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ARTICLE INFO ABSTRACT

Keywords: Polyphenol oxidases (PPOs) play a pivotal role in plant immune responses by catalysing the oxidation of phenolic
Biotic stress compounds into cytotoxic quinones and melanin and contributing to the fortification of cell walls. Despite their
Phytopathogen biological significance, the high expression of PPOs in potatoes is not desirable due to their promotion of tuber
11331;;;32; 1:‘1113 system browning. This study elucidates the relationship between PPO activity and defense mechanisms against the
PPO diverse pathogens Ralstonia solanacearum (Rs) and Phytophthora infestans (Pi) while mitigating enzymatic
Ralstonia browning. CRISPR/Cas-mediated editing of the tuber- and root-specific PPO genes in the ‘Désirée’ and ‘Balatoni

Rézsa’ potato cultivars considerably reduced enzymatic activity and browning. Among four PPO-edited mutant
lines, three exhibited increased susceptibility to Rs while responses to Pi remained unchanged, underscoring the
importance of PPOs in resistance to Rs. The PPO knockouts resulted in significant shifts in metabolite and
hormone profiles characterized by elevated levels of dihydrokaempferol, coniferyl alcohol and taxifolin among
other metabolites in the roots of Rs-susceptible mutants. Additionally, reduced PPO activity in these lines
correlated with increased concentrations of salicylic acid, jasmonic acid and several antimicrobial compounds
and alterations in flavonoid regulation. These findings highlight the complex role of PPOs in plant defense,
establishing a positive correlation between PPO activity and resistance to Rs, while offering insights into the
trade-offs associated with PPO gene editing in potatoes.

1. Introduction

Potato (Solanum tuberosum) is a globally important staple crop and
the subject of intensive breeding programs aimed at improving yield and
quality traits. Among these, enhancing resistance to pathogens is a major
priority. One of the most serious threats to potato cultivation is the
Ralstonia solanacearum (Rs) species complex, the causal agent of bacte-
rial wilt. This pathogen affects more than 1.5 million hectares of potato
fields worldwide, leading to significant economic losses, and has a wide
host range encompassing over 250 plant species in 54 botanical families
(Buddenhagen and Kelman, 1964). Rs is a water-borne, biotrophic
bacterium classified as a quarantine organism all over Europe
(Elphinstone, 2005). Entry into plants is usually via wounded root
openings, followed by colonization of the xylem vessels in the vascular
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system. Bacterial biofilm blocking the vessels is the primary cause of
wilting and plant death (Alvarez et al., 2010; Buddenhagen and Kelman,
1964). Rs is widely regarded as one of the most destructive bacterial
phytopathogens due to its high genetic diversity, adaptability, and broad
host range (Mansfield et al., 2012). Another major pathogen affecting
potato is the hemibiotrophic oomycete Phytophthora infestans (Pi), which
causes late blight and is responsible for devastating crop failures (Agrios,
2005). Pi has a host range that includes other solanaceous species such
as tomato, petunia, and Nicotiana benthamiana (Becktell et al., 2006). In
potato, infections begin with lesions on lower leaves and rapidly prog-
ress through asexual sporulation. Sporangia are disseminated by wind
and water, releasing zoospores that can infect foliage and tubers through
direct contact or in the soil (Tsedaley, 2014). Under conducive envi-
ronmental conditions, Pi can destroy an entire potato field’s canopy
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within days, with continued tuber infection during post-harvest storage
(Fry, 2008; Tsedaley, 2014).

Polyphenols are integral components of plant defense mechanisms
against both biotrophic and hemibiotrophic pathogens. Their spatial and
temporal accumulation is pivotal for effective resistance responses
(Nicholson and Hammerschmidt, 1992). Polyphenol oxidases (PPOs),
encoded by nuclear genes and localized primarily to plastids of plants
and the cytosol of fungi (Burke and Cairney, 2002; Mayer, 2006), ca-
talyse the hydroxylation of monophenols to o-diphenols (via tyrosinase
or cresolase activity, EC 1.14.18.1) and their subsequent oxidation to
o-quinones (via tyrosinase or catechol oxidase activity, EC 1.10.3.1)
using molecular oxygen (Van Gelder et al., 1997). The resulting o-qui-
nones are cytotoxic and highly reactive, capable of cross-linking mac-
romolecules, thereby reducing the nutritional value of alkylated
proteins and forming structural barriers (Felton et al., 1992). These
quinones undergo spontaneous polymerization to produce melanin-like
polymers, contributing to tissue browning and plant defense (Duffey and
Felton, 1991; Golan-Goldhirsh et al., 1984; Pihet et al., 2009).

PPOs are involved in defense pathways against biotrophic and
necrotrophic phytopathogens as well as herbivores. Their expression is
modulated by signalling molecules such as salicylic acid (SA), jasmonic
acid (JA), and systemin, reflecting their multifaceted role in plant im-
munity (Burke and Cairney, 2002; Duffey and Felton, 1991; Johnson
et al., 2003; Mayer, 2006; Nicholson and Hammerschmidt, 1992; Tar-
anto et al, 2017). One proposed mechanism of action involves
melanin-based physical barriers that inhibit pathogen ingress (Johnson
et al., 2003). Laccases, a subclass of PPOs (EC 1.10.3.2), catalyse the
polymerization of p-diphenols and monolignols, facilitating lignin for-
mation and thus cell wall reinforcement — a well-known protective
strategy against many pathogens (Jia et al., 2016; Liu et al., 2020; Un-
derwood, 2012). For example, tomato plants overexpressing a potato
PPO gene exhibited increased resistance to Pseudomonas syringae (Li and
Steffens, 2002), while antisense-mediated suppression of tomato PPO
enhanced susceptibility (Thipyapong et al., 2004). Similarly, straw-
berries overexpressing one of the four PPO genes demonstrated
improved resistance to grey mold (Jia et al., 2016).

In contrast, several studies have found no consistent correlation be-
tween PPO activity and resistance to various pathogens and pests (IMelo
et al., 2006; Richter et al., 2012), and some have even reported a
negative relationship (Hakimi et al., 2002; Llorente et al., 2014). In
Rs-resistant wild peanut, miR3508, which targets PPO transcripts, was
significantly upregulated upon Rs infection, suggesting that PPO sup-
pression may enhance resistance (Zhao et al., 2015). In potatoes,
silencing PPO altered phenylpropanoid metabolism, particularly leading
to the accumulation of chlorogenic acid, a diphenolic compound with
antimicrobial properties (Llorente et al., 2014). Chlorogenic acid
inhibited all known Rs races and Escherichia coli (Kabir et al., 2014; Yang
et al., 2016), and suppressed Monilinia infection in peaches (Villarino
et al.,, 2011). A broader spectrum of phenolic and polyphenolic com-
pounds also demonstrated antimicrobial activity (Coppo and Marchese,
2014; Nakamura et al., 2015; Pagliarulo et al., 2016).

This raises the question of whether disease resistance is primarily
mediated by PPO activity or by the phenolic substrates themselves.
Further complicating this dynamic is the fact that several bacterial
pathogens, including Rs, also possess their PPOs (Fairhead and
Thony-Meyer, 2012). The Rs strain GMI1000 carries at least three genes
encoding PPOs, including an atypical tyrosinase preferentially oxidizing
monophenols over diphenols (Hernandez-Romero et al., 2006). These
enzymes likely contribute to bacterial self-defense by detoxifying
phenolic compounds through oxidation (Hernandez-Romero et al.,
2005), thereby neutralizing host-derived antimicrobials such as
chlorogenic acid. This enzymatic degradation potentially undermines
the host’s chemical defenses, illustrating the complex interplay between
plant and pathogen PPO systems.

Beyond their role in defense, PPOs are also responsible for enzymatic
browning, a major cause of post-harvest losses in fruits and vegetables.
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In potatoes, browning can compromise up to 20 % of the yield during
storage and processing, with enzymatic browning responsible for as
much as 50 % of quality-related losses in industrial processing
(Holderbaum et al., 2010; Tomas-Barberan and Espin, 2001; Whitaker
and Lee, 1995). This phenomenon negatively impacts sensory appeal
and nutritional value, contributing to consumer rejection and financial
loss. Degrading the amino acid tyrosine by PPOs and reducing the di-
gestibility of food by forming protein-quinone adducts also decreases its
dietary value (Friedman, 1996, 2003).

Potato PPO genes exhibit a spatially and temporally diverse expres-
sion profile. Among these, StuPPO2 (originally Pot32, PGSC gene
accession ID: PGSC0003DMG400018916) and StuPPO3 (Pot33,
PGSC0003DMG400018914) are primarily expressed in roots and tubers
with moderate expression in flowers, while StuPPO4 (Pot72,
PGSC0003DMG400018917) shows root-specific expression (Thygesen
et al., 1995; PGSC, 2011; Chi et al., 2014). Other members of the PPO
gene family are expressed in leaves and flowers: StuPPO1 (POTP1/P2 or
Nor333, PGSC0003DMG400029575) and StuPPO9
(PGSC0003DMG400022430) have minor expression also in tubers,
while StuPPO5-8 and StuPPO10 are low-expression and/or incomplete
genes (Thygesen et al., 1995; PGSC, 2011; Chi et al., 2014; Chi et al.
2024). Identifying favourable allelic variants of PPO genes represents a
promising strategy for breeding cultivars with reduced browning po-
tential. However, traditional breeding in tetraploid potatoes is
time-consuming and labor-intensive, often requiring over a decade to
develop new cultivars (Mullins et al., 2006; Werij et al., 2007). Genome
editing, particularly via CRISPR/Cas9-mediated knockout (KO) of PPO
genes, offers a more expedient route to generate cultivars with enhanced
resistance and reduced browning.

Despite these technological advances, a key question persists: is
disease resistance in potato primarily mediated by PPO enzymes, or by
the phenolic compounds that serve as their substrates? This study seeks
to elucidate the role of PPO activity in resistance to R. solanacearum and
P. infestans, while also considering post-harvest browning. To this end,
CRISPR/Cas9 was employed to edit PPO genes in two commercial potato
cultivars, and disease response was assessed in combination with
metabolomic profiling. The differential susceptibility of four edited lines
to the two pathogens highlights the pathogen-specific and possibly gene-
specific contributions of PPOs to potato defense.

2. Materials and methods
2.1. Plant material and in vitro culture

Two tetraploid potatoes (Solanum tuberosum) were chosen for this
study. ‘Désirée’, a widely grown cultivar of Dutch origin (https://po
tatoes.agricrops.org/varieties/view/Desiree), has become an experi-
mental model due to its excellent tissue culture amenability and
competence for genetic transformation. ‘Balatoni Rozsa’ is a commer-
cially successful Hungarian-bred cultivar (https://unipatatas.com/vari
ety/balatoni-rozsa/). Both ‘Désirée’ and ‘Balatoni Rézsa’ are highly
susceptible to Rs based on (Jose et al., 2023) as well as on breeder’s
communication and moderately susceptible to Pi (Ali et al., 2012; Polgar
et al., 2010).

