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1. Introduction
  

	 Potato (Solanum tuberosum L.) is the world's fourth 
most important food crop after rice, wheat, and maize 
(Poma-Chamana et al. 2025). This crop plays a vital 
role in global food security and nutrition because of 
its high yield potential (Hopkins et al. 2026), broad 
adaptability to diverse agroecological conditions, 
and rich nutritional composition (Das Dangol et al. 
2025), providing carbohydrates, potassium, vitamin 

C, dietary fiber, and other essential micronutrients 
required for human health (Gowda et al. 2025). 
Despite its importance, potato productivity remains 
severely constrained by several devastating pathogens, 
particularly late blight caused by Phytophthora 
infestans (Nowicki et al. 2012; Haverkort et al. 2016), 
which can reduce yields by up to 75% in susceptible 
cultivars such as Granola and is responsible for 
annual economic losses exceeding USD 6-10 billion 
worldwide (Dong and Zhou 2022). In Indonesia, potato 
production reached approximately 1.27 million tonnes 
in 2024. Yet, disease management still relies heavily 
on frequent fungicide applications every 2-3 days, 

Phytophthora infestans, Potato Virus Y (PVY), and Potato Leafroll Virus (PLRV) 
are major diseases that severely affect potato production and quality worldwide, 
including Indonesia. These pathogens pose significant threats to crop security, and 
effective, durable control methods are still limited. This study aimed to establish an 
efficient transformation system using Gene Assembly in Agrobacterium by Nucleic 
acid Transfer using Recombinase technologY (GAANTRY)-based gene stacking 
technology to generate multi-pathogen-resistant potato lines, which may reduce 
reliance on chemical control and support environmentally sustainable cultivation. 
Two Granola potato clones, Granola Indonesia (Gra I) and Granola MSU (Gra 
M), were evaluated for their in vitro growth and regeneration performance. Gra M 
exhibited vigorous vegetative growth, while Gra I showed the highest regeneration 
efficiency using mid-stem node explants cultured on GNZ medium. Transformation 
using Agrobacterium rhizogenes strain ArPORT1 harboring the multigene vector 
pMSU2DR-02 resulted in 13% transformation efficiency and 100% regeneration with 
a 10-minute infection period. PCR confirmed stable integration of five resistance 
genes (RpiAmr1, RpiAmr3, RpiVnt1, RySto, and Rladg) without vector backbone 
fragments. These results demonstrate that GAANTRY-based gene stacking is an 
effective approach for producing potato cultivars with single T-DNA insertions 
carrying multiple resistance genes, providing broad-spectrum and durable resistance 
as a sustainable alternative to chemical control for long-term crop protection. The 
resulting transgenic potato lines have the potential to be utilized to improve disease 
resistance and productivity among smallholder farmers in Indonesia.
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increasing production costs while posing environmental 
and human health risks (Sparks et al. 2019; BPS 2025). 
In addition to late blight, viral diseases such as Potato 
virus Y (PVY) and Potato leafroll virus (PLRV) further 
threaten potato production, reducing marketable 
yields by 10-80% and 20-50%, respectively, while 
accelerating seed degeneration and decreasing tuber 
quality (Quenouille et al. 2013; Thomas-Sharma et al. 
2016).
	 Conventional breeding efforts have produced several 
varieties with partial resistance, but limitations such as 
genetic incompatibility between species, differences in 
ploidy levels, and limited sources of resistance genes 
remain obstacles (Douches et al. 2001). Most breeding 
varieties have vertical (race-specific) resistance that is 
easily broken by pathogen evolution (Vleeshouwers 
et al. 2011). The introgression of resistance genes 
from wild Solanum species into cultivated potato 
has proven to be an effective strategy for improving 
disease resistance while maintaining desirable 
agronomic characteristics. In Indonesia, this approach 
led to the development of the genetically engineered 
Bio Granola cultivar carrying the Rpi-blb1 (RB) gene 
from S. bulbocastanum, which exhibited enhanced 
resistance to P. infestans while retaining the agronomic 
performance of the Granola cultivar (Hadiarto and 
Ambarwati 2024). However, monogenic resistance 
is often overcome by the rapid evolution of pathogen 
populations, highlighting the need for strategies that 
combine multiple resistance genes to achieve broader 
and more durable resistance (Kourelis and Van Der 
Hoorn 2018; Witek et al. 2021).
	 Thanks to developments in gene stacking 
technology, it is now possible to combine several 
resistance genes into a single construct to create 
more robust and wide-ranging resistance to different 
pathogens. The successful stacking of three late 
blight resistance genes—RB, Rpi-blb2 from S. 
bulbocastanum, and Rpi-vnt1.1 from S. venturii—into 
elite African potato varieties using Agrobacterium-
mediated transformation demonstrated the potential of 
combining multiple R genes for durable resistance. The 
transgenic events were selected using the nptll marker 
and validated through PCR and Southern blot analyses, 
resulting in plants with broad and stable resistance to P. 
infestans under field conditions (Ghislain et al. 2019).
	 Similarly, the molecular structure and stability 
of transgenic potato events carrying three stacked 
resistance genes—Rpi-mcq1, Rpi-blb2, and Rpi-
vnt1.1—were confirmed through event-specific PCR, 
Southern blot, and whole-genome sequencing, which 

verified the integrity and expression of all R genes. 
These 3-R events exhibited complete resistance to P. 
infestans under both greenhouse and field conditions 
(Zarka et al. 2024). Gene Assembly in Agrobacterium 
by Nucleic acid Transfer using Recombinase technology 
(GAANTRY) system is a noteworthy innovation that 
enables precise and effective multigene assembly and 
transfer in a single transformation vector (Collier et al. 
2018). This system has been used to combine multiple 
resistance genes, Rpi-vnt1, Rpi-amr1, and Rpi-amr3 
genes (for resistance to P. infestans), RySto (PVY), and 
Rladg (PLRV), which originate from the wild species 
S. venturii, S. americanum, S. stoloniferum, and S. 
andigena, respectively (Velásquez et al. 2007; Grech-
Baran et al. 2020, 2022; Paluchowska et al. 2022, 
2024) into a single plant transformation construct 
pMSU2DR-02. The pMSU2DR-02 construct was 
newly developed in this study using GAANTRY-based 
gene stacking to assemble multiple resistance genes. 
	 This study intends to develop methods that allow 
for the introduction of multiple disease resistance in 
potato, using different transformation procedures and 
the pMSU2DR-02 (GAANTRY construct) to introduce 
the Rpi-vnt1, Rpi-amr1, Rpi-amr3, RySto, and Rladg. 
It is anticipated that this strategy will improve food 
security and lessen reliance on insecticides and 
fungicides, resulting in a production system that is 
sustainable, adaptable, and environmentally friendly. 
Potato T-DNA events created by these methods have 
the potential to provide a potato biotech product with 
long-lasting, broad-spectrum late blight and virus 
resistance.
 
