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Apple stem grooving virus (ASGV) is a destructive
viral pathogen of pome fruit trees that causes signifi-
cant losses to fruit production worldwide. Obtaining
ASGV-free propagation materials is essential to reduce
economic losses, and accurate and sensitive detection
methods to screen ASGV-free plantlets during in vi-
tro propagation are urgently necessary. In this study,
ASGYV was sensitively and accurately quantified from
in vitro propagated apple plantlets using a reverse
transcription droplet digital polymerase chain reaction
(RT-ddPCR) assay. The optimized RT-ddPCR assay
was specific to other apple viruses, and was at least
10-times more sensitive than RT-real-time quantitative
PCR assay. Furthermore, the optimized RT-ddPCR as-
say was validated for the detection and quantification of
ASGYV using micropropagated apple plantlet samples.
This RT-ddPCR assay can be utilized for the accurate
quantitative detection of ASGYV infection in ASGV-free
certification programs, and can thus contribute to the
production of ASGV-free apple trees.
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Apple (Malus domestica) belongs to the family Rosaceae
and is a widely grown and economically important fruit
worldwide. Apples are one of the most popular fruits in
Korea, with a total cultivated area of 34,359 ha and pro-
duction of 515,931 tons (Korean Statistical Information
Service, 2021). To increase genetic diversity, breeding
programs require multiple apple cultivars. However, apple
trees in Korea are susceptible to infection by several vi-
ruses, such as apple stem grooving virus (ASGV), apple
chlorotic leaf spot virus (ACLSV), apple stem pitting virus
(ASPV), and apple mosaic virus (Lee et al., 2020). Despite
being asymptomatic, these viruses significantly reduce fruit
yield and quality, especially through mixed infections (Lee
et al., 2020). Among them, ASGV has the highest infec-
tion rate in cultivated apple trees in Korea; it is distributed
worldwide and has been reported in a wide range of hosts,
including pear, apricot, cherry, lily, and soybean (Bhardwaj
and Hallan, 2019; Lee et al., 2020).

Availability of virus-free propagation materials is impor-
tant for increasing the productivity of apple fruits. How-
ever, viruses infecting apple trees are naturally transmitted
by infected propagation materials, which transmit the virus
from generation to generation (Hu et al., 2018). Thus, the
use of certified, virus-free propagation materials is essential
for producing healthy fruit trees.

Developing sensitive detection methods is vital for the
successful screening of virus-free propagation materi-
als for apple trees. To date, several molecular detection
methods, such as reverse transcription-polymerase chain
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amplification (RT-PCR) (Nabi et al., 2022), RT-real-time
quantitative PCR (RT-qPCR) (Malandraki et al., 2017),
loop-mediated isothermal amplification (Lu et al., 2018),
recombinase polymerase amplification (Jeong et al., 2021;
Kim et al., 2019), and CRISPR-based assays (Jiao et al.,
2021), have been developed to detect apple tree viruses.
Currently, conventional RT-PCR and RT-qPCR have been
used by Korea’s Ministry of Agriculture, Food and Rural
Affairs (KMAFRA), to screen for apple viruses for in vitro
micropropagation of apple plants. Although promising for
the routine testing of apple viruses, these methods gener-
ally are not suitable for quantifying viral loads from virus-
infected samples. In addition, although RT-qPCR can
quantify viral concentrations, the viral loads are calculated
from amplification rates relative to a standard curve, rather
than via absolute quantification (Vasudevan et al., 2021).

Digital PCR (dPCR) can be used for absolute quantifi-
cation of target nucleic acid sequences without the need
for a standard curve based on many partitioned reactions.
dPCR includes droplet (droplet digital PCR [ddPCR]) and
nanofluidic chips (chip-based dPCR) and quantifies target
sequences based on the number of positive and negative
partitions using Poisson statistics after the reaction is ter-
minated (Dube et al., 2008). dPCR has several advantages
over RT-PCR and RT-qPCR, including absolute estimates
of target sequences and enhanced sensitivity, even if the
target sequences have low concentrations (Hindson et al.,
2011). In this study, we detected and quantified ASGV
coat protein (CP) sequences using an RT-ddPCR assay for
micropropagated apple shoots and highlighted its potential
as a screening method for the production of ASGV-free
plantlets.