The plants were maintained and propagated in vitro from nodal
segments or apical stem cuttings in 500 mL jars containing MS medium
with vitamins (Duchefa Biochemie, Haarlem, the Netherlands, M0222),
supplemented with 2 % (w/v) sucrose and 7 g L™} agar. Growth con-
ditions were a constant 23 °C at a 16-h photoperiod (100 pmol m ™2 s~
PPFD). For Agrobacterium-mediated transformation, leaves of four-week-
old plants were utilized as explants.

2.2. Generation of vector constructs

Total DNA extraction from plants of the two potato cultivars was
conducted using the GeneJET Plant Genomic DNA Purification Mini Kit
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(Thermo Scientific, Waltham, MA, USA). Subsequently, fragments of
tuber- and root-specific PPO genes were amplified by PCR using the
Phire Plant Direct PCR Master Mix (Thermo Scientific) with conserved
primers (PPOallF: 5’-AAATGTTCTTCTTGGCTTAGG-3’, PPOallR: 5’-
ACTCGGAGTTCAACCAATC-3’) designed to target a 1-kb region in the
first part of the genes (ca. 300-1200 bp of the coding sequence). The
PCR products were then cloned using the CloneJET PCR Cloning Kit
(Thermo Scientific) and Sanger sequenced with the PPOallR primer.
Sequence data were blasted in the EnsemblPlants database (http://plant
s.ensembl.org/Solanum_tuberosum/Info/Index) to identify the corre-
sponding PPO genes. Based on the obtained sequence information, a
universal CRISPR target (5’-CAATATGGCAAAGCGAAAGTTGG-3’) was
designed. The two strands (upper: 5’-ATTGCAA-
TATGGCAAAGCGAAAGT-3’ and 5’AAACACTTTCGCTTTGCCATATTG-
3’ for the lower strand) of the target, without protospacer-adjacent motif
(PAM), were synthesized with overhangs to create sticky ends (Xing
et al., 2014). The CRISPR target was integrated into the pKSE401 binary
vector (comprising a 35S promoter-driven and codon-optimized zCas9
gene (Griitzner et al., 2021)) and fused to the AtU6-26 promoter, in
front of the single-guideRNA scaffold (Xing et al., 2014). The T-DNA
construct was assembled in E. coli before transfer into the Agrobacterium
tumefaciens strain LBA4404 (Weigel and Glazebrook, 2006). The pres-
ence of the target was confirmed at each step by PCR using the U6-26p-F
(5’ -TGTCCCAGGATTAGAATGATTAGGC-3’) and CRISPR-target low-
er-strand primers (Xing et al.,, 2014). The final constructs were
Sanger-sequenced with U6-26p-F.

2.3. Plant transformation and molecular analysis

Leaf explants from four-week-old ‘Désirée’ and ‘Balatoni Rdzsa’
plants were co-cultivated with LBA4404 containing the PPO editing
construct. Shoots were regenerated on kanamycin-containing medium
(75 pg mL’l) to screen for transformed lines, then transferred to MS
medium with vitamins for rooting (Dietze, 1995). Verification of the
sgRNA-coding transgene presence employed PCR with U6-26p-F and
CRISPR-target lower strand, while 2Cas9 presence was confirmed by
PCR (forward: 5’-GACACGGCAGATCACTAAGC-3’, reverse: 5 -GCGAT-
CATCTTCCTCACATC-3’, T, = 66 °C, product size: 300 bp). PCR
amplification of the Agrobacterium chromosomal picA gene (Yusibov
et al., 1994) was used to detect/exclude Agrobacterium contamination.

Total RNA extracted from leaves with the Direct-zol RNA MiniPrep
kit (Zymo Research, Irvine, CA, USA), it was then reverse transcribed
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific).
The expression of the zCas9 transgene was tested by 30-cycle semi-
quantitative RT-PCR using primers: ZCas9QF1 (5’-GACACGGCA-
GATCACTAAGC-3’) and ZCAS9RTR1 (5’-GCGATCATCTTCCTCACATC-
3’), having Ty, at 58°C, and the amplicon size was 300 bp. Sequencing at
the target region in the PPO genes (using the primers PPOallF and
PPOallR) was performed with plants actively expressing the zCas9
transgene.

2.4. PPO enzymatic activity

Triplicate tuber samples, 0.1 g each, were collected randomly from
pooled tubers of three plants per line. Simultaneously, triplicate root and
leaf samples, also each 0.1 g, were pooled from 10 in vitro plants per line.
The measurement of enzyme activity followed the protocol outlined
(Gonzalez et al., 2020), incorporating 2 % (v/v) Triton X-100 for tubers
and leaves and 0.02 % (w/v) SDS for roots in the extraction buffer and
using 15 mM 4-methylcatechol as substrate. For statistical analysis,
ANOVA and Student’s t-test were employed to identify the level of sig-
nificance for comparisons between control and edited plant samples.

2.5. Browning assay

Three 5-mm-thick tuber slices were hand-cut from the harvest of five
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randomly selected plants per line. Complete individual roots of five in
vitro plants per line were also included. To initiate the assay, 100 pL of
0.01 M disodium tyrosine substrate solution was pipetted onto the test
samples within 5 min, and the samples were incubated for 1-2 h at 30 °C
in darkness (Busch, 1999).

2.6. Pathogen inoculation tests

The GFP-expressing transgenic Rs strain UW551 (race 3, biovar 2;
highly virulent on potato) was inoculated on 20 plantlets per line across
four rectangular Petri dishes, following our methodology (Jose et al.,
2023). Briefly, the inoculation was performed by pipetting the bacterial
suspension into the cut sites at the root tip. The progression of bacterial
invasion and symptom development in the edited ‘Désirée’ lines 14
(Des14) and 17 (Des17), ‘Balatoni Rozsa’ lines 12 (BR12) and 25 (BR25),
together with unedited control plants, was monitored daily until com-
plete wilting of the control plants. Disease intensity was quantified by
calculating the relative frequency of wilted plants at each time point and
recording the percentage of wilted plants at the time point when the
differences in disease symptoms were distinguishable and evident. This
experiment was repeated to confirm the results. Photos were taken
under visible and UV light, showing the spread of GFP-expressing Rs
bacteria. Bacteria were quantified by measuring GFP fluorescence using
ImageJ (Schneider et al., 2012; Shihan et al., 2021). The UV images
underwent inversion and background removal under default conditions.
The ROI, representing individual plants in the Petri plate, was defined,
and the average grey area was measured and subsequently normalized
by subtracting the average grey value from an identical background ROI
of the plate.

For the Pi inoculation assay, potato plants were cultivated in pots
containing peat-enriched soil within a glasshouse maintained at 20 °C,
under ambient spring conditions supplemented with 12 h of illumina-
tion daily. At eight weeks of age, five plants per line were challenged
with the P1217 Pi isolate (collected from tomatoes in Hungary in 2022).
The pathogen was cultivated and rejuvenated on ca. 7-mm-thick potato
(‘Hopehely’) tuber slices. These slices were inoculated on the abaxial
side with 0.5 cm diameter mycelial agar plugs obtained from colonies
thriving at 18-20 °C on V-8 juice agar (Miller, 1955). The inoculated
tuber slices were incubated at 18-20 °C in 100 % relative humidity for a
week to facilitate fungal colonization on the upper side. Subsequently,
sporangia were extracted by washing with distilled water, filtering out
debris, and adjusting the inoculum concentration to 1.5 x 10* sporangia
mL~!. The release of zoospores commenced shortly before spraying
115 mL of the inoculum suspension on the plants. Post-inoculation, the
plants were kept at 17 °C, in nearly 100 % relative humidity and com-
plete darkness for the first 24 h. They were then transitioned to a 12-h
light regime in a climate chamber at 17 °C with a light intensity of 50
pmol m™ s . The degree of infection was measured by the spread of
lesions across the leaves and by estimating the percentage of infected
plants, where 9 = no blight and 1 = 100 % blighted.

The Eucablight protocol was followed for tuber inoculation assays
(Leontine Colon, 2004). Tubers of approximately 2 x 3 cm were har-
vested from 16-week-old potted plants grown in the glasshouse. The
tubers were washed in tap water, disinfected in 70 % (v/v) ethanol for
45 s, and rinsed with sterile distilled water. Seven-mm-thick slices were
then excised from the disinfected tubers, rinsed in sterile distilled water,
and dried in a decontaminated laminar flow cabinet. Subsequent inoc-
ulation on the abaxial side utilized 0.5 cm diameter mycelial plugs from
a colony grown at 20 °C on V-8 agar medium. The inoculated tubers
were placed in plastic containers with moistened paper towels at the
bottom to maintain 100 % relative humidity; the entire setup was kept at
20 °Cin the dark for 5 days before evaluating Pi colonization. The spread
of the mycelial mat corresponded to the ease of Pi colonization, giving a
perception of susceptibility to Pi. The mycelial mat was quantified using
ImageJ by calculating the intensity of the 8-bit image of individual tu-
bers with a constant area of ROI across all examined tubers.
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2.7. Sample preparation and metabolite analyses

For the measurement of abundant phenolics (in total 140 com-
pounds), 0.1 g of root and leaf samples were taken in four replicates from
six-six plants of ‘Désirée’ and ‘Balatoni Rézsa’ control and edited lines
grown simultaneously in vitro. The studied potato genotypes were
measured in two separate experimental batches (first batch: DesC,
Des17, BRC, BR25, second batch: DesC, Des14, BRC, BR12), and the
results of the mutant genotypes were compared to their respective
controls. The metabolite analysis was done using ultra-performance
liquid chromatography-UniSpray tandem mass spectrometry (UPLC-
US-MS/MS) as published (P4l et al., 2019), based on (Vrhovsek et al.,
2012). The respective multiple-reaction monitoring (MRM) transitions
used for the quantification of compounds, and the details of UPLC and
mass spectrometric conditions are listed in Table S1. Student’s t-test
(two-tailed) was carried out on the metabolite amount of the edited lines
and their controls, and a value of p < 0.05 was considered significant.

For the measurement of gibberellic acid forms, sample preparation
and UPLC-US-MS/MS analyses were done according to (Cseh et al.,
2024) with minor modifications. Triplicate samples (0.1 g each) of shoot
tips from six plants of ‘Désirée’ and ‘Balatoni Rézsa’ were collected from
control and edited lines grown in vitro and homogenized in 2-mL safety
Eppendorf tubes with two pieces of inert borosilicate glass beads (¢
3 mm) with TissueLyser II (Qiagen, Hilden, Germany) in a liquid
nitrogen-cooled rack. The samples were stored at —80 °C until extrac-
tion, when a 30-uL internal standard containing 5 ng of [?H4]GA; and
[ZHZ]GA4 in methanol (OlChemIm s.r.0., Olomouc, Czech Republic) was
added for quality control purposes. Extraction was performed with 1 mL
of 75 % (v/v) ice-cold methanol (UPLC gradient grade; VWR, Radnor,
PA, USA). The tubes were vortexed, inserted into a pre-cooled (-18 °C)
tube holder, and shaken in a 1600 MiniG® - Automated Tissue
Homogeniser and Cell Lyser (SPEX, Rickmansworth, UK) at 1250 rpm
for 3 min. The samples were centrifuged at 16,500 g for 15 min at 4 °C,
and the supernatants were recovered and placed in separate Eppendorf
tubes. The residues were re-extracted as described above. The two su-
pernatants for each sample were pooled and partitioned against 1 mL of
petrol ether:diethyl ether 4:1 (v/v) by vortex mixing, followed by
centrifugation. The lower methanol:water phase of 2 mL was subjected
to a solid-phase extraction (SPE) type flow-through clean-up as follows:
an ENVI-18 SPE tube (1 mL; Supelclean, Merck-Sigma Group, Schnell-
dorf, Germany) was first conditioned with 2 mL of methanol and
equilibrated with 2 mL of 75 % (v/v) methanol. The pooled extracts
were loaded and flown through into a 15-mL centrifuge tube. The SPE
cartridges were washed with 1 mL of 75 % (v/v) methanol; this washing
solution was introduced into the same centrifuge tube. The total
(approximately 2.6 mL) extracts were evaporated under vacuum at 35
°C, reconstituted in 400 pL (final sample concentration of 0.25 g/mL) of
30 % (v/v) methanol containing 0.1 % (v/v) formic acid (MS grade;
VWR), filtered through a 0.22 um disposable PTFE syringe filter, and
immediately submitted for analysis into the UPLC-US-MS/MS set-up by
injecting 3 pL. The analytical method details, retention times, and MRM
channels used for quantitative determination are summarized in
Table S2.