2. Materials and Methods

2.1. Plant Material and Culture Maintenance
	 The materials used in the experiment included two 
potato genotypes (Granola Indonesia/Gra I and Granola 
MSU/Gra M). Single-node segments were cultivated 
in vitro using vitamin-supplemented Murashige and 
Skoog (MS) basal medium. Cultures were kept at 
20-22°C with a 4,000-5,000 lux light intensity and a 
photoperiod of 16 hours of light and 8 hours of darkness. 
The commonly used potato micropropagation and 
genetic transformation studies served as the model for 
this culture process (Murashige and Skoog 1962; Badr 
et al. 2015).

2.2. Optimization of in vitro Culture 
	 Nodal explants removed from the middle and upper 
parts of the stem, about 1-2 cm below the shoot apex, 
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were used to propagate non-transgenic Granola potato 
genotypes (Gra I and Gra M) in vitro. These regions 
were selected due to their high meristematic activity and 
regeneration potential. For 3-4 weeks, the explants were 
cultivated on Murashige and Skoog (MS) medium at a 
temperature of 20-22°C, a light intensity of 4,000-5,000 
lux, and a photoperiod of 16 hours of light and 8 hours 
of darkness. Each treatment consisted of 5 explants/
bottle with 10 replicates (total 50 explants per clone). 
Plant height, number of leaves, number of stem nodes, 
and length of roots were among the parameters noted 
after four weeks. Stem nodes without buds were used 
as explants for regeneration optimization (Hajare et al. 
2021). The explant's origin (A1 = Gra I and A2 = Gra 
M) and the type of explant (B1 = middle section and 
B2 = upper section near the tip) were the two factors 
in this study's 2 × 2 factorial experimental design. Four 
treatment interactions were produced by the combination 
of these factors: A1B1 (Gra I - middle section), A1B2 
(Gra I - upper section), A2B1 (Gra M - middle section), 
and A2B2 (Gra M - upper section). 

2.3. Optimization of Regeneration 
	 Internode explants from four-week-old cultures were 
used for regeneration. The medium contained Murashige 
and Skoog (MS) basal salts supplemented with 1.0 
mg/L zeatin, 1.0 mg/L indole-3-acetic acid (IAA), and 
1.0 mg/L gibberellic acid (GA3), hereafter referred to 
as Zeatin-IAA-GA3 (ZIG) medium. In contrast, the 
medium supplemented with 1.0 mg/L GA3, 1.0 mg/L 
naphthaleneacetic acid (NAA), and 1.0 mg/L zeatin was 
referred to as GA3-NAA-Zeatin (GNZ) medium. Each 
medium was applied to two clones, Gra I and Gra M. 
Each dish contained 10 explants, with 10 replicates, for 
a total of 400 explants (200 GRA I and 200 GRA M). 

Explants measuring 0.5-1.0 cm were incubated at 22℃, 
with media replacement every 3 weeks. The percentage of 
callus formation was one of the observation parameters. 
The number of calli that gave rise to shoots, the initial 
shoot emergence time, and the number of shoots in each 
Petri dish and each explant were also observed (Abeuova 
et al. 2020).

2.4. Bacterial Culture Preparation  
	 The culture medium for Agrobacterium rhizogenes 
strain ArPORT1 carrying the binary plasmid 
pMSU2DR-02 (nptII marker, GAANTRY system), 
which harbors five resistance genes (RpiAmr1, RpiAmr3, 
RpiVnt1, RySto, and Rladg) (provided by D. Douches, 
Michigan State University, USA), was prepared by 
inoculating one PCR-positive colony into 15 mL of 
Luria-Bertani (LB) medium containing kanamycin (50 
mg/L). The culture was maintained in a 28°C shaking 
incubator at a speed of 200 rpm until it reached a cell 
density of OD600 = 0.3. The suspension was centrifuged 
for ten minutes at 10,000 rpm, and the pellet obtained 
was resuspended in a liquid co-culture medium 
supplemented with acetosyringone (100 mg/L). The 
suspension was then maintained in a shaking incubator 
at 28°C for three hours and 200 rpm before being used 
for the infection process—a physical map of the T-DNA 
region of pMSU2DR-02 within A. rhizogenes ArPORT1 
(Figure 1).

2.5. Transformation Method
	 The in vitro method based on Zarka (2022) was used 
for transformation. Both Gra I and Gra M were used as 
explant sources. Stem internodes aged 3-4 weeks from 
in vitro cultures were divided into lengths of 0.5 to 1.0 
cm and subcultured on pre-culture medium (pH 5.7-

Figure 1. Shows the physical map of T-DNA in the pMSU2DR-02 binary vector for Agrobacterium-mediated transformation. The left 
border (LB) and right border (RB) sequences in the T-DNA region define the transferred DNA segment. The selectable marker 
nptII (neomycin phosphotransferase II) confers kanamycin resistance. There are five stacked resistance genes in the region: 
RySto, Rladg, RpiAmr3, RpiAmr1, and RpiVnt1—each driven by constitutive, native, or endogenous promoters and terminators 
to confer broad-spectrum resistance in S. tuberosum cv. Granola (Douches 2024)
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5.8, MS salts 4.4 g/L, 20 g/L sucrose, 3 g/L phytagel, 
thiamine-HCl (1.0 mg/L), and then autoclaved. After 
sterilization, zeatin-riboside (1.0 mg/L) and 2,4-D (1.0 
mg/L) were incorporated into the medium. They were 
incubated for two days at 20–22°C. The explants were 
then infected with an A. rhizogenes suspension using 
the immersion method for 10 minutes or 20 minutes, 
dried on sterile tissue, then placed on GNZ solid co-
culture medium and incubated at 20-22°C for three days 
in the dark. Each treatment used 100 explants planted in 
10 Petri dishes (10 explants per dish). As a control, 60 
uninfected explants were prepared, also with 10 explants 
per Petri dish, bringing the total number of explants used 
to 260. The explants were placed in a non-selective 
callus induction medium for three to five days following 
co-cultivation, then transferred to a selective medium 
containing timentin, carbenicillin, and kanamycin (100 
mg/L). Subcultures were carried out every two weeks 
until potential transgenic shoots grew. After that, the 
shoots were cultivated for four weeks in rooting medium 
(MS0 + kanamycin 50 mg/L) (20-22°C, photoperiod 
16/8 hours) until plantlets were formed. All plantlets 
that developed roots in the selective rooting medium 
were subjected to PCR analysis to confirm the presence 
of the transgene. Regeneration and transformation 
efficiency, the time of the first shoot emergence, the 
number of selection-resistant shoots, and the number 
of resistant calli that generated shoots were among the 
observation parameters. To quantitatively assess the 
success of Agrobacterium-mediated transformation, 
both transformation (1) and regeneration efficiencies (2) 
were considered (Sahoo et al. 2011). These parameters 
provide a reliable measure of the responsiveness of 
potato explants to bacterial infection and subsequent 
morphogenic recovery under antibiotic selection 
pressure. Transformation efficiency was determined 
as the percentage of explants that survived kanamycin 
selection relative to the total number of transformed 
events. In contrast, regeneration efficiency represented 
the proportion of calli that successfully produced shoots 
among those that survived antibiotic selection. The 
following formulas were applied:

