995; Santala et al. 2010).Moreover, it is possible
to prescreen the field for S. subterranea f. sp. subterranea before
deciding to test for PMTV. Further studies should be conducted to
understand the dispersal of PMTV in the field and develop a reliable
sampling method to maximize accurate PMTV detection.
In conclusion, soil assay methods developed in this study have

been demonstrated to detect PMTV in a wide range of soils. These
procedures provide rapidity, high sensitivity, high specificity, and
the possibility of quantitative measurements. Now, for the first
time, there is a reproducible direct assessment of the presence of
PMTV in field soil that will facilitate further disease management
options such as the planting of PMTV-insensitive cultivars (Domfeh
et al. 2015; Yellareddygari et al. 2018) or the avoidance of planting
the field with potato.
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Rački, N., Dreo, T., Gutierrez-Aguirre, I., Blejec, A., and Ravnikar, M. 2014a.
Reverse transcriptase droplet digital PCR shows high resilience to PCR
inhibitors from plant, soil and water samples. Plant Methods 10:42.
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