3. Results
3.1. Design of CRISPR target for potato PPO genes

To ensure the precise, cultivar-specific design of the CRISPR-target, a
1-kb PPO gene fragment was amplified with primers conserved for the
three major root- and tuber-specific genes (StuPPO2-StuPPO4, Table S3),
both in ‘Désirée’ and ‘Balatoni Rézsa’. A total of 49 fragments, i.e.,
23 + 26 for the two cultivars (Fig. S1 and Fig. S4), respectively, were
Sanger-sequenced, and the corresponding individual PPO genes were
identified. The CRISPR-target was perfectly homologous in both culti-
vars with the StuPPO2 sequence, the most highly expressed PPO gene in
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potato roots and tubers (Thygesen et al., 1995). The CRISPR target
exhibited zero or one mismatch with StuPPO3 and StuPPO4 sequences
(Fig. S1 and S4). Gene IDs of other members of the potato PPO gene
family are shown in Table S3. The CRISPR-target has 2 mismatches with
StuPPO1 and 3 mismatches with StuPPO9 in the seed region adjacent to
the PAM, therefore it is unlikely that it would mutate these sequences,
while StuPPO5-8 and StuPPO10 were characterised being are low
expression and/or incomplete genes (Thygesen et al., 1995; PGSC, 2011;
Chi et al., 2014; Chi et al. 2024). Sequence alignment of the
CRISPR-target to StuPPO1-4 and StuPPO9 is provided in Table S3. The
seed region has been variously defined as 8-14 nt proximal to the PAM
where even a single mismatch could abolish cleavage (Wu et al. 2014;
Rabinowitz and Offen, 2021), here we apply the term for the region 12
nt adjacent to the PAM, as it is in the CRISPOR target-designer program
(https://crispor.gi.ucsc.edu/). Other potential non-PPO CRISPR
off-targets were also predicted using the CRISPOR program and with
BLAST searches in SpudDB (https://spuddb.uga.edu/blast.shtml). The
search yielded no additional potential off-targets with an identical
sequence to our target or with 1-2 mismatches in the seed region.

3.2. Generation of PPO-edited potato lines

Twenty-three plants from the ‘Désirée’ variety and twenty-eight
plants from ‘Balatoni Rdzsa’ cultivar were regenerated after Agro-
bacterium-mediated transfer of the CRISPR/Cas9 vector into the
‘Désirée’ and ‘Balatoni Roézsa’ cultivars. These plants were selected by
kanamycin for a preliminary screening of the transgenes. PCR analyses
on the regenerants confirmed the presence of sgRNA and zCas9 se-
quences, and zCas9 expression was also detected (data not shown).
Thirteen ‘Désirée’ and nine ‘Balatoni Rozsa’ plants were positive in the
above tests, and also free of Agrobacterium contamination, as confirmed
by picA PCR. Among these plants, we selected for further experiments
those with a clear phenotype, based on preliminary browning assays and
PPO enzyme activity measurements. Out of the transgenic plants, two
were selected and micropropagated from each cultivar for more detailed
characterization. Accordingly, ‘Désirée’ lines Desl4 and Desl17 and
‘Balatoni Rézsa” BR12 and BR25, alongside their unedited control lines,
formed the core of our investigations.

These lines harboured various CRISPR-induced mutations near the
Cas9 PAM in the StuPPO2 gene, as revealed by nucleotide sequencing
(Data S1, Fig. S1-S6). For all the genotypes, at least 20 amplicons per line
were sequenced, and at least eight of them were identified by BLAST
searches as StuPPO2, the strongest expressing PPO gene in roots and
tubers. Alignment of these sequences with the CRISPR target site
revealed various mutations near the Cas9 PAM region. All four edited
lines exhibited mutations in the StuPPO2 gene, and one of them, BR25,
also contained mutations in StuPPO3 and StuPPO4.

Phenotypically, all edited lines maintained normal characteristics
but displayed a slightly smaller stature than the control lines. An
exception to this trend was BR25, which exhibited rapid growth and a
tall plant structure.

3.3. PPO enzymatic activity

All four lines, particularly BR25, exhibited significantly declined
PPO enzyme activity in their roots compared to the respective controls,
with p-values of 0.0014 and 0.007 for Des14 and Des17 and p < 0.0285
and 0.0005 for BR12 and BR25, respectively (Fig. 1). Significantly
reduced PPO activity was also measured in the tubers of Des14 and
Des17 relative to their controls, with a p-value of 0.0114 and 0.0081,
respectively. The tubers of BR25 also showed a highly significant
(p < 0.0005) reduction in PPO activity. PPO activity was the lowest in
the leaves among the three studied organs, and it decreased in only one
mutant, Des17, by less than 10 % (Fig. 1C). Lower PPO enzyme activity
was also reflected in less browning of tubers (Fig. 2) and roots (Fig. 3),
especially in the case of Des17 and BR25.
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Fig. 1. PPO enzymatic activities in tubers (A), roots (B), and leaves (C) of control and PPO-edited ‘Désirée’ and ‘Balatoni R6zsa’ potato plants. Results are from three
technical replicates per line, with error bars representing the standard deviation (Mean + SD). Significance values of statistical differences from respective controls

are indicated.

3.4. Differential disease responses to inoculation by Rs and Pi

The progression of bacterial wilt disease across the PPO-edited lines
and their respective controls was quantified by assessing the infection
through the percentage of wilting (Table 1). According to the complete
wilting and susceptibility data, distinct time points were recorded be-
tween the two cultivars, ranging from 2 to 21 days post-inoculation (dpi)
overall. A discernible difference in disease response among the ‘Désirée’
lines manifested earlier, at 11 dpi, compared to, ‘Balatoni R6zsa’ which
exhibited apparent differences at 13 dpi. At this time point, both Des14
and Desl17 displayed increased susceptibility, with 87 % and 60 %
wilting, respectively, compared to 40 % in the control. This suscepti-
bility intensified in a repeated experiment, as the wilting percentage in
the two edited lines reached 100 %, surpassing the 75 % level in the
control. Similarly, BR25 exhibited elevated susceptibility, with 73 %
and 100 % wilting percentages relative to the control’s 13 % and 80 %
in experiments 1 and 2, respectively. BR12 deviated from this pattern,
displaying no evident increase in susceptibility. The fewer mutations
seen among the sequenced StuPPO2 amplicons compared with the other
edited lines indicate less mutations, and these may not have been
enough to cause a detectable decrease in the pathogen resistance.
Furthermore, the other mutant from the same cultivar, BR25 harboured
both mutant StuPPO2 and StuPPO3 genes, while in BR12, only the
StuPPO2 was mutant (Fig S1-S6).

To confirm these data visually, the progression of the GFP-tagged Rs
strain UW551 was monitored. The internal bacterium load was quanti-
fied by the GFP fluorescence on UV images, revealing higher levels in all
PPO-edited lines compared to their controls (Fig. 4).The Des14 and
Des17 lines were more susceptible to Rs, with an earlier spread of bac-
teria to the shoots relative to the ‘Désirée’ control (Fig. 4. and Fig. 5).
Similarly, BR25 exhibited increased susceptibility, with plants wilting
faster and succumbing to rapid Rs spreading, indicative of Rs in the
shoots much earlier than the control.

Whole plant assays and assessments of potato tubers exposed to Pi
yielded diverse responses. The ‘Balatoni Rdzsa’ plants exhibited delayed
symptom development compared to ‘Désirée’, prompting symptom
recording at 4 dpi and 2 dpi, respectively. The overall progression of
infection across the lines (Fig. 6) revealed distinct symptoms, including
leaf lesions, darkened leaf edges, and complete necrosis, in ‘Désirée’ by 2
dpi. However, by 4 dpi, both cultivars were fully infected, leading to the
near-total death of plants across all lines by 7 dpi. However, none of the
PPO-edited lines exhibited considerable differences from the inoculated
controls at any time point (Fig. 6).

As for the tuber infection tests, Pi vigorously grew through the slices;
its mycelia first appeared on the upper side at 2 dpi, continued to grow,
and covered the entire surface by 5 dpi on all tuber slices from all lines.
The mycelium mat on ‘Balatoni Rézsa’ appeared to be slightly denser
than on ‘Désirée’, but the PPO mutants again did not show a difference
from their respective controls for Pi colonization, except for Desl4
having higher Phytopthora growth (Fig. 7 and Table S4). The pathogen
produced sporangia abundantly on all tuber slices.

3.5. Secondary metabolite analysis

The UPLC-US-MS/MS analysis revealed overall differences in the
concentrations of various phenolic compounds between control and
PPO-edited potato plants (Table S5 and Table S6). The level of more
metabolites (phenolic acids, phenolic alcohols, and flavonoids) changed
significantly in the roots as a result of mutating PPO-genes (Fig. 8)
compared to the leaves (Fig. 9) in agreement with the editing of root-
and tuber-specific PPO genes. Roots of ‘Désirée’ mutants contained
higher amounts of chlorogenic acid, caffeic acid and dihy-
drokaempferol, which are among the major metabolites (>1000 ng g
fresh weight, FW™1). The levels of the following medium-range metab-
olites (100-1000 ng g FW ™) were also higher in Desl4 and Des17
compared to their controls: acetovanillone, coniferyl alcohol, taxifolin,
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Fig. 2. Tuber browning assay of control and PPO-edited ‘Désirée’ (upper row) and ‘Balatoni Rézsa’ (bottom row) potato plants. Tuber slices were treated with L-

tyrosine to induce browning.

and isorhamnetin, but the level of 4-hydroxibenzoic acid was lower.
Des14 and Des17 also produced higher amounts of the minor metabo-
lites (<10 ng g FW™!) naringenin and phloridzin, and the level of pha-
seic acid was also higher in BR25. Among the hormones, higher level of
JA was detected in the roots of the ‘Désirée’ mutants, but also in BR12,
compared to their respective control. The leaves contained higher levels
of JA and SA hormones than the roots, and the mutants Des17 and BR12
even produced more in the leaves. In the leaves, the medium range
(100-1000 ng g FW™ 1) of vanillic acid increased in the ‘Désirée’ edited
lines, but decreased in BR25, and 4-hydroxibenzoic acid increased in
Des14 and BR12.