2.6. Isolation of Genomic DNA
	 Using a commercial plant DNA extraction kit 
(Geneaid, USA) and the manufacturer's instructions, 
young leaf tissue was used to extract genomic DNA 
from kanamycin-resistant Granola potato plantlets for 
PCR analysis. A NanoDropTM 2000 spectrophotometer 
(Thermo Scientific, USA) was employed to determine 
the DNA concentration and purity, and a 1.0% agarose 
gel electrophoresis stained with RedSafeTM (iNtRON 
Biotechnology, Korea) was used to evaluate its quality.

2.7. PCR Amplification of Stacked Resistance 
Genes
	 The PCR profile consists of one first cycle of 
denaturation at 95°C for three minutes, 35 cycles of 
denaturation at 95°C for 30 seconds, and annealing at 
50°C for stacked gene fragments (flanking regions of 2 
target genes) or 60°C for nptll for 30 seconds, followed 
by 90-second extension at 72°C, a final 5 minute 
extension at 72°C followed by cooling at 25°C for 10 
minutes marked the end of the cycle. To ensure that 
the amplified DNA bands came exclusively from the 
transformed plants, non-transformed plant DNA was 
used as a negative control. The presence of each gene 
within the T-DNA was confirmed by PCR analysis of 
the internal junction regions. The PCR primers used 
are listed in Table 1. The PCR reaction was carried 
out in a total volume of 20 µL, consisting of 10 µL 
of MyTaq Red Master Mix as the source of Taq DNA 
polymerase, and reaction buffer; 1 µL of forward primer 
(20 µM) and 1 µL of reverse primer (20 µM); 6 µL 
of sterile water to adjust the final volume; and 2 µL 
of DNA template derived from either plant DNA or 
Agrobacterium DNA containing the pMSU2DR-02 
construct. The PCR products were subsequently 
analyzed by gel electrophoresis. Using 1× TAE 
buffer stained with RedSafe (iNtRON Biotechnology, 
Korea), electrophoresis on a 1% (w/v) agarose gel was 
performed to separate the PCR amplification products. 
The procedure was conducted at 75 volts for 60 minutes, 
after which the DNA bands were visualized under a UV 
transilluminator.

2.8. Screening for Plasmid Backbone Integration
	 To ensure that only the plant genome contained the 
T-DNA region, PCR screening was conducted using a 
primer pair targeting the non-T-DNA backbone region of 
the binary vector. This test aimed to detect any unintended 
integration of vector backbone sequences during the 
transformation process. In addition, primers specific 

Transformation 
efficiency (%) × 100 (1)

number of kanamycin 
resistant calli

total  calli amount
=

Regeneration 
efficiency (%) × 100 (2)

number of 
regenerating calli

number of kanamycin 
resistant calli

=
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for the detection of large plasmid backbone sequences 
were used, as listed in Table 2. PCR amplification was 
performed under the following conditions: an initial 
denaturation at 95°C for 3 minutes, followed by 35 
cycles of 95°C for 30 seconds, 60°C for 30 seconds, 
and 72°C for 1 minute 20 seconds, with a final extension 
at 72°C for 5 minutes.

3. Results

3.1. Response of Granola Potato Vegetative 
Growth in vitro  
	 The findings showed that the explant source 
significantly impacted every vegetative growth 
parameter. Greater mean values for the number of 
leaves, stem nodes, plant height, and root length 
showed that the Gra M clone consistently outperformed 
Gra I in terms of vegetative performance. Another 
important factor was the type of explant; explants from 
the middle section (B1) grew better than those from 
the upper section (B2) (Figure 2 and Table 3). Higher 
mean values for the number of stem nodes (8.61) and 
leaves (12.11), plant height (9.65 cm), and root length 
(6.71 cm) showed that the Gra M clone continuously 
produced better vegetative growth than Gra I. Similarly, 
compared to explants from the upper section close 
to the tip (B2), those from the middle section (B1) 
typically produced stronger vegetative growth. The 
A2B1 treatment (Gra M-middle section) produced the 

highest number of leaves (12.26), maximum number 
of stem nodes (9.22), and tallest plant height (10.20 
cm), indicating the synergistic influence of genotype 
and explant position on the vegetative performance of 
Granola potatoes under in vitro conditions.