Micropropagated ‘Hongro’ apple plantlets were provided
by the National Institute of Horticultural & Herbal Science,
Korea. Total RNA was extracted from apple plantlet leaves

and RNA quality and concentration were determined fol-
lowing the methodology of Kim et al. (2019). The RNA
samples were first tested for ASGV presence using RT-
PCR with previously used diagnostic primers (Shim et al.,
2006). First-strand cDNA was synthesized using 2 g total
RNA, 0.5 pg random primer, 10 mM dNTP, RNase inhibi-
tor (TaKaRa, Shinga, Japan), M-MLV reverse transcriptase
(Promega, Madison, WI, USA) in 20 pl volume. The syn-
thesized cDNAs were used as templates for RT-PCR, RT-
gqPCR, and RT-ddPCR analyses. To test for ASGV infec-
tion in these samples, RT-PCR was performed following
the methodology of Kim et al. (2019). The RT-PCR prod-
ucts (approximately 714 bp) corresponding to the CP gene
were determined using 1.5% agarose gel electrophoresis
(data not shown).

To design specific primers and a probe for the RT-
ddPCR assay, the complete CP sequences of 15 ASGV iso-
lates (MG682506, MG682507, MG682508, MG682509,
MG682510, GQ330294, KR606324, JX885582,
KR815877, LC086300, LN90143, KX668488, LC184610,
KX988001) from different countries, including Korea,
were obtained from the GenBank database. The conserved
sequences of the ASGV isolates were then determined us-
ing BioEdit version 7.0.5.3 (Supplementary Fig. 1). The
forward, reverse, and probe sequences for detecting ASGV
in RT-qPCR and RT-ddPCR assays are listed in Table 1.

RT-ddPCR was performed using a QX200 Droplet
Digital PCR system (Bio-Rad Laboratories, Hercules,
CA, USA). The reaction mixture consisted of 10 pl of 2x
ddPCR Supermix for Probes (Bio-Rad Laboratories), 900
nM each of the forward and reverse primers, 250 nM probe
(Table 1), 4.9 ul DEPC-water, and 1 pul template cDNA
in 20 pl reaction volume. The RT-ddPCR amplifications
were performed following the methodology of Lee et al.
(2021). The copy number of each sample was determined

Table 1. Detailed information for the primers and probe used in this study

Assay Primer Sequence 5'—3' Target gene Position ~ Size (bp) Reference
RT-gPCR  ASGV-CNU-F AGRCGCCACCGGGTAGG ASGV CP 5670-5686 100 This study
andRT-  ASGV-CNU-P 6-FAM-ARVTTCTGACGGTTCCTCCCCCT- ASGV CP 5725-5750
ddPCR GAA-BHQ-1
ASGV-CNU-R CCTTCRAARCTTTCACCTTCTTTRA ASGV CP 5755-5779
RT-PCR  ASGV-F ATGAGTTTGGAAGACCTGCTTCAA ASGV CP 5640-5663 714 Shimetal.
ASGV-R CTAACCCTCCAGTTCCAAGTTACT ASGV CP 6330-6355 (2006)
Nad5-F GATGCTTCTTGGGGCTTCTTGTT Internal control 1836-1859 181  Menzel et al.
Nad5-R CTCCAGTCACCAACATTGGCATAA 1973-1995 (2002)

RT-gPCR, reverse transcription real-time quantitative polymerase chain reaction; ddPCR, droplet digital polymerase chain reaction; RT-PCR,

reverse transcription-polymerase chain amplification.
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Fig. 1. Thermal gradient reverse transcription droplet digital
polymerase chain reaction (RT-ddPCR) for optimizing anneal-
ing temperature for the detection of apple stem grooving virus.
Eight RT-ddPCR reactions (with an annealing temperature gradi-
ent ranging from 48°C to 62°C) were performed to optimize the
annealing temperature. The horizontal pink line represents the
threshold; positive droplets (blue) and negative droplets (gray)
are shown above and below the line, respectively. The X and Y
axes represent the number of droplets and fluorescence signal
amplitude, respectively.

by the QuantaSoft program (Bio-Rad Laboratories). The
individual droplet reactions were measured using a QX200
Droplet Reader and the positive and negative fluorescent
signals were differentiated based on a set threshold. In to-
tal, 15,000 reacted droplets were used as reliable data for
analyses.

To establish the optimal operating conditions for the RT-
ddPCR assay for ASGV detection, eight temperature gra-
dients from 48 to 62°C were used, and the temperature that

Table 2. Sensitivity of the RT-qPCR and RT-ddPCR assay for ASGV
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Fig. 2. Specificity of reverse transcription droplet digital poly-
merase chain reaction (assay for apple stem grooving virus
(ASGV). Each sample is separated by vertical yellow lines and
represents the fluorescence amplitude of apple chlorosis leaf spot
virus (ACLSV), apple stem pitting virus (ASPV), apple skin scar
viroid (ASSVd), and the negative template control (NTC).

maximally separated positive and negative fluorescence
amplitude was determined as the optimum temperature;
accordingly, an annealing temperature of 54°C was chosen
for subsequent analyses (Fig. 1).