In shoot tips, we also found significantly higher levels of the gib-
berellic acid GAg, both in ‘Balatoni Rézsa’ edited lines and GAyp in BR25
only (Fig. 9).

4. Discussion

Our study had the dual aim of CRISPR/Cas-mediated knockout of
PPO-genes from potato in order to reduce browning of tubers and to
improve their quality, and also to understand the role of PPO in the
defense against pathogens Rs and Pi. Our CRISPR-target was specifically
designed for the root and tuber-specific StuPPO2, StuPPO3, and StuPPO4
genes, primarily StuPPO2, the highest expressing one. Importantly, the
design intentionally avoided targeting the main leaf-specific StuPPO1
and StuPPO9 genes, allowing us to interpret our findings in the context

of root- and tuber-specific PPO functions, and also because the role of
StuPPO1 and StuPPO9 have already been characterised for pathogen
resistance (Li and Steffens, 2002; Chi et al. 2024). The transformation
and genome editing were successful: PPO-mutant potato lines were
established in both of the studied cultivars, ‘Désirée’ and ‘Balatoni
Roézsa’, with decreased PPO enzyme activity and reduced browning of
roots and tubers. Notably, among the PPO mutants, despite detecting
some intact copies of the StuPPO2 gene, our partial mutants already
exhibited considerable reductions in enzyme activity and browning.
Interestingly, tubers of BR12 showed decreased browning (Fig. 2), but
their PPO enzyme activity did not decrease significantly (Fig. 1A). The
StuPPO2 gene had been edited in this line; however the fewer mutant
amplicons among the ones generated from this line indicates less mu-
tations, compared to the other edited lines. We believe the change in
PPO activity in this genotype was around the detection limit, which is
why the change was significant in some tests but was not significant in
others. While the lowering of browning in potatoes via PPO gene
manipulation is not entirely new (Bachem et al., 1994; Chi et al., 2014;
Gonzalez et al., 2020; Llorente et al., 2014, 2011; Shepherd et al., 2015),
our dual-cultivar approach provides a more comprehensive under-
standing of the role of PPO in potatoes and enhances the applicability of
our results. Browning in eggplant was observed to correlate with the
total phenolic content and PPO activity (Mishra et al., 2013; Prohens
et al., 2007a). Additionally, there is a suggestion that the pursuit of
reduced browning in newer commercial eggplant cultivars may
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Fig. 3. Root browning assay of control and PPO-edited ‘Désirée’ (upper row) and ‘Balatoni Rézsa’ (bottom row) potato plants. Roots were treated with L-tyrosine to

induce browning.

Table 1
Number of wilted plants among Ralstonia-solanacearum-infected *Désirée’ (at 11
dpi) and "Balatoni Rézsa’ (at 13 dpi) potato plants.

Experiment 1
Genotype DesC Desl14 Des17 BRC BR12 BR25
Total plants 15 15 15 15 15 15
Wilted plants 6 13 9 2 3 11
Wilted plants (%) 40 87 60 13 20 73
Experiment 2
Genotype DesC Des14 Des17 BRC BR12 BR25
Total plants 20 10 20 20 20 20
Wilted plants 15 10 20 16 13 20
Wilted plants (%) 75 100 100 80 65 100

inadvertently lead to the indirect selection of materials with lower
concentrations of phenolics. This occurs despite the recognized health
benefits associated with many of these phenolic compounds (Prohens
et al., 2007b). Our findings suggest that integrating older potato culti-
vars into breeding programs, coupled with CRISPR/Cas-mediated gene
editing, could address the intricate balance between browning, phenolic
content, and PPO activity. This nuanced understanding contributes to
ongoing discussions on precision breeding and biotechnological in-
terventions in agriculture, emphasizing the potential for
genotype-specific responses to gene editing interventions in diverse

potato cultivars as demonstrated by the editing in ‘Désirée’ and ‘Balatoni
Rézsa’ cultivars.

After establishing PPO mutant potato lines, we then studied their
metabolic profile as altered metabolome after lowering PPO enzyme
activity have also been published by other scholars and some of the
produced metabolites could act with antimicrobial and antifungal
properties (Araji et al., 2014; Coppo and Marchese, 2014; Kabir et al.,
2014; Llorente et al., 2014; Nakamura et al., 2015; Pagliarulo et al.,
2016; Villarino et al., 2011; Yang et al., 2016). Shepherd and co-workers
(Shepherd et al., 2015) reported that the level of a few metabolites,
including chlorogenic acid and some free amino acids, changed as a
result of down-regulation of PPO gene expression, and overall, me-
chanical damage to tubers had a considerably greater impact on the
metabolite profile. Similar effects may have caused the considerable
differences between the metabolite content of our control root and leaf
samples from the two measurements; nevertheless, we were able to
identify many metabolites with identical changes in more than one of
the PPO mutants, compared to their respective controls. The level of
known PPO substrates, chlorogenic acid, caffeic acid, and taxifolin
(Altunkaya and Gokmen, 2008; Duangmal and Apenten, 1999; Lourenco
et al., 1992), did increase in the roots of Des14 and Des17, as expected.
The elevated accumulation of coniferyl alcohol in the roots of the
‘Désirée’ mutants is particularly noteworthy. It not only stimulates
virulence in certain bacterial species (Song et al., 1991; Gafni and Levy,
2005), but also serves as a substrate for polyphenol oxidases (PPOs) and
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Fig. 4. Bacterial spreading in ‘Désirée’ (A) and ‘Balatoni Rézsa’ (B) control and PPO-edited plants. GFP-tagged Rs UW551 was quantified by GFP fluorescence on
inverted colour images using ImageJ software. The ‘Désirée’ plants were compared at 11 dpi, while the ‘Balatoni Rézsa’ plants were at 13 dpi. Each line was

represented by 20 individual plants (biological replicates) and evaluated with boxplots.

A B C D

Balatoni Rdézsa Line 12

Fig. 5. Representative images of R. solanacearum-infected ‘Désirée’ control and PPO-edited (Des14 and Des17) plants at 11 dpi, as well as Balatoni Rézsa’ control and
PPO-edited (BR12 and BR25) plants at 13 dpi. Photos taken in visible light (A, C) show the progression of disease symptoms (wilting). The black and white images
taken in UV light (B, D) indicate the distribution of the GFP-expressing Rs bacteria (black colour).

lignin is widely recognized as a key structural barrier that impedes
initial pathogen colonization, and tomato varieties resistant to Rs
infection typically exhibit higher lignin content in their roots than sus-
ceptible ones. Consistent with this, numerous studies, including our

laccases, and its oxidation is essential for lignin biosynthesis (Bao et al.,
1993). The higher residual level of coniferyl alcohol, therefore, suggests
a reduced rate of lignin biosynthesis, potentially rendering the roots
more susceptible to Rs invasion. As reviewed by Miedes et al. (2014),
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Fig. 7. Mycelial growth (5 dpi) of P. infestans on tuber slices of control and PPO-edited ‘Désirée’ and ‘Balatoni Rézsa’ potato plants.
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own, have demonstrated the involvement of lignin and lignin biosyn-
thetic pathways in resistance to Rs and other bacterial pathogens.
Moreover, infection often induces the expression of lignin biosynthesis
genes and promotes enhanced lignification (Ishihara et al., 2012;
Kashyap et al., 2022; Jose et al., 2023; Li et al., 2025).

However, even the level of hormones (JA in roots of Desl4 and
Des17, in leaves of Des17 and BR12, SA in leaves of Des17 and BR12)

10

increased, which are not PPO substrates. Notably, PPO editing increased
the level of 4-hydroxibenzoic acid in the leaves but decreased it in the
roots. Therefore, metabolic changes could not be explained by simple
biochemistry. The production of PPOs is known to be influenced by SA,
JA, and systemin, as reviewed (Taranto et al., 2017), and in certain
species, by gibberellins (Stewart et al., 2001; Taneja and Sachar, 1974).
We hypothesize that plants could sense the PPO KO effect in the absence
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of PPOs, possibly through redox regulation, triggering a negative feed-
back regulation. This feedback mechanism may activate alternative
defense mechanisms against pathogens. In a comparable work (Araji
et al., 2014), the observed necrotic lesions on PPO-silenced walnut
leaves suggested a role for SA in programmed cell death induction.
‘Balatoni Rézsa’ lines displayed a higher level of gibberellic acid (GA),
suggesting a unique response in comparison. GA might have inhibited
metabolite production in ‘Balatoni Roézsa’ and influenced the
fast-growing phenotype of BR25. GAs were reported to inhibit flavonoid
biosynthesis (Hinderer et al., 1984). Conversely, JA enhances secondary
metabolism (De Geyter et al., 2012). These effects may have caused us to
observe most of the metabolic changes only in the ‘Désirée’ mutants. In
other experiments where PPO activity was reportedly reduced, ‘Désirée’
was also used in one work (Gonzalez et al., 2020), and various other
varieties were used in other studies (Bachem et al., 1994; Chi et al.,
2014; Llorente et al., 2011). Our results indicate that PPO-editing of
different cultivars may lead to remarkably different metabolic profiles.

The second aim of the study was to decipher the role of PPOs in the
resistance against pathogens. Previous research has implicated PPOs in
plant response to late blight disease, with increased enzyme activity
observed during the hypersensitive reaction in potatoes (Ersek et al.,
1973). However, doubts persist regarding whether this reaction is a
cause or consequence of resistance to Pi infection (Kirdly et al., 1972).
PPO activity was also associated with early blight disease protection of
tomato plants (Narendra Babu et al., 2015). The current study, however,
aligns with the view of no correlation of PPO to Pi infection, though the
growth of the mycelium was higher on tuber slices of a single mutant,
Desl4. It is also possible that mutation of another PPO gene, StuPPO9,
could have had a higher effect on Pi resistance. However, our
CRISPR-target has 3 mismatches with that gene, located in the seed
region adjacent to the PAM; therefore, it is highly unlikely that the
StuPPO9 gene was also mutated. Chi et al. (Chi et al., 2024) reported that
the StuPPO2 gene, primarily mutated in our study, was induced in potato
leaves as a result of Pi infection; however, expression of StuPPO9 peaked
at a higher level. The StuPPO2 gene, highly expressed in roots and tu-
bers, may thus function more in the resistance against Rs, while the
leaf-based StuPPO9 is more important for the resistance against Pi. An
alternative explanation for the lack of Pi resistance changes in our mu-
tants comes from the fact that the level of JA, SA, and vanillic acid
increased in the leaves as a result of the PPO-knockout, and so the effects
of decreased PPO activity and increased production of other defense
compounds may have counterbalanced each other. These hormones are
known to have a role in the resistance against Pi (Cohen et al., 1993;
Halim et al., 2007; Maksimov et al., 2011; Shibata et al., 2010), while
vanillic acid inhibited the growth of Phytopthora species (Pusztahelyi
et al., 2015).