3.2. Granola Potato Regeneration's Reaction 
to in vitro Growth Media Treatment
	 The results demonstrated that modifications to 
the growth media had a major effect on the in vitro 
regeneration of Granola potato plants (Table 4). 
There were variations between treatments in some 
parameters, including the percentage of regeneration, 
the number of explants capable of regeneration, the 
number of shoots per explant, the number of shoots per 
Petri dish, and the time required for shoot emergence. 
The results show that the growth medium composition 
and the clone source had a significant impact on the 
Granola potato explants' ability to regenerate in vitro. 
ZIG Gra I showed the lowest regeneration rate (30%), 
while GNZ Gra I produced the highest regeneration 
percentage (82%) and the most significant number 
of shoots per explant (2.04). Furthermore, GNZ Gra 
I displayed the quickest shoot emergence (8 days), 
indicating a robust interaction between culture medium 
and genotype in promoting morphogenic response. 
Figure 3 shows the regeneration response of granola 
potato explants under various in vitro media treatments. 
Treatment differences were evident, especially in the 

Table 1. List of primers used for amplification of the stacked resistance genes and marker gene (Douches 2024)
Primer Sequence Junction site Product size (bp) Annealing temperature (°C)
Stack 1

1 Stack
2b Stack

Stack 2
NPT pro out F
4 Stack

Stack 3
5 Stack
6 Stack

Stack 4
7 Stack
8 Stack

Stack 5
9 Stack
10 Stack

Stack 6
11 Stack
14 Stack

Stack 7
15 Stack
RB R

GCACGATGTCGCCTTATGTG
GCCGAGAAAGTATCCATCAT
 
GTATTTGATACATACATCTTCATGAC
AGTTTAGACTTGGCCATAGC
 
TGCCCATAAGCCCATTTAT
ATCTGTTCTTCCATTAACC
 
GTCCTTATCACCTTCCGAGA
CGTTGTCCCACATTTAAGTG
 
TTTTGTGTGGCAGTAGTTGA
TGTGACTGCCGAGATCATTTA
 
CAATGAGTGTAGCAAAGGTC
TGTGAACCAGTTTTGGC
 
GTCCTCCCATGATAGTTG
ACCCGCCAAATATCCTGTCA

left flank border
NPTII
 
NPTII
RpiAmr3
 
RpiAmr3
RpiAmr1
 
RpiAmr1
RpiVnt1
 
RpiVnt1
RySto
 
RySto
Rladg
 
Rladg
right border

1,270
 
 

1,032
 
 

942
 
 

1,330
 
 

917
 
 

1,046
 
 

742

50

50

50

50

50

50

50
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Table 2. Primers used for the detection of large plasmid backbone sequences (Douches 2024)
Primer Sequence Product size (bp) Annealing temperature (°C)
ArPORT1 Backbone1 FWD
ArPORT1 Backbone1 REV
ArPORT1 Backbone2 FWD
ArPORT1 Backbone2 REV
ArPORT1 Backbone3 FWD
ArPORT1 Backbone3 REV
ArPORT1 Backbone4 FWD
ArPORT1 Backbone4 REV
ArPORT1 Backbone5 FWD
ArPORT1 Backbone5 REV

CGCACACCGTGGAAACGGATG
GAAGGCAGCAAGCGCGATGAA
CAACGCGCTTGGTGCTTATGTG
GATCCATGCCCATGACGGCAG
CATGTCGAAGGGAGGGTTGC
CTTTGTCCAGGATTGGCCGGG
GGCTGATGTGCGCTGCTTTG
GAGGAAGGTCGAGAGTACCG
GGCTCGGCAGAATGTTCACG
CAGTCGATTTGGTCGAGCCG

500

670

650

622

595

60

60

60

60

60

Figure 2. Selection of potato stem explants used for in vitro propagation and genetic transformation. (A) Upper stem region containing 
axillary buds used for clonal propagation. (B) Middle internode region lacking axillary buds, used as explants for regeneration 
optimization and Agrobacterium-mediated transformation. (C) Lower stem region showing root development. Scale bar = 2 cm
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quantity and vigor of regenerated shoots. Explants 
cultured on the GNZ medium exhibited a more 
vigorous regeneration response, producing a greater 
number of shoots compared to the ZIG medium. The 
use of the GNZ combination was superior, with a 
regeneration rate of 82-83% and an average of 8.2-8.3 
regenerated explants, compared to ZIG, which only 
reached 30-46% with an average of 3.0-4.6 explants. 
This confirms that the use of NAA is more effective 
than IAA in supporting the regeneration of Granola 
potato varieties; synthetic auxins are more effective in 
combination with cytokinins for shoot formation, and 
the combination of NAA with cytokinins can produce 
more shoots than IAA. By week 8, both media showed 
comparable shoot growth, although GNZ had a higher 
number of regenerated shoots overall. Thus, the success 
of in vitro regeneration is greatly influenced by the 
type of medium and hormone combination used, so the 
GNZ Gra I treatment was selected as the most effective 
medium to support the Granola plant regeneration 
process and has the potential to be used in genetic 
transformation.

3.3. Introduction of Stacked Genes into Granola 
Potato Plants
	 Transformation tests on 200 explants showed the best 
efficiency at 10 minutes of infection (13% transformation, 
100% regeneration) compared to 20 minutes (7% 
transformation, 71% regeneration) (Table 5). This suggests 
that a shorter infection duration is more effective because 
it minimizes physiological stress and increases the success 
rate of transgenic shoot regeneration. The regeneration 
process from these transformed explants successfully 
produced a total of 25 transformed shoots. Transformed 
explants refer to explants that successfully integrated the 
transgene, while regenerated explants refer to transformed 
tissues that subsequently produced shoots under selective 
culture conditions. Granola potato explants infected with 
A. rhizogenes ArPoRT1 for 10 minutes, followed by a 
3-day co-cultivation period on solid medium, showed 
higher transformation and regeneration efficiency than 
those infected for 20 minutes. The shorter infection 
time likely reduced bacterial stress and tissue damage 
during transformation, resulting in multiple bright green 
putative shoots and the emergence of transgenic roots. 

Table 3. The effect of explant source and explant type on the vegetative growth of Granola potatoes in in vitro culture at 4 weeks after 
planting (WAP)

Table 4. The effect of growth media on the in vitro regeneration of Granola at 8 weeks after planting (WAP)

Numbers followed by the same letter in the same column for each treatment indicate no significant difference based on the LSD test at a 
5% significance level

Factor 

Treatment

Parameter

Parameter

Number of stem nodes

% Regeneration

Plant height (cm)

Shoots per petri dish

Number of leaves

Shoots per explant

Root length (cm)

Days to shoot emergence

Factor A (Granola)
	 A1 (Gra I)
	 A2 (Gra M)
Factor B (Stem Internode)
	 B1 (Middle section)
	 B2 (Upper section)
Interaction
	 A1B1
	 A1B2
	 A2B1
	 A2B2