To determine the specificity of the RT-ddPCR assay for
ASGYV detection, major apple viruses reported in Korea,
such as ACLSV, ASPV, and ASSVd (apple scar skin vi-
roid), were used and non-template control (NTC) was used
as a negative control. Only RNA samples obtained from
ASGV-infected plant material showed separated positive
droplet clusters, whereas RNA samples obtained from
plants infected with other viruses and NTC showed no pos-

Sarmplo Concentra.tion : : RT-qPCR . : RT-ddPCR
name of trar}scnpts Concentration (copies/jil) Mean<SD  CV (%) Concentration (copies/pl) Mean<SD  CV (%)
(copies/ul) 1 9 3 1 9 3

NTC - - - - 0 0 0
1 1.7 x 10¢ 574 586 59.6 5853+0.89 1.52 82 78 92 84 +5.89 7.01
2 1.7 x 10° 28.5 272 286 2810+063 224 10.8 15.2 10 12+2.29 19.08
3 1.7 x 10 - - - 42 54 1.6 3.73+1.59 22.62
4 1.7 x 10 - - - 0 0 0

RT-qPCR, reverse transcription real-time quantitative polymerase chain reaction; ddPCR, droplet digital polymerase chain reaction; ASGV,
apple stem grooving virus; SD, standard deviation; CV, coefficient of variation; NTC, non-template control.
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Table 3. Concentration of ASGV in micropropagated apple
plantlet samples by RT-PCR, RT-qPCR, and RT-ddPCR

Sa‘:;f’le RT-PCR RT-gPCR  RT-ddPCR
NTC - - ;
NTC - - -
NTC - ; -

1 + 286.1 333
2 + 184.2 178
3 + 287.5 1,170
4 + 352 1,690
5 - 394 2
6 + 197.7 399
7 + 175.7 264
8 + 2239 770
9 + 4132 2251
10 + 369 1,954
1 + 288.2 498
12 - 88.1 316
13 + 188.6 323
14 + 206.2 443
15 + 2182 423
16 - - 1.06
17 + 314.4 971
18 + 1452 86.8
19 + 164.1 277
20 + 101.2 232
21 + 479.3 3,030
2 + 474.8 3,990
23 + 209.7 484
24 + 1712 302
25 + 2449 437
26 + 304.9 1,199
27 + 418.1 3,180
28 - - -
29 + 2723 1,438
30 + 88.1 23
31 - : -
32 + 203.8 457
33 + 302.1 1316
34 + 318.1 1,264
35 + 289.5 1,166
36 + 193.1 318
37 + 199.5 426

ASGYV, apple stem grooving virus; RT-PCR, reverse transcription-
polymerase chain amplification; RT-qPCR, reverse transcription
real-time quantitative polymerase chain reaction; ddPCR, droplet
digital polymerase chain reaction; NTC, non-template control.

itive droplets. These results demonstrated that there was no
cross-reactivity among viruses and verified the high speci-
ficity of the RT-ddPCR assay for ASGV detection (Fig. 2).

The sensitivity of RT-ddPCR was evaluated against RT-
qPCR in triplicate using 10-fold serial dilutions of ASGV
transcripts, with concentrations ranging from 1.7 x 10° to
1.7 x 10°. ASGV transcripts were produced using a previ-
ously described method (Kim et al., 2019). The concen-
tration of transcripts, referred to as the copy number, was
calculated using the following formula: transcript concen-
tration (pg/pl)/fragment size (bp) x 182.5 x 10" (Fronhoffs
et al., 2002). RT-qPCR was performed using following
cycling steps: denaturation at 95°C for 10 min and 40
cycles at 95°C for 15 s, 60°C for 60 s, and 72°C for 30 s in
three steps (Lee et al., 2021). The copy number of ASGV
transcripts from each sample was determined by interpolat-
ing individual Cg values from a standard curve and using
the corresponding log values of the ASGV transcript copy
number (Pfaffl and Hageleit, 2001). The RT-qPCR results
determined the copy number of ASGV transcripts as 1.7 x
10° copies/pl (28.10 copies/ul), whereas RT-ddPCR detect-
ed 1.7 x 10* copies/ul (3.73 copies/ul), indicating that RT-
ddPCR was approximately 10 times more sensitive than
RT-gPCR. Furthermore, the coefficient of variation values
derived from the RT-qPCR and RT-ddPCR data ranged
from 1.52-2.24% and 7.01-22.62%, respectively (Table 2).