Our investigation into the progression of bacterial wilt disease in
PPO-edited potato lines, Desl4, Des17, BR12, and BR25, along with
their respective controls, unveils a noteworthy surge in susceptibility
among the mutants, particularly in Des14, Des17, and BR25. Within the
‘Balatoni Rozsa’ lines, the resistance level to Rs seemed directly pro-
portional to the mutations in the PPO genes. The unedited wild-type
control, having no induced mutations, demonstrated the highest resis-
tance.Following this trend, BR12, a mutant with mutations only in
StuPPO2 gene, displayed a higher resistance level than the BR25, the
only plant harbouring both mutant StuPPO2 and StuPPO3 genes. This
correlation underscores the pivotal role of PPO mutations in influencing
metabolite regulation and, consequently, shaping the resistance profile
against Rs. In the initial experimental round, the edited Des14 and Des17
exhibited a substantial rise in susceptibility to bacterial wilt, with
wilting percentages reaching 87 % and 60 %, respectively, surpassing
the control’s 40 %. Similarly, BR25 displayed increased susceptibility,
with wilting percentages of 73 % and 100 % in experiments 1 and 2,
respectively, compared to the controls’ 13 % and 80 %. These findings
provide compelling evidence of the increased susceptibility of PPO
mutants in both ‘Désirée’ and ‘Balatoni Rézsa’ cultivars to Rs infection.
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Our results suggest that the loss of PPO activity may have outweighed
any potential benefits arising from the increased production of antimi-
crobial compounds like taxifolin and dihydrokaempferol (Tajuddeen
etal., 2014; Yang et al., 2023). While resistance to Rs in host species has
been linked to elevated levels of salicylic acid, chlorogenic acid, acti-
vation of the phenylpropanoid pathway, increased antioxidants, and
modulation of glutathione metabolism (Cao et al., 2020; Chen et al.,
2022; Jose et al., 2023), our findings underscore the inadequacy of these
factors alone for achieving resistance.

The study could also broaden our understanding of how to safeguard
plants against PPO-expressing pathogens such as Rs. As mentioned
earlier, the race 1 reference Rs strain GMI1000, uncommonly for bac-
teria, contains at least three functional genes encoding PPO (laccase,
tyrosinase, and catechol oxidase) activity (Hernandez-Romero et al.,
2006). The atypical tyrosinase (UniProt Q8Y2J8, 496 aa) and catechol
oxidase (Q8XZA3, 412 aa) are hypothesized to form a two-component
system for a more efficient degradation of host antimicrobial pheno-
lics and the tailored synthesis of bacterial melanin (Hernandez-Romero
et al., 2006). A search in the genome sequence and the reference pro-
teome (UniProt UP000216264) of the UW551 race 3 Rs strain (Hayes
et al.,, 2017) used in this study identified two PPO proteins
(AOAB33VFMS8, 543aa, and AOAB33VCY9, 412 aa) with 92 % and 87 %
identity to the two GMI1000 PPO enzymes, respectively (Fig. S7). This
observation not only confirms the widespread existence of such a
two-component system in the Rs species complex but also provides im-
plications for the observed Rs susceptibility of our PPO-edited lines. In
all four edited lines, the level of decreased PPO enzymatic activity
aligned well with their Rs susceptibility. Contrary to our initial hy-
pothesis, which suggested that Rs, having its own PPO enzyme
(Hernandez-Romero et al., 2005), might tolerate the quinones produced
by PPOs but would be inhibited by higher levels of other antimicrobial
compounds present in plants with suppressed PPO activity, our findings
revealed a different reality. As mentioned above, the genome of the
applied Rs strain UW551 encodes two PPO enzymes, a tyrosinase, and a
catechol oxidase. Hernandez-Romero et al. (2005) reported that these
enzyme activities, especially the tyrosinase, protected the wild-type Rs
strain from the effects of L-tyrosine supplied to the medium, while the
growth of the PPO-mutants was inhibited. The wild-type strain grew
well while producing large amounts of melanin, obviously tolerating
both it and the intermediate products, the quinones. The question may
then arise, how could the PPO activity of a plant be protective against
such a pathogen? Apart from a study that already established PPOs as
molecular markers for resistance against Rs (El-Argawy and Adss, 2016),
we assume that, given the obvious phylogenetic difference, the studied
potato PPOs may be different enzymes from the bacterial ones and also
synthesise some other products against which the bacterium remains
susceptible. Melanin production can also be cited as an explanation.
Melanin-based physical barriers may inhibit pathogen ingress and
involved in the alkylation of proteins driven by PPOs, which could
reduce the bioavailability of plant proteins (Johnson et al., 2003; Janusz
et al. 2020). Subsequent PPO-activity of the pathogen may not enable it
to overcome these limitations, also including the already discussed
supposed PPO-derived lignin production in non-edited ‘Désirée’.

The principal question of the study is whether PPOs or simple phe-
nols/polyphenols represent the more important and effective defense
mechanism against pathogens. Our study clearly shows the former to be
true and underlines the importance of PPOs as a resistance mechanism
against Rs. As stated earlier, the accumulation of these polyphenolics
might certainly be part of the defense response as precursors for essen-
tial compounds, but spatial and temporal regulation and the corre-
sponding additive effect of other enzymes like PPO might be required for
achieving resistance. PPOs may exert this function by producing cyto-
toxic quinones, which potentially bind to proteins and amino acids and
thereby provide the advantage of depriving pathogens of their supply
(Felton et al., 1992). PPOs also participate in lignification and cell wall
building (Bai et al., 2023; Bao et al., 1993), and our previous work has
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already established the importance of lignification in the resistance
against Rs (Jose et al., 2023). The significance of PPOs in plant defense
mechanisms is undeniable, and the intricate nature of resistance medi-
ated by polyphenols should not be underestimated.

5. Conclusion

Decreasing food browning via the downregulation or knockout of
PPOs is a proven strategy; however, our study underlines the cost of this
approach on Rs resistance. Resistance to pathogens can be conferred by
understanding the underlying mechanism, and PPOs have a positive
effect on Rs resistance together with plausible metabolite regulation,
including flavonoids and phenolic acids. However, Pi infection was not
affected in the PPO KO mutants.

CRediT authorship contribution statement

Jeny Jose: Conceptualization, Investigation, Writing — original draft.
Kamiran Aron Hamow: Investigation, Validation, Writing — review &
editing. Csaba Eva: Conceptualization, Supervision, Investigation,
Writing — review & editing. Blanka Moncsek: Investigation. Tetiana
Kyrpa: Investigation. Liesel Gamarra Reinoso: Investigation. Zoltan
Bozs6: Conceptualization, Investigation, Writing — review & editing.
Jozsef Bakonyi: Investigation, Writing — review & editing. Ervin
Balazs: Conceptualization, Project administration, Funding acquisition.
Laszlo Sagi: Conceptualization, Supervision, Writing — review & edit-
ing, Project administration, Funding acquisition.

Funding

The project was supported by grants NKFI K-132829, ATK-MATE
0205K0035P, and the Hungarian National Laboratories Program (grant
number RRF-2.3.1-21-2022-00007).

Declaration of Competing Interest

The authors declare that they have no competing financial and non-
financial interests.

Acknowledgements

The authors thank Ms. Szilvia Sipos and Mrs. Julianna Kurucz for
their excellent technical assistance.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.plantsci.2025.112944.

Data availability
Data will be made available on request.

References

Agrios, G.N., 2005. Plant pathology 5th Edition. ElsevierAcad. Press. USA, XXV.

Ali, A., Moushib, L.I., Lenman, M., Levander, F., Olsson, K., Carlson-Nilson, U.,
Zoteyeva, N., Liljeroth, E., Andreasson, E., 2012. Paranoid potato Phytophthora-
resistant genotype shows constitutively activated defense. Plant Signal. Behav. 7,
400-408. https://doi.org/10.4161/psb.19149.

Altunkaya, A., Gokmen, V., 2008. Effect of various inhibitors on enzymatic browning,
antioxidant activity and total phenol content of fresh lettuce (Lactuca sativa). Food
Chem. 107, 1173-1179. https://doi.org/10.1016/j.foodchem.2007.09.046.

Alvarez, B., Biosca, E.G., Lopez, M.M., 2010. On the life of Ralstonia solanacearum, a
destructive bacterial plant pathogen. Technol. Educ. Top. Appl. Microbiol. Microb.
Biotechnol. 1, 267-279.

Araji, S., Grammer, T.A., Gertzen, R., Anderson, S.D., Mikulic-Petkovsek, M., Veberic, R.,
Phu, M.L., Solar, A., Leslie, C.A., Dandekar, A.M., 2014. Novel roles for the

12

Plant Science 364 (2026) 112944

polyphenol oxidase enzyme in secondary metabolism and the regulation of cell death
in walnut. Plant Physiol. 164, 1191-1203.

Bachem, C.W.B., Speckmann, G.J., Van der Linde Piet, C.G., Verheggen, F.T.M., Hunt, M.
D., Steffens, J.C., Zabeau, M., 1994. Antisense expression of polyphenol oxidase
genes inhibits enzymatic browning in potato tubers. Bio/Technol. 12, 1101-1105.
https://doi.org/10.1038/nbt1194-1101.

Bai, Y., Ali, S,, Liu, S., Zhou, J., Tang, Y., 2023. Characterization of plant laccase genes
and their functions. Gene 852, 147060. https://doi.org/10.1016/j.
gene.2022.147060.

Bao, W., O’Malley, D.M., Whetten, R., Sederoff, R.R., 1993. A Laccase associated with
lignification in loblolly pine xylem. Science 260, 672-674.

Becktell, M.C., Smart, C.D., Haney, C.H., Fry, W.E., 2006. Host-pathogen interactions
between Phytophthora infestans and the solanaceous hosts Calibrachoa x hybridus,
Petunia x hybrida, and Nicotiana benthamiana. Plant Dis. 90, 24-32. https://doi.org/
10.1094/PD-90-0024.

Buddenhagen, I., Kelman, A., 1964. Biological and physiological aspects of bacterial wilt
caused by Pseudomonas solanacearum. Annu. Rev. Phytopathol. 2, 203-230. https://
doi.org/10.1146/annurev.py.02.090164.001223.

Burke, R.M., Cairney, J.W.G., 2002. Laccases and other polyphenol oxidases in ecto- and
ericoid mycorrhizal fungi. Mycorrhiza 12, 105-116. https://doi.org/10.1007/
500572-002-0162-0.

Busch, J.M., 1999. Enzymic browning in potatoes: A simple assay for a polyphenol
oxidase catalysed reaction. Biochem. Educ. 27 (3), 171. https://doi.org/10.1016/
S0307-4412(99)00033-3.

Cao, W., Gan, L., Shang, K., Wang, C., Song, Y., Liu, H., Zhou, S., Zhu, C., 2020. Global
transcriptome analyses reveal the molecular signatures in the early response of
potato (Solanum tuberosum L.) to Phytophthora infestans, Ralstonia solanacearum, and
Potato virus Y infection. Planta 252, 54. https://doi.org/10.1007/s00425-020-
03471-6.

Chen, N., Shao, Q., Lu, Q., Li, X., Gao, Y., 2022. Transcriptome analysis reveals
differential transcription in tomato (Solanum lycopersicum) following inoculation
with Ralstonia solanacearum. Sci. Rep. 12, 22137. https://doi.org/10.1038/541598-
022-26693-y.