ZIG Gra M
GNZ Gra M
ZIG Gra I
GNZ Gra I

4.45a

8.61b

6.95b

6.11a

4.68b

4.22a

9.22d

8.00c

46.00b

83.00c

30.00a

82.00c

7.09a

9.65b

8.69b

8.05a

7.18a

7.00a

10.20c

9.10b

5.60a

12.60c

8.70b

20.40d

7.40a

12.11b

9.89b

9.62a

7.52a

7.28a

12.26a

11.96a

1.23b

1.52c

0.87b

2.04d

4.08a

6.71b

5.47b

5.32a

4.16a

4.00a

6.79a

6.63a

14.60d

10.40b

11.40c

8.00a
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Figure 3. (A) Regeneration response of Granola potato stem explants after in vitro treatment using two combinations of growth hormones, 
and (B) visualization of Gra M and Gra I explant regeneration at 4 and 8 weeks of age using a stereomicroscope. Scale bar = 1 cm

A

B
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These observations were consistent across repeated 
experiments, supporting the reproducibility of the results. 
This observation suggests that the tissue maintained a 
healthy appearance during culture, showing normal shoot 
differentiation and root initiation. In contrast, explants 
immersed for 20 minutes exhibited reduced regeneration 
ability, fewer shoots, and browning of the callus, likely 
due to excessive stress caused by prolonged bacterial 
contact. During the pre-culture (Figure 4a), co-cultivation 
(Figure 4b), and callus induction (Figure 4c) stages, the 
number of explants placed per Petri dish was not fixed and 
occasionally exceeded ten explants. This approach was 
intentionally applied to conserve culture media during the 
early stages of the experiment. However, in the selection 
stage, each Petri dish consistently contained 10 explants, 
as specified in the experimental design.

3.4. Analysis of Stacked Gene Integration in 
Putative Transgenic Plants
	 Molecular verification results showed that all 25 
transgenic plants successfully integrated the target 
genes from the pMSU2DR-02 vector, as evidenced by 
the amplification of DNA fragments of the expected sizes 
and the absence of plasmid backbone sequences. The 
molecular verification results were further explained in 
detail based on the PCR product sizes amplified using 
each primer stack (1-7). Primer stack 1 produced a DNA 
fragment of approximately 1270 bp, followed by stack 2 
(1,032 bp), stack 3 (942 bp), stack 4 (1,330 bp), stack 5 
(917 bp), stack 6 (1,046 bp), and stack 7 (742 bp) (Figure 
5 and Table 1). 
	 The organization of the pMSU2DR-02 T-DNA constructs 
used for Agrobacterium-mediated transformation is shown 
(Figure 5A). The construct contains five stacked disease 
resistance genes (RpiAmr3, RpiAmr1, RpiVnt1, RySto, 
and Rladg), together with the selectable marker gene 
(NPTII), assembled sequentially within a single T-DNA 
region using the GAANTRY gene-stacking system. Seven 

primer stacks were designed to amplify the junction regions 
between adjacent genetic elements, enabling verification 
of the integrity of the entire stacked T-DNA construct 
before assessing its integration into transgenic Granola 
plants.
	 PCR amplification profiles obtained using seven primer 
stacks confirmed the integrity of the stacked T-DNA 
construct in transgenic Granola potato plants (Figure 
5B). Lane 1 contains the 1 kb DNA ladder used as the 
molecular size marker. Lanes 2-15 represent genomic 
DNA from transgenic Granola plants amplified using 
primer stacks 1-7, with each primer stack analyzed in two 
independent transgenic lines. Primer stack 1 (lanes 2-3) 
produced the expected 1,270 bp amplicon corresponding 
to the junction between the NPTII selectable marker and 
the RpiAmr3 gene. Primer stack 2 (lanes 4-5) generated 
the expected 1,032 bp fragment spanning the RpiAmr3-
RpiAmr1 junction. Primer stack 3 (lanes 6-7) amplified 
the expected 942 bp fragment corresponding to the 
RpiAmr1-RpiVnt1 junction. Primer stack 4 (lanes 8-9) 
produced the expected 1,330 bp fragment spanning the 
RpiVnt1-RySto junction. Primer stack 5 (lanes 10-11) 
generated the expected 917 bp fragment corresponding 
to the RySto-Rladg junction. Primer stack 6 (lanes 12-
13) amplified the expected 1,046 bp fragment spanning 
the Rladg-KmR junction, whereas primer stack 7 (lanes 
14-15) produced the expected 742 bp fragment covering 
the terminal region of the stacked T-DNA construct. 
Lane 16, containing the pMSU2DR-02 plasmid DNA, 
served as the positive control and produced the expected 
amplification product, whereas lane 17, containing genomic 
DNA from non-transgenic Granola plants, showed no 
amplification. The successful amplification of all expected 
PCR fragments from the transgenic plants confirmed the 
integrity of each target region within the pMSU2DR-02 
stacked T-DNA construct, demonstrating that the stacked 
resistance genes were successfully integrated into the 
Granola potato genome (Table 6).

Table 5. Transformation and regeneration efficiency of putative transgenic Granola potatoes

Duration of infection Total explant
Kanamycin resistant

Total regenerated callusTotal resistant callus
Transformation efficiency 

(%)
Regeneration efficiency 

(%)
10 minutes
20 minutes
Controls
	 10 minutes
Controls
	 20 minutes
Total

100
100

30

30
260

13
5

0

0
18

13
7

0

0
20

13.0
7.0

0.0

0.0
-

100.0
71.4

0.0

0.0
-
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Figure 4. Stages of Granola potato plant transformation using A. rhizogenes ArPORT1 at 10- and 20-minute infection durations. (A) Panel 
A: (a) initial explants before infection, (b) explants after Agrobacterium infection, (c) co-culture for 3 days, (d) callus after shoot 
cutting, (e) shoot regeneration in the 4th week, (f) planlets on MS0 medium in the 1st to 4th weeks. (B) Panel B: Microscopic 
visualization of transformant regeneration observed at 4 weeks of age

Figure 5. (A) Linear map of stacked gene construction in the pMSU2DR-02 vector showing the position and (B) orientation of primers for 
each target gene, and PCR results for stacked resistance genes; lane 1: 1 kb DNA ladder marker; lanes 2-15: transgenic granola 
clones; lane 16: pMSU2DR-02 (positive control); lane 17: non-transgenic granola (negative control)

A

B

HAYATI J Biosci                                                                                                               
Vol. 33 No. 5, September 2026 1365