To further test RT-ddPCR assay performance for detect-
ing and quantifying ASGV, 37 apple leaf samples from in
vitro propagated apple plantlets were evaluated using RT-
gPCR and RT-ddPCR assays. ASGV was detected in 32
(86.5%) and 34 (91.9%) of the 37 apple plantlet samples
by RT-PCR and RT-qPCR, respectively (Table 3, Supple-
mentary Fig. 2). In contrast, RT-ddPCR determined 35
(94.6%) samples to be positive for ASGV (Table 3). One
sample (no. 16) tested negative for ASGV by RT-PCR
and RT-qPCR, but positive by RT-ddPCR. These findings
indicate that the RT-ddPCR assay is more accurate than
conventional RT-PCR assays and would be more reliable
for detecting ASGV-infected samples containing low viral
titers. However, two samples (nos. 28 and 31) were identi-
fied as ASGV-free apple plantlets by RT-PCR, RT-qPCR,
and RT-ddPCR (Fig. 3).

ASGYV infects Rosaceae fruit trees, including apple,
pear, apricot, and cherry, and is considered a high-risk viral
pathogen during cultivation of fruit trees and production
of ASGV-free plantlets by KMAFRA (Lee et al., 2020).
Considering the increasing economic impact of ASGV in
the global fruit industry, a range of RT-PCR and TagMan
probe-based RT-qPCR assays have been developed as reli-
able and sensitive detection methods for monitoring ASGV
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Fig. 3. Detection and absolute quantification of apple stem grooving virus in micropropagated apple plantlets by reverse transcription
droplet digital polymerase chain reaction (RT-ddPCR). Lanes 1-3; non-template control (NTC), lanes 4-40; RNA samples from selected
propagated apple plantlets. RT-ddPCR amplitude plot showing droplets with distinguished positives (mostly between 3,000 and 6,000)

and negatives (mostly below 2,000) in 37 apple plantlet samples.

infections in fruit trees and for ASGV-free certification
programs (Malandraki et al., 2017; Nabi et al., 2022).

In this study, the ddPCR technique was first used to de-
tect and quantify ASGV in in vitro micropropagated apple
shoots. Although ddPCR has some disadvantages com-
pared to qPCR, such as the requirement of more expensive
instrumentation and reagents, lower throughput, smaller
dynamic range, and higher risk for contamination, it facili-
tates a more sensitive molecular diagnosis and can be used
for the absolute quantification under different conditions,
such as absolute quantification without standard curve;
moreover, it offers advantages such as lower contamination
from sample inhibitors, reliable interlaboratory commut-
ability, and better detection of low pathogen load (Kuypers
and Jerome, 2017).

Overall, we established an RT-ddPCR assay for the de-
tection and absolute quantification of ASGV without the
standard curve. We optimized primer/probe concentrations
and the annealing temperature, which increased the amplifi-
cation efficiency and facilitated droplet separation. The op-
timized RT-ddPCR assay showed specificity for ACLSV,
ASPV, and ASSVd, the major viruses that infect apple
trees and are considered high-risk pathogens by KMAFRA
while conducting virus-free certification programs. In ad-
dition, comparisons of RT-ddPCR with RT-qPCR showed
that the sensitivity of the optimized RT-ddPCR assay was
approximately 10-fold higher than that of RT-qPCR based
on the serial dilution of ASGV-CP transcripts. For further
evaluation of RT-ddPCR assay reliability, ASGV were
detected and quantified in 37 micropropagated apple shoot
samples. Of the 37 apple shoot samples, 35 samples (95%)
tested positive for ASGV by RT-ddPCR analysis. These

findings indicate that RT-ddPCR assay is more reliable
than RT-PCR and RT-qPCR assays for detecting ASGV in
apple shoot samples, even at low viral loads.

To the best of our knowledge, this is the first RT-ddPCR
assay developed for the detection and quantification of
ASGYV infection. Our results indicate that this assay is suit-
able for ultra-sensitive and accurate diagnosis of ASGV
infection. The successful detection of ASGV from several
micropropagated apple shoot samples demonstrated that
the RT-ddPCR assay can be used for routine surveys of
ASGYV infection and in screening ASGV infections while
certifying ASGV-free apple plantlets.
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