Chi, M., Bhagwat, B., Lane, W.D., Tang, G., Su, Y., Sun, R., Oomah, B.D., Wiersma, P.A.,
Xiang, Y., 2014. Reduced polyphenol oxidase gene expression and enzymatic
browning in potato (Solanum tuberosum L.) with artificial microRNAs. BMC Plant
Biol. 14, 62. https://doi.org/10.1186/1471-2229-14-62.

Chi, M., Tang, D., Xue, C., Huang, J., Liu, B., Cao, M., 2024. Genome-wide analysis of
polyphenol oxidase gene family in Solanum tuberosum and functional identification
of StuPPO9 in regulating tolerance to Phytophthora infestans. Physiol. Mol. Plant
Pathol. 132, 102310. https://doi.org/10.1016/j.pmpp.2024.102310.

Cohen, Y., Gisi, U., Niderman, T., 1993. Local and systemic protection against
Phytophthora infestans induced in potato and tomato plants by jasmonic acid and
jasmonic methyl ester. Phytopathology 83, 1054-1062. https://doi.org/10.1094/
Phyto-83-1054.

Coppo, E., Marchese, A., 2014. Antibacterial activity of polyphenols. Curr. Pharm.
Biotechnol. 15, 380-390. https://doi.org/10.2174/138920101504140825121142.

Cseh, A., Lenyko6-Thegze, A., Makai, D., Szabados, F., Hamow, KA., Gulyas, Z., Kiss, T.,
Karsai, 1., Moncsek, B., Mihok, E., Sepsi, A., 2024. Meiotic instability and irregular
chromosome pairing underpin heat-induced infertility in bread wheat carrying the
Rht-B1b or Rht-D1b Green Revolution genes. N. Phytol. 241, 180-196. https://doi.
org/10.1111/nph.19256.

De Geyter, N., Gholami, A., Goormachtig, S., Goossens, A., 2012. Transcriptional
machineries in jasmonate-elicited plant secondary metabolism. Trends Plant Sci. 17,
349-359. https://doi.org/10.1016/j.tplants.2012.03.001.

Dietze, J., 1995. Agrobacteria-mediated transfor-mation of potato (Solanum tuberosum).
Gene Transf. to plants 24-29.

Duangmal, K., Apenten, R.K.O., 1999. A comparative study of polyphenoloxidases from
taro (Colocasia esculenta) and potato (Solanum tuberosum var. Romano). Food Chem.
64, 351-359. https://doi.org/10.1016/5S0308-8146(98)00127-7.

Duffey, S.S., Felton, G.W., 1991. In: Hedin, P.A. (Ed.), Enzymatic antinutritive defenses
of the tomato plant against insects, Naturally Occurring Pest Bioregulators.
American Chemical Society, Washington DC, pp. 166-197. https://doi.org/10.1021/
bk-1991-0449.ch012.

El-Argawy, E., Adss, L.A., 2016. Quantitative gene expression of peroxidase,
polyphenoloxidase and catalase as molecular markers for resistance against Ralstonia
solanacearum. Am. J. Mol. Biol. 6, 88-100. https://doi.org/10.4236/
ajmb.2016.62010.

Elphinstone, J.G., 2005. The current bacterial wilt situation: A global overview. Bact.
wilt Dis. Ralstonia solanacearum Species Complex 9-28.

Ersek, T., Barna, B., Kiraly, Z., 1973. Hypersensitivity and the resistance of potato tuber
tissues to Phytophthora infestans. Acta Phytopathol. 8, 3-12.

Fairhead, M., Thony-Meyer, L., 2012. Bacterial tyrosinases: Old enzymes with new
relevance to biotechnology. Nat. Biotechnol. 29, 183-191. https://doi.org/10.1016/
j.nbt.2011.05.007.

Felton, G.W., Donato, K.K., Broadway, R.M., Duffey, S.S., 1992. Impact of oxidized plant
phenolics on the nutritional quality of dietar protein to a noctuid herbivore,
Spodoptera exigua. J. Insect Physiol. 38, 277-285. https://doi.org/10.1016/0022-
1910(92)90128-Z.

Friedman, M., 1996. Food browning and its prevention: An overview. J. Agric. Food
Chem. 44, 631-653. https://doi.org/10.1021/jf950394r.

Friedman, M., 2003. Chemistry, biochemistry, and safety of acrylamide. A review.

J. Agric. Food Chem. 51, 4504-4526. https://doi.org/10.1021/jf030204+.

Fry, W., 2008. Phytophthora infestans: The plant (and R gene) destroyer. Mol. Plant

Pathol. 9, 385-402. https://doi.org/10.1111/j.1364-3703.2008.00504.x.


https://doi.org/10.1016/j.plantsci.2025.112944
https://doi.org/10.4161/psb.19149
https://doi.org/10.1016/j.foodchem.2007.09.046
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref3
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref3
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref3
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref4
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref4
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref4
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref4
https://doi.org/10.1038/nbt1194-1101
https://doi.org/10.1016/j.gene.2022.147060
https://doi.org/10.1016/j.gene.2022.147060
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref7
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref7
https://doi.org/10.1094/PD-90-0024
https://doi.org/10.1094/PD-90-0024
https://doi.org/10.1146/annurev.py.02.090164.001223
https://doi.org/10.1146/annurev.py.02.090164.001223
https://doi.org/10.1007/s00572-002-0162-0
https://doi.org/10.1007/s00572-002-0162-0
https://doi.org/10.1016/S0307-4412(99)00033-3
https://doi.org/10.1016/S0307-4412(99)00033-3
https://doi.org/10.1007/s00425-020-03471-6
https://doi.org/10.1007/s00425-020-03471-6
https://doi.org/10.1038/s41598-022-26693-y
https://doi.org/10.1038/s41598-022-26693-y
https://doi.org/10.1186/1471-2229-14-62
https://doi.org/10.1016/j.pmpp.2024.102310
https://doi.org/10.1094/Phyto-83-1054
https://doi.org/10.1094/Phyto-83-1054
https://doi.org/10.2174/138920101504140825121142
https://doi.org/10.1111/nph.19256
https://doi.org/10.1111/nph.19256
https://doi.org/10.1016/j.tplants.2012.03.001
https://doi.org/10.1016/S0308-8146(98)00127-7
https://doi.org/10.1021/bk-1991-0449.ch012
https://doi.org/10.1021/bk-1991-0449.ch012
https://doi.org/10.4236/ajmb.2016.62010
https://doi.org/10.4236/ajmb.2016.62010
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref23
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref23
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref24
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref24
https://doi.org/10.1016/j.nbt.2011.05.007
https://doi.org/10.1016/j.nbt.2011.05.007
https://doi.org/10.1016/0022-1910(92)90128-Z
https://doi.org/10.1016/0022-1910(92)90128-Z
https://doi.org/10.1021/jf950394r
https://doi.org/10.1021/jf030204&plus;
https://doi.org/10.1111/j.1364-3703.2008.00504.x

J. Jose et al.

Gafni, Y., Levy, Y., 2005. Coniferyl alcohol, a lignin precursor, stimulates Rhizobium
rhizogenes A4 Virulence. Curr. Microbiol 50, 262-265. https://doi.org/10.1007/
500284-004-4427-z.

Golan-Goldhirsh, A., Whitaker, J.R., Kahn, V., 1984. Relation between structure of
polyphenol oxidase and prevention of browning. Adv. Exp. Med. Biol. 177, 437-456.
https://doi.org/10.1007/978-1-4684-4790-3_21.

Gonzalez, M.N., Massa, G.A., Andersson, M., Turesson, H., Olsson, N., Falt, A.S.,
Storani, L., Décima Oneto, C.A., Hofvander, P., Feingold, S.E., 2020. Reduced
enzymatic browning in potato tubers by specific editing of a polyphenol oxidase
gene via ribonucleoprotein complexes delivery of the CRISPR/Cas9 system. Front.
Plant Sci. 10, 1649. https://doi.org/10.3389/fpls.2019.01649.

Griitzner, R., Martin, P., Horn, C., Mortensen, S., Cram, E.J., Lee-Parsons, C.W.T.,
Stuttmann, J., Marillonnet, S., 2021. High-efficiency genome editing in plants
mediated by a Cas9 gene containing multiple introns. Plant Commun. 2, 100135.
https://doi.org/10.1016/j.xplc.2020.100135.

Hakimi, S., Krohn, B., Stark, D., 2002. Method of imparting disease resistance to plants
by reducing polyphenol oxidase activity. WO 2002061101 (patent).

Halim, V.A., Eschen-Lippold, L., Altmann, S., Birschwilks, M., Scheel, D., Rosahl, S.,
2007. Salicylic acid is important for basal defense of Solanum tuberosum against
Phytophthora infestans. Mol. PlantMicrobe Inter. 20, 1346-1352. https://doi.org/
10.1094/MPMI-20-11-1346.

Hayes, M.M., MacIntyre, A.M., Allen, C., 2017. Complete genome sequences of the plant
pathogens Ralstonia solanacearum type strain K60 and R. solanacearum race 3 biovar
2 strain UW551. Genome Announc 5, 10-1128. https://doi.org/10.1128/
genomeA.01088-17.

Hernéndez-Romero, D., Solano, F., Sanchez-Amat, A., 2005. Polyphenol oxidase activity
expression in Ralstonia solanacearum. Appl. Environ. Microbiol 1, 6808-6815.
https://doi.org/10.1128/AEM.71.11.6808-6815.2005.

Hernandez-Romero, D., Sanchez-Amat, A., Solano, F., 2006. A tyrosinase with an
abnormally high tyrosine hydroxylase/dopa oxidase ratio. FEBS J. 273, 257-270.
https://doi.org/10.1111/j.1742-4658.2005.05038.x.

Hinderer, W., Petersen, M., Seitz, H.U., 1984. Inhibition of flavonoid biosynthesis by
gibberellic acid in cell suspension cultures of Daucus carota L. Planta 160, 544-549.
https://doi.org/10.1007/BF00411143.

Holderbaum, D.F., Kon, T., Kudo, T., Guerra, M.P., 2010. Enzymatic browning,
polyphenol oxidase activity, and polyphenols in four apple cultivars: Dynamics
during fruit development. HortScience 45, 1150-1154. https://doi.org/10.21273/
hortsci.45.8.1150.

Ishihara, T., Mitsuhara, 1., Takahashi, H., Nakaho, K., 2012. Transcriptome analysis of
quantitative resistance-specific response upon Ralstonia solanacearum infection in
tomato. e46763 PLoS ONE 7. https://doi.org/10.1371/journal.pone.0046763.

Janusz, G., Pawlik, A., Swiderska-Burek, U., Polak, J., Sulej, J., Jarosz-Wilkotazka, A.,
Paszczynski, A., 2020. Laccase properties, physiological functions, and evolution.
Int. J. Mol. Sci. 21, 966. https://doi.org/10.3390/ijms21030966.

Jia, H., Zhao, P., Wang, B., Tariq, P., Zhao, F., Zhao, M., Wang, Q., Yang, T., Fang, J.,
2016. Overexpression of Polyphenol Oxidase Gene in Strawberry Fruit Delays the
Fungus Infection Process. Plant Mol. Biol. Rep. 34, 592-606. https://doi.org/
10.1007/511105-015-0946-y.