4. Discussion

	 The comparison of Gra I and Gra M during tissue 
culture optimization demonstrated that both genotype and 
explant position influenced regeneration performance and 
guided the selection of suitable plant material for genetic 
transformation. Although Gra M exhibited greater vegetative 
growth, Gra I produced a more consistent regeneration 
response, particularly from middle internode explants 
cultured on the optimized regeneration medium. These 
results indicate that vegetative vigor does not necessarily 
correspond to regeneration capacity, which is largely 
determined by genotype-specific responses under in vitro 
conditions. The superior performance of middle internode 
explants agrees with previous studies showing that explants 
at an intermediate developmental stage possess greater 
morphogenic competence and support more efficient shoot 
organogenesis than younger apical tissues (Schmölling et 
al. 1993). Therefore, Gra I was selected for Agrobacterium-
mediated transformation because its stable and reproducible 
regeneration provides a practical advantage for obtaining 
healthy regenerated shoots after infection and selection. 
Although the physiological basis of these genotype-
dependent responses was not examined in this study, 
the findings emphasize the importance of regeneration 
screening before transformation and demonstrate that 
optimizing regeneration before genetic transformation 
can improve the reliability and reproducibility of potato 
transformation protocols. 
	 The composition of plant growth regulators strongly 
influenced regeneration performance. The GNZ medium, 
containing NAA, produced the highest regeneration 
percentages (82-83%) and the fastest shoot emergence. 
In contrast, the ZIG medium, containing IAA, generated 
greener but more compact calli with fewer regenerated 
shoots (Figure 3 and Table 4). These results demonstrate 
that different auxin formulations significantly affected 
shoot regeneration under the culture conditions used in this 
study. Similar responses have been reported in potato and 
other Solanaceae species, where the interaction between 
auxin and cytokinin regulates callus proliferation and 
shoot organogenesis, with Zeatin-NAA combinations 

generally promoting higher regeneration efficiency than 
media containing IAA (Pal et al. 2012; Hajare et al. 2021). 
Together with the observed genotype and explant effects, 
these findings indicate that regeneration competence in 
Granola potato is determined by the combined influence of 
genotype, explant source, and culture medium composition.
	 The duration of bacterial exposure influenced both 
regeneration and transformation efficiency in Granola 
potato. Explants exposed to A. rhizogenes for 10 min 
produced a higher transformation efficiency (13%) and 
complete shoot regeneration (100%) than those exposed 
for 20 min, which showed lower transformation (7%) 
and regeneration (71.4%) rates (Figure 4 and Table 5). In 
addition, tissue browning was more frequently observed 
after the longer exposure period, coinciding with reduced 
regeneration capacity. Similar observations have been 
reported in Agrobacterium-mediated transformation studies, 
where prolonged bacterial contact can adversely affect 
explant viability and reduce recovery of transformed shoots 
(Bhattacharya et al. 2010; Dan et al. 2015). Although the 
physiological basis of this response was not investigated 
in the present study, these findings indicate that limiting 
the initial infection period to 10 min provides more 
favorable conditions for transformation while maintaining 
regeneration capacity. This result highlights the importance 
of optimizing infection duration to achieve efficient and 
reproducible genetic transformation in potato.
	 The lower regeneration observed after prolonged 
bacterial exposure indicates that infection duration is 
an important factor influencing transformation outcomes 
in potato. Similar findings have been reported in previous 
Agrobacterium-mediated transformation studies, where 
excessive bacterial exposure reduced explant viability 
and regeneration efficiency (Joyce et al. 2010; Ho-
Plágaro et al. 2018). Because bacterial concentration, 
physiological responses, and molecular mechanisms 
were not evaluated in the present study, the observed 
reduction in regeneration should be interpreted as an 
association rather than direct evidence of the underlying 
cause. Nevertheless, the results demonstrate that optimizing 
infection duration is essential to maintain regeneration 
capacity and improve transformation efficiency in potato. 
Future studies integrating physiological and molecular 
analyses will be valuable for clarifying the mechanisms 
responsible for these genotype-dependent responses.
	 PCR analysis confirmed the presence of all expected 
resistance gene fragments in the transgenic Granola potato 
lines, indicating successful transfer of the stacked T-DNA 
construct. The expected amplification patterns obtained 

Table 6. Recapitulation of positive shoots from PCR confirmation 
results

Duration of 
infection

Total

Number of 
shoots tested

25

Total positive 
shoots (PCR)

25

10 minutes
20 minutes

17
8

17
8
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with all primer sets were consistent with the integrity of 
the multigene cassette. At the same time, the absence of 
detectable vector backbone–specific fragments suggested 
that major backbone sequences were not present in the 
analyzed transformants. Similar PCR-based validation has 
been widely used to assess the integrity of GAANTRY-
mediated multigene constructs. However, additional 
analyses such as Southern blot hybridization, sequencing, 
or long-read genome analysis are required to determine 
T-DNA copy number, insertion sites, and structural integrity 
with greater certainty (Zarka et al. 2024). Therefore, 
the molecular evidence obtained in this study provides 
a solid foundation for subsequent analyses of transgene 
expression and evaluation of disease resistance in the 
transformed Granola potato lines.
	 The findings of this study provide a foundation for 
further molecular and functional characterization of 
GAANTRY-mediated transgenic potato lines. Future studies 
should verify transgene expression and evaluate resistance 
against P. infestans, PVY, and PLRV under greenhouse 
and field conditions to determine the effectiveness of 
the stacked resistance genes. In addition, comprehensive 
molecular analyses, including sequencing or Southern 
blot hybridization, will be important to confirm T-DNA 
copy number, insertion sites, and structural integrity 
beyond PCR-based validation (Zarka et al. 2024). Such 
molecular characterization, together with comprehensive 
environmental biosafety assessments, will be essential to 
support the safe deployment and regulatory approval of 
genetically engineered potato cultivars (Ambarwati et al. 
2022). These approaches will strengthen the characterization 
of multigene transgenic events and support the development 
of durable disease-resistant potato cultivars.

Acknowledgements

	 We are extremely appreciative that the first author 
received a scholarship to study for a master's degree at IPB 
University from the Ministry of Finance of the Republic of 
Indonesia's Lembaga Pengelola Dana Pendidikan (LPDP). 
We also acknowledge the technical support and research 
facilities provided by the National Research and Innovation 
Agency (BRIN), Indonesia. We are appreciative of the 
support funding from USAID, Michigan State University 
(MSU), and the Feed the Future Global Biotechnology 
Potato Partnership (FtFGBPP). We also appreciate the 
support from David S. Douches, Michigan State University, 
USA, in providing the pMSU2DR-02 T-DNA within the 
Agrobacterium rhizogenes strain ArPORT1.

References
Abeuova, L.S., Kali, B.R., Rakhimzhanova, A.O., Bekkuzhina, 

S.S., Manabayeva, S.A., 2020. High frequency direct shoot 
regeneration from Kazakh commercial potato cultivars. 
PeerJ. 8, e9447. https://doi.org/10.7717/peerj.9447

Ambarwati, A.D., Riyanti, E.I., Listanto, E., Santoso, T.J., Hadiarto, 
T., Kusmana, K., 2022. Environmental safety assessment of 
genetically engineered potato resistant to late blight caused by 
Phytophthora infestans. AIP Conference Proceedings. 2462, 
040004. https://doi.org/10.1063/5.0075612

Badr, A., Angers, P., Desjardins, Y., 2015. Comprehensive analysis 
of in vitro to ex vitro transition of tissue cultured potato 
plantlets grown with or without sucrose using metabolic 
profiling technique. Plant Cell, Tissue and Organ Culture. 
122, 491–508. https://doi.org/10.1007/s11240-015-0786-3

Bhattacharya, A., Sood, P., Citovsky, V., 2010. The roles of 
plant phenolics in defence and communication during 
Agrobacterium and Rhizobium infection. Molecular Plant 
Pathology. 11, 705–719. https://doi.org/10.1111/j.1364-
3703.2010.00625.x

[BPS] Badan Pusat Statistik, 2025. Statistik produksi kentang 
nasional Indonesia. Available at: https://www.bps.go.id/id/
statisticstable/3/ZUhFd1JtZzJWVVpqWTJsV05XTllhVmh

		  RSzFoNFFUMDkjMw==/produksi-tanaman-sayuran-
dan-buah-buahan-semusim-menurut-provinsi-dan-jenis-
tanaman----2024.html. [Date accessed: 18 March 2025]

Collier, R., Thomson, J.G., Thilmony, R., 2018. A versatile and robust 
Agrobacterium-based gene stacking system generates high-
quality transgenic Arabidopsis plants. Plant Journal. 95, 
573–583. https://doi.org/10.1111/tpj.13992

Dan, Y., Zhang, S., Zhong, H., Yi, H., Sainz, M.B., 2015. Novel 
compounds that enhance Agrobacterium-mediated plant 
transformation by mitigating oxidative stress. Plant Cell 
Reports. 34, 291–309. https://doi.org/10.1007/s00299-014-
1707-3

Das Dangol, S., Çalışkan, M.E., Bakhsh, A., 2025. CRISPR-Cas9-
mediated reduced expression of potato apoplastic invertase 
inhibitor gene and analysis of transformation efficiency 
parameters. Potato Research. 68, 1699–1715. https://doi.
org/10.1007/s11540-024-09818-w

Dong, S.M., Zhou, S.Q., 2022. Potato late blight caused by 
Phytophthora infestans: from molecular interactions to 
integrated management strategies. Journal of Integrative 
Agriculture. 21, 3456–3466. https://doi.org/10.1016/j.
jia.2022.08.060

Douches, D.S., Bamberg, J.B., Kirk, W., 2001. Evaluation of wild 
Solanum species for Resistance to the US-8 genotype of 
Phytophthora infestans utilizing a fine-screening technique. 
American Journal of Potato Research. 78, 159–165. https://
doi.org/10.1007/BF02874771

Douches, D.S., 2024. Information Supporting a Regulatory Status 
Review of Potato Genetically Modified to Have Resistance 
to the Potato Pathogen Phytophthora infestans, Potato Virus 
Y, and Potato Leaf Roll Virus Resistance. USDA APHIS, 
CBI No. 24-094-01rsr.

Ghislain, M., Byarugaba, A.A., Magembe, E., Njoroge, A., Rivera, 
C., Román, M.L., Kiggundu, A., 2019. Stacking three late 
blight resistance genes from wild species directly into African 
highland potato varieties confers complete field resistance to 
local blight races. Plant Biotechnology Journal. 17, 1119–
1129. https://doi.org/10.1111/pbi.13042

Gowda, K.H., Amarananjundeswara, H., Fakrudin, B., Vasudeva, 
K.R., Doddabasappa, B., Kattegoudar, J., 2025. Biochemical 
characterization, sensory evaluation, instrumental colour 
profiling, and selection of nutrition-rich genotypes through 
hierarchical cluster analysis, multivariate analysis, and multi-
trait genotype ideotype-distance index in potato (Solanum 
tuberosum L.). Potato Res. 68, 2901–2937. https://doi.
org/10.1007/s11540-025-09852-2

HAYATI J Biosci                                                                                                               
Vol. 33 No. 5, September 2026 1367



Grech-Baran, M., Witek, K., Szajko, K., Witek, A.I., Morgiewicz, 
K., Wasilewicz-Flis, I., Jakuczun, H., Marczewski, W., 
Jones, D.G., Hennig, J., 2020. A TIR-NLR immune receptor 
mediates extreme Resistance to Potato virus Y in potato 
carrying the Rysto gene. Plant Biotechnology Journal. 18, 
655–667. https://doi.org/10.1111/pbi.13230

Grech-Baran, M., Witek, K., Poznański, J.T., Grupa-Urbańska, A., 
Malinowski, T., Lichocka, M., Jones, D.G., Hennig, J., 2022. 
The Rysto immune receptor recognises a broadly conserved 
feature of potyviral coat proteins. New Phytologist. 235, 
1179–1195. https://doi.org/10.1111/nph.18183

Hadiarto, T., Ambarwati, A.D., 2024. Breeding of genetically 
engineered Indonesian potato, Bio Granola, resistant to late 
blight pathogen Phytophthora infestans. Potato Research. 
67, 695–709. https://doi.org/10.1007/s11540-023-09662-4

Hajare, S.T., Chauhan, N.M., Kassa, G., 2021. Effect of growth 
regulators on in vitro micropropagation of potato 
(Solanum tuberosum L.) Gudiene and Belete varieties from 
Ethiopia. Scientific World Journal, 2021, 1–8. https://doi.
org/10.1155/2021/5928769

Haverkort, A.J., Boonekamp, P.M., Hutten, R., Jacobsen, E., Lotz, 
A.P., Kessel, J.T., Vossen, J.H., Visser, G.F. 2016. Durable 
late blight resistance in potato through dynamic varieties 
obtained by cisgenesis: scientific and societal advances in 
the DuRPh Project. Potato Research. 59, 35–66. https://doi.
org/10.1007/s11540-015-9312-6