Johnson, S.M., Doherty, S.J., Croy, R.R.D., 2003. Biphasic superoxide generation in
potato tubers. A self-amplifying response to stress. Plant Physiol. 131, 1440-1449.
https://doi.org/10.1104/pp.013300.

Jose, J., Eva, C., Bozs6, Z., Hamow, K.A., Fekete, Z., F4bian, A., Banfalvi, Z., Sagi, L.,
2023. Global transcriptome and targeted metabolite analyses of roots reveal
different defence mechanisms against Ralstonia solanacearum infection in two
resistant potato cultivars. Front. Plant Sci. 13, 1065419. https://doi.org/10.3389/
fpls.2022.1065419.

Kabir, F., Katayama, S., Tanji, N., Nakamura, S., 2014. Antimicrobial effects of
chlorogenic acid and related compounds. J. Korean Soc. Appl. Biol. Chem. 57,
359-365. https://doi.org/10.1007/513765-014-4056-6.

Kashyap, A., Jiménez-Jiménez, AL, Zhang, W., Capellades, M., Srinivasan, S.,
Laromaine, A., Serra, O., Figueras, M., Rencoret, J., Gutiérrez, A., Valls, M., 2022.
Induced ligno-suberin vascular coating and tyramine-derived hydroxycinnamic acid
amides restrict Ralstonia solanacearum colonization in resistant tomato. N. Phytol.
234, 1411-1429. https://doi.org/10.1111/nph.17982.

Kirély, Z., Barna, B., Ersek, T., 1972. Hypersensitivity as a consequence, not the cause, of
plant resistance to infection. Nature 239, 456-458. https://doi.org/10.1038/
239456a0.

Leontine Colon, B.J.N. and U.D., 2004. Eucablight protocol - Tuber slice test for tuber
blight resistance v1.2.

Li, L., Steffens, J.C., 2002. Overexpression of polyphenol oxidase in transgenic tomato
plants results in enhanced bacterial disease resistance. Planta 215, 239-247. https://
doi.org/10.1007/5s00425-002-0750-4.

Li, Y., Zhang, D., Wang, X., Bai, F., Li, R., Zhou, R., Wy, S., Fang, Z., Liu, W., Huang, L.,
Liu, P., 2025. LACCASE35 enhances lignification and resistance against Pseudomonas
syringae pv. actinidiae infection in kiwifruit. kiaf040 Plant Physiol. 197. https://doi.
org/10.1093/plphys/kiaf040.

Liu, J.J., Zhuang, Y., Huang, X.Z., Zhao, D.G., Zhao, Y.C., 2020. Overexpression of cotton
laccase gene LACI enhances resistance to Botrytis cinerea in tomato plants. Int. J.
Agric. Biol. 24, 221-228. https://doi.org/10.17957/1JAB/15.1428.

Llorente, B., Alonso, G.D., Bravo-Almonacid, F., Rodriguez, V., Lépez, M.G., Carrari, F.,
Torres, H.N., Flawia, M.M., 2011. Safety assessment of nonbrowning potatoes:
Opening the discussion about the relevance of substantial equivalence on next
generation biotech crops. Plant Biotechnol. J. 9, 136-150. https://doi.org/10.1111/
j.1467-7652.2010.00534.x.

Llorente, B., Lopez, M.G., Carrari, F., Asis, R., Di Paola Naranjo, R.D., Flawid, M.M.,
Alonso, G.D., Bravo-Almonacid, F., 2014. Downregulation of polyphenol oxidase in

13

Plant Science 364 (2026) 112944

potato tubers redirects phenylpropanoid metabolism enhancing chlorogenate
content and late blight resistance. Mol. Breed. 34, 2049-2063. https://doi.org/
10.1007/511032-014-0162-8.

Lourenco, E.J., Neves, V.A,, Da Silva, M.A., 1992. Polyphenol oxidase from sweet potato:
purification and properties, 40:2369-73. J. Agric. Food Chem. 40, 2369-2373.
https://doi.org/10.1021/jf00024a009.

Maksimov, L.V., Sorokan’, A.V., Chereoanova, E.A., Surina, O.B., Troshina, N.B.,
Yarullina, L.G., 2011. Effects of salicylic and jasmonic acids on the components of
pro/antioxidant system in potato plants infected with late blight. Russ. J. Plant
Physiol. 58, 299-306. https://doi.org/10.1134/51021443711010109.

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., Dow, M.,
Verdier, V., Beer, S.V., Machado, M.A,, Toth, L., Salmond, G., Foster, G.D., 2012. Top
10 plant pathogenic bacteria in molecular plant pathology. Mol. Plant Pathol. 13,
614-629. https://doi.org/10.1111/j.1364-3703.2012.00804.x.

Mayer, A.M., 2006. Polyphenol oxidases in plants and fungi: Going places? A review.
Phytochemistry 67, 2318-2331. https://doi.org/10.1016/j.
phytochem.2006.08.006.

Melo, G.A., Shimizu, M.M., Mazzafera, P., 2006. Polyphenoloxidase activity in coffee
leaves and its role in resistance against the coffee leaf miner and coffee leaf rust.
Phytochemistry 67, 277-285. https://doi.org/10.1016/j.phytochem.2005.11.003.

Miedes, E., Vanholme, R., Boerjan, W., Molina, A., 2014. The role of the secondary cell
wall in plant resistance to pathogens. Front. Plant Sci. 5, 358. https://doi.org/
10.3389/fpls.2014.00358.

Miller, P.M., 1955. V. 8 juice agar a Gen. Purp. Medium fungi Bact. 45, 461-462.

Mishra, B.B., Gautam, S., Sharma, A., 2013. Free phenolics and polyphenol oxidase
(PPO): The factors affecting post-cut browning in eggplant (Solanum melongena).
Food Chem. 139, 105-114. https://doi.org/10.1016/j.foodchem.2013.01.074.

Mullins, E., Milbourne, D., Petti, C., Doyle-Prestwich, B.M., Meade, C., 2006. Potato in
the age of biotechnology. Trends Plant Sci. 11, 254-260. https://doi.org/10.1016/j.
tplants.2006.03.002.

Nakamura, K., Ishiyama, K., Sheng, H., Ikai, H., Kanno, T., Niwano, Y., 2015. Bactericidal
activity and mechanism of photoirradiated polyphenols against Gram-positive and
-negative bacteria. J. Agric. Food Chem. 63, 7707-7713. https://doi.org/10.1021/
jf5058588.

Narendra Babu, A., Jogaiah, S., Ito, S. ichi, Kestur Nagaraj, A., Tran, L.S.P., 2015.
Improvement of growth, fruit weight and early blight disease protection of tomato
plants by rhizosphere bacteria is correlated with their beneficial traits and induced
biosynthesis of antioxidant peroxidase and polyphenol oxidase. Plant Sci. 231,
62-73. https://doi.org/10.1016/j.plantsci.2014.11.006.

Nicholson, R.L., Hammerschmidt, R., 1992. Phenolic compounds and their role in disease
resistance. Annu. Rev. Phytopathol. 30, 369-389. https://doi.org/10.1146/annurev.
py.30.090192.002101.

Pagliarulo, C., De Vito, V., Picariello, G., Colicchio, R., Pastore, G., Salvatore, P.,
Volpe, M.G., 2016. Inhibitory effect of pomegranate (Punica granatum L.) polyphenol
extracts on the bacterial growth and survival of clinical isolates of pathogenic
Staphylococcus aureus and Escherichia coli. Food Chem. 190, 824-831.

Pal, M., Ivanovska, B., Olah, T., Tajti, J., Hamow, K.A., Szalai, G., Khalil, R., Vankov4, R.,
Dobrev, P., Misheva, S.P., Janda, T., 2019. Role of polyamines in plant growth
regulation of Rht wheat mutants. Plant Physiol. Biochem 137, 189-202. https://doi.
0rg/10.1016/j.plaphy.2019.02.013.

Potato Genome Sequencing Consortium, The, 2011. Genome sequence and analysis of
the tuber crop potato (PGSC). Nature 475, 189-194. https://doi.org/10.1038/
naturel0158.

Pihet, M., Vandeputte, P., Tronchin, G., Renier, G., Saulnier, P., Georgeault, S.,

Mallet, R., Chabasse, D., Symoens, F., Bouchara, J.P., 2009. Melanin is an essential
component for the integrity of the cell wall of Aspergillus fumigatus conidia. BMC
Microbiol 9, 1-11. https://doi.org/10.1186/1471-2180-9-177.

Polgar, Z., Wolf, L., Vaszily, Z., Tomoskozi-Farkas, R., Gergely, L., 2010. The newest
results of a complex resistance breeding programme to biotic and abiotic stresses of
potato. Potato AgroPhysiology 69-75.

Prohens, J., Anderson, G.J., Herraiz, F.J., Bernardello, G., Santos-Guerra, A.,

Crawford, D., Nuez, F., 2007a. Genetic diversity and conservation of two endangered
eggplant relatives (Solanum vespertilio Aiton and Solanum lidii Sunding) endemic to
the Canary Islands. Genet. Resour. Crop Evol. 132, 638-646. https://doi.org/
10.1007/s10722-006-9174-5.

Prohens, J., Rodriguez-Burruezo, A., Raigén, M.D., Nuez, F., 2007b. Total phenolic
concentration and browning susceptibility in a collection of different varietal types
and hybrids of eggplant: Implications for breeding for higher nutritional quality and
reduced browning. J. Am. Soc. Hortic. Sci. 132, 638-646. https://doi.org/10.21273/
jashs.132.5.638.

Pusztahelyi, T., Holb, 1.J., Pdcsi, 1., 2015. Secondary metabolites in fungus-plant
interactions. Front. Plant Sci. 6, 573. https://doi.org/10.3389/fpls.2015.00573.
Rabinowitz, R., Offen, D., 2021. Single-base resolution: increasing the specificity of the
CRISPR-Cas system in gene editing. Mol. Ther. 29, 937-948. https://doi.org/

10.1016/j.ymthe.2020.11.009.

Richter, C., Dirks, M.E., Gronover, C.S., Priifer, D., Moerschbacher, B.M., 2012. Silencing
and heterologous expression of ppo-2 indicate a specific function of a single
polyphenol oxidase isoform in resistance of dandelion (Taraxacum officinale) against
Pseudomonas syringae pv. tomato. Mol. PlantMicrobe Inter. 25, 200-210. https://doi.
org/10.1094/MPMI-04-11-0082.

Schneider, C.A., Rasband, W.S., Eliceiri, KW., 2012. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671-675. https://doi.org/10.1038/nmeth.2089.

Shepherd, L.V.T., Alexander, C.J., Hackett, C.A., McRae, D., Sungurtas, J.A., Verrall, S.R.,
Morris, J.A., Hedley, P.E., Rockhold, D., Belknap, W., Davies, H.V., 2015. Impacts on
the metabolome of down-regulating polyphenol oxidase in potato tubers. Transgenic
Res 24, 447-461. https://doi.org/10.1007/511248-014-9850-8.


https://doi.org/10.1007/s00284-004-4427-z
https://doi.org/10.1007/s00284-004-4427-z
https://doi.org/10.1007/978-1-4684-4790-3_21
https://doi.org/10.3389/fpls.2019.01649
https://doi.org/10.1016/j.xplc.2020.100135
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref34
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref34
https://doi.org/10.1094/MPMI-20-11-1346
https://doi.org/10.1094/MPMI-20-11-1346
https://doi.org/10.1128/genomeA.01088-17
https://doi.org/10.1128/genomeA.01088-17
https://doi.org/10.1128/AEM.71.11.6808-6815.2005
https://doi.org/10.1111/j.1742-4658.2005.05038.x
https://doi.org/10.1007/BF00411143
https://doi.org/10.21273/hortsci.45.8.1150
https://doi.org/10.21273/hortsci.45.8.1150
https://doi.org/10.1371/journal.pone.0046763
https://doi.org/10.3390/ijms21030966
https://doi.org/10.1007/s11105-015-0946-y
https://doi.org/10.1007/s11105-015-0946-y
https://doi.org/10.1104/pp.013300
https://doi.org/10.3389/fpls.2022.1065419
https://doi.org/10.3389/fpls.2022.1065419
https://doi.org/10.1007/s13765-014-4056-6
https://doi.org/10.1111/nph.17982
https://doi.org/10.1038/239456a0
https://doi.org/10.1038/239456a0
https://doi.org/10.1007/s00425-002-0750-4
https://doi.org/10.1007/s00425-002-0750-4
https://doi.org/10.1093/plphys/kiaf040
https://doi.org/10.1093/plphys/kiaf040
https://doi.org/10.17957/IJAB/15.1428
https://doi.org/10.1111/j.1467-7652.2010.00534.x
https://doi.org/10.1111/j.1467-7652.2010.00534.x
https://doi.org/10.1007/s11032-014-0162-8
https://doi.org/10.1007/s11032-014-0162-8
https://doi.org/10.1021/jf00024a009
https://doi.org/10.1134/S1021443711010109
https://doi.org/10.1111/j.1364-3703.2012.00804.x
https://doi.org/10.1016/j.phytochem.2006.08.006
https://doi.org/10.1016/j.phytochem.2006.08.006
https://doi.org/10.1016/j.phytochem.2005.11.003
https://doi.org/10.3389/fpls.2014.00358
https://doi.org/10.3389/fpls.2014.00358
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref60
https://doi.org/10.1016/j.foodchem.2013.01.074
https://doi.org/10.1016/j.tplants.2006.03.002
https://doi.org/10.1016/j.tplants.2006.03.002
https://doi.org/10.1021/jf5058588
https://doi.org/10.1021/jf5058588
https://doi.org/10.1016/j.plantsci.2014.11.006
https://doi.org/10.1146/annurev.py.30.090192.002101
https://doi.org/10.1146/annurev.py.30.090192.002101
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref66
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref66
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref66
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref66
https://doi.org/10.1016/j.plaphy.2019.02.013
https://doi.org/10.1016/j.plaphy.2019.02.013
https://doi.org/10.1038/nature10158
https://doi.org/10.1038/nature10158
https://doi.org/10.1186/1471-2180-9-177
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref70
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref70
http://refhub.elsevier.com/S0168-9452(25)00562-X/sbref70
https://doi.org/10.1007/s10722-006-9174-5
https://doi.org/10.1007/s10722-006-9174-5
https://doi.org/10.21273/jashs.132.5.638
https://doi.org/10.21273/jashs.132.5.638
https://doi.org/10.3389/fpls.2015.00573
https://doi.org/10.1016/j.ymthe.2020.11.009
https://doi.org/10.1016/j.ymthe.2020.11.009
https://doi.org/10.1094/MPMI-04-11-0082
https://doi.org/10.1094/MPMI-04-11-0082
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/s11248-014-9850-8

J. Jose et al.

Shibata, Y., Kawakita, K., Takemoto, D., 2010. Age-related resistance of Nicotiana
benthamiana against hemibiotrophic pathogen Phytophthora infestans requires both
ethylene- and salicylic acid-mediated signaling pathways. Mol. PlantMicrobe Inter.
23, 1130-1142. https://doi.org/10.1094/MPMI-23-9-1130.

Shihan, M.H., Novo, S.G., Le Marchand, S.J., Wang, Y., Duncan, M.K., 2021. A simple
method for quantitating confocal fluorescent images. Biochem. Biophys. Rep. 25,
100916. https://doi.org/10.1016/j.bbrep.2021.100916.

Song, Y.N., Shibuya, M., Ebizuka, Y., Sankawa, U., 1991. Identification of plant factors
inducing virulence gene expression in Agrobacterium tumefaciens. Chem. Pharm. Bull.
39, 2347-2350. https://doi.org/10.1248/cpb.39.2347.

Stewart, R.J., Sawyer, B.J.B., Bucheli, C.S., Robinson, S.P., 2001. Polyphenol oxidase is
induced by chilling and wounding in pineapple. Aust. J. Plant Physiol. 28, 181-191.
https://doi.org/10.1071/pp00094.

Tajuddeen, N., Sallau, M.S., Musa, A.M., Habila, D.J., Yahaya, S.M., 2014. Flavonoids
with antimicrobial activity from the stem bark of Commiphora pedunculata (Kotschy
& Peyr.) Engl. Nat. Prod. Res. 28, 1915-1918. https://doi.org/10.1080/
14786419.2014.947488.

Taneja, S.R., Sachar, R.C., 1974. Stimulation of polyphenol oxidase (monophenolase)
activity in wheat endosperm by gibberellic acid, cycloheximide and actinomycin D,
1974 Planta 116, 133-142. https://doi.org/10.1007/BF00380648.

Taranto, F., Pasqualone, A., Mangini, G., Tripodi, P., Miazzi, M.M., Pavan, S.,
Montemurro, C., 2017. Polyphenol oxidases in crops: Biochemical, physiological and
genetic aspects. Int. J. Mol. Sci. 18, 377. https://doi.org/10.3390/ijms18020377.

Thipyapong, P., Hunt, M.D., Steffens, J.C., 2004. Antisense downregulation of
polyphenol oxidase results in enhanced disease susceptibility. Planta 220, 105-117.
https://doi.org/10.1007/s00425-004-1330-6.

Thygesen, P.W., Dry, L.B., Robinson, S.P., 1995. Polyphenol oxidase in potato: A
multigene family that exhibits differential expression patterns. Plant Physiol. 109,
525-531. https://doi.org/10.1104/pp.109.2.525.

Tomas-Barberan, F.A., Espin, J.C., 2001. Phenolic compounds and related enzymes as
determinants of quality in fruits and vegetables. J. Sci. Food Agric. 81, 853-876.
https://doi.org/10.1002/jsfa.885.

Tsedaley, B., 2014. Late blight of potato (Phytophthora infestans) biology, economic
importance and its management approaches. J. Biol. Agric. Health 4, 215-225.
Underwood, W., 2012. The plant cell wall: A dynamic barrier against pathogen invasion.

Front. Plant Sci. 3, 85. https://doi.org/10.3389/fpls.2012.00085.

Van Gelder, C.W.G., Flurkey, W.H., Wichers, H.J., 1997. Sequence and structural features
of plant and fungal tyrosinases. Phytochemistry 45, 1309-1323. https://doi.org/
10.1016/50031-9422(97)00186-6.

Villarino, M., Sandin-Espana, P., Melgarejo, P., De Cal, A., 2011. High chlorogenic and
neochlorogenic acid levels in immature peaches reduce monilinia laxa infection by
interfering with fungal melanin biosynthesis. J. Agric. Food Chem. 59, 3205-3213.
https://doi.org/10.1021/jf104251z.

Vrhovsek, U., Masuero, D., Gasperotti, M., Franceschi, P., Caputi, L., Viola, R.,

Mattivi, F., 2012. A versatile targeted metabolomics method for the rapid
quantification of multiple classes of phenolics in fruits and beverages. J. Agric. Food
Chem. 60, 8831-8840. https://doi.org/10.1021/jf2051569.

14

Plant Science 364 (2026) 112944

Weigel, D., Glazebrook, J., 2006. Transformation of Agrobacterium using the freeze-thaw
method. Cold Spring Harb. Protoc. https://doi.org/10.1101/pdb.prot4666.

Werij, J.S., Kloosterman, B., Celis-Gamboa, C., De Vos, C.H.R., America, T., Visser, R.G.
F., Bachem, C.W.B., 2007. Unravelling enzymatic discoloration in potato through a
combined approach of candidate genes, QTL, and expression analysis. Theor. Appl.
Genet 115, 245-252. https://doi.org/10.1007/500122-007-0560-y.

Whitaker, J.R., Lee, C.Y., 1995. Recent advances in chemistry of enzymatic browning: an
overview. In: Lee CY, Whitaker JR, editors. Enzymatic browning and its prevention,
Washington DC: American Chemical Society; 1995, pp. 2-7. https://doi.org/
10.1021/bk-1995-0600.ch001. 1995.

Wu, X., Kriz, A.J., Sharp, P.A., 2014. Target specificity of the CRISPR-Cas9 system.
Quant. Biol. 2, 59-70. https://doi.org/10.1007/540484-014-0030-x.

Xing, H.L., Dong, L., Wang, Z.P., Zhang, H.Y., Han, C.Y., Liu, B., Wang, X.C., Chen, Q.J.,
2014. A CRISPR/Cas9 toolkit for multiplex genome editing in plants. BMC Plant Biol.
14, 1-12. https://doi.org/10.1186/s12870-014-0327-y.

Yang, C., Zhou, Y., Zheng, Y., Li, C., Sheng, S., Wang, J., Wu, F., 2016. Enzymatic
modification of chitosan by cinnamic acids: Antibacterial activity against Ralstonia
solanacearum. Int. J. Biol. Macromol. 87, 577-585. https://doi.org/10.1016/j.
ijbiomac.2016.03.023.

Yang, D., Zhu, R., Xu, H.X., Zhang, Q.F., 2023. Antibacterial mechanism of taxifolin and
its application in milk preservation. Food Biosci. 28, 1915-1918. https://doi.org/
10.1016/j.fbio.2023.102811.

Yusibov, V.M., Steck, T.R., Gupta, V., Gelvin, S.B., 1994. Association of single-stranded
transferred DNA from Agrobacterium tumefaciens with tobacco cells. Proc. Natl. Acad.
Sci. U. S. A. 91 (8), 2994. https://doi.org/10.1073/pnas.91.8.2994.

Zhao, C., Xia, H., Cao, T., Yang, Y., Zhao, S., Hou, L., Zhang, Y., Li, C., Zhang, X.,
Wang, X., 2015. Small RNA and degradome deep sequencing reveals peanut
microRNA roles in response to pathogen infection. Plant Mol. Biol. Rep. 33,
1013-1029. https://doi.org/10.1007/s11105-014-0806-1.

Glossary

ABA: abscisic acid

dpi: days post infection

GA: gibberellic acid

JA: jasmonic acid

KO: knockout

MRM: multiple-reaction monitoring

PAM: protospacer-adjacent motif

Pi: Phytophthora infestans

PPO: polyphenol oxidase

ROI: Region of Interest

Rs: Ralstonia solanacearum

SA: salicylic acid

UPLC-US-MS/MS: Ultra Performance Liquid Chromatography-UniSpray tandem mass
spectrometry
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