Hopkins B.G., Hopkins A.P., Nelson S.V., 2026. A review of potato 
nutrient management: unique fertilization needs of a unique 
crop. Communications in Soil Science and Plant Analysis. 57, 
798–815. https://doi.org/10.1080/00103624.2026.2659334

Ho-Plágaro, T., Huertas, R., Tamayo-Navarrete, M.I., Ocampo, 
J.A., García-Garrido, J.M., 2018. An improved method 
for Agrobacterium rhizogenes-mediated transformation 
of tomato suitable for the study of arbuscular mycorrhizal 
symbiosis. Plant Methods. 14, 1–10. https://doi.org/10.1186/
s13007-018-0304-9

Joyce, P., Kuwahata, M., Turner, N., Lakshmanan, P., 2010. The 
selection system and co-cultivation medium are important 
determinants of Agrobacterium-mediated transformation 
of sugarcane. Plant Cell Reports. 29, 173–183. https://doi.
org/10.1007/s00299-009-0810-3

Kourelis, J., Van der Hoorn, R.A.L., 2018. Defended to the nines: 25 
years of resistance gene cloning identifies nine mechanisms 
for R protein function. Plant Cell. 30, 285–299. https://doi.
org/10.1105/tpc.17.00579

Murashige, T., Skoog, F., 1962. A revised medium for rapid growth 
and bio-assays with tobacco tissue cultures. Physiologia 
Plantarum. 15, 473–497. https:// doi. org/ 10. 1111/j. 1399- 
3054. 1962. tb080 52.x

Nowicki, M., Foolad, M.R., Nowakowska, M., Kozik, E.U., 2012. 
Potato and tomato late blight caused by Phytophthora 
infestans: an overview of pathology and resistance breeding. 
Plant Disease. 96, 4–17. https://doi.org/10.1094/PDIS-05-
11-0458

Pal, A.K., Acharya, K., Ahuja, P.S., 2012. Endogenous auxin level 
is a critical determinant for in vitro adventitious shoot 
regeneration in potato (Solanum tuberosum L.). Journal of 
Plant Biochemistry and Biotechnology. 21, 204–211. https://
doi.org/10.1007/s13562-011-0092-z

Paluchowska, P., Śliwka, J., Yin, Z., 2022. Late blight resistance genes 
in potato breeding. Planta. 255, 127. https://doi.org/10.1007/
s00425-022-03910-6

Paluchowska, P., Lim Rossmann, S., Lysøe, E., Janiszewska, M., 
Michalak, K., Heydarnajad Giglou, R., Torabi Giglou, M., 
Brurberg, M.B., Śliwka, J., Yin, Z., 2024. Diversity of the 
Rysto gene conferring Resistance to potato virus Y in wild 
relatives of potato. BMC Plant Biology. 24, 1–15. https://doi.
org/10.1186/s12870-024-05089-2

Poma-Chamana, R., Flores-Marquez, R., Cordova-Tadeo, J., 
Quello, A., Arapa-Quispe, J., Solórzano-Acosta, R., 
2025. Transformation of terraces with irrigation systems: 
profitability and water savings in potato crop (Solanum 
tuberosum L.). Water. 17, 1–15. https://doi.org/10.3390/
w17050668

Quenouille, J., Vassilakos, N., Moury, B., 2013. Potato virus Y: A 
major crop pathogen that has provided major insights into the 
evolution of viral pathogenicity. Molecular Plant Pathology. 
14, 439–452. https://doi.org/10.1111/mpp.12024

Sahoo, K., Tripathi, A., Pareek, A., Sopory, S., Singla-Pareek, S., 
2011. An improved protocol for efficient transformation and 
regeneration of diverse indica rice cultivars. Plant Methods. 
7, 1–11. https://doi.org/10.1186/1746-4811-7-49

Schmülling, T., Fladung, M., Grossmann, K., Schell, J., 1993. 
Hormonal content and sensitivity of transgenic tobacco and 
potato plants expressing single rol genes of Agrobacterium 
rhizogenes T-DNA. Plant Journal. 3, 371–382. https://doi.
org/10.1046/j.1365-313X.1993.t01-20-00999.x

Sparks, T.C., Wessels, F.J., Lorsbach, B.A., Nugent, B.M., Watson, 
G.B., 2019. The new age of insecticide discovery: The crop 
protection industry and the impact of natural products. 
Pesticide Biochemistry and Physiology. 161, 12–22. https://
doi.org/10.1016/j.pestbp.2019.09.002

Thomas-Sharma, S., Abdurahman, A., Ali, S., Andrade-Piedra, 
J.L., Bao, S., Charkowski, A. O., Forbes, G.A., 2016. Seed 
degeneration in potato: an integrated seed health strategy 
is needed to mitigate the problem in developing countries. 
Plant Pathology. 65, 3–16. https://doi.org/10.1111/ppa.12439

Velásquez, A.C., Mihovilovich, E., Bonierbale, M., 2007. Genetic 
characterization and mapping of major gene resistance to 
potato leafroll virus in Solanum tuberosum ssp. andigena. 
Theoretical and Applied Genetics. 114, 1051–1058. https://
doi.org/10.1007/s00122-006-0498-5

Vleeshouwers, V.A., Raffaele, S., Vossen, J.H., Champouret, N., 
Oliva, R., Segretin, M.E., Kamoun, S., 2011. Understanding 
and exploiting late blight resistance in the age of effectors. 
Annual Review of Phytopathology. 49, 507–531. https://doi.
org/10.1146/annurev-phyto-072910-095326

Witek, K., Lin, X., Karki, H.S., Jupe, F., Witek, A.I., Steuernagel, B., 
Jones, J.D.G., 2021. A complex resistance locus in Solanum 
americanum recognizes a conserved Phytophthora effector. 
Nature Plants. 7(2), 198–208. https://doi.org/10.1038/
s41477-021-00854-9

Zarka, K.A., 2022. Agrobacterium transformation protocol of potato. 
Michigan State University, Potato Breeding and Genetics 
Program.

Zarka, K.A., Jagd, L.M., Douches, D.S., 2024. T-DNA characterization 
of GM 3-R-gene late blight-resistant potato events using 
Samplix Xdrop® enrichment technology. Frontiers in Plant 
Science. 15, 1–14. https://doi.org/10.3389/fpls.2024.1330429

1368	                                                                                                               	             	             Ariska W et al.


