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Abstract: Black scurf disease on potato caused by Rhizoctonia solani AG3 occurs worldwide and is
difficult to control. The use of potato cultivars resistant to black scurf disease could be part of an
integrated control strategy. Currently, the degree of resistance is based on symptom assessment in
the field, but molecular measures could provide a more efficient screening method. We hypothesized
that the degree of field resistance to black scurf disease in potato cultivars is associated with defense-
related gene expression levels and salicylic acid (SA) concentration. Cultivars with a moderate and
severe appearance of disease symptoms on tubers were selected and cultivated in the same field. In
addition, experiments were conducted under controlled conditions in an axenic in vitro culture and in
a sand culture to analyze the constitutive expression of defense-related genes and SA concentration.
The more resistant cultivars did not show significantly higher constitutive expression levels of defense-
related genes. Moreover, the level of free SA was increased in the more resistant cultivars only in the
roots of the plantlets grown in the sand culture. These results indicate that neither expression levels
of defense-related genes nor the amount of SA in potato plants can be used as reliable predictors of
the field resistance of potato genotypes to black scurf disease.

Keywords: black scurf disease; defense-related gene expression; salicylic acid; Rhizoctonia solani;
Solanum tuberosum

1. Introduction

The soil-borne fungus Rhizoctonia solani Kühn (teleomorph Thanatephorus cucumeris
(Frank) Donk) is responsible for serious diseases in many crop plants worldwide. The
fungus is a common and important pathogen in potato (Solanum tuberosum L.) that infects
all belowground plant parts resulting in stem canker and black scurf disease [1–3]. The most
obvious symptoms of Rhizoctonia diseases can be seen at harvest when dark sclerotia cover
the maturing tubers (black scurf), thus leading to the reduced quality and marketability of
the tubers with marketable yield losses approaching 10% to 50% [4–6].

The pathogen R. solani is a species complex and is categorized into anastomosis groups
(AGs) based on hyphal anastomosis between isolates belonging to the same AG. Individual
AGs and subgroups within an AG are associated with a particular host plant. Several
studies confirm that isolates of AG3, or more specifically AG3PT (the potato type), are
predominantly associated with Rhizoctonia disease in potato [7–9]. Recent control strategies
are mainly dependent on chemical fungicides that are not able to sufficiently suppress
the pathogen in potato [2,10,11], and efficient methods in practice are still lacking. The
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cultivation of Rhizoctonia-tolerant or -resistant potato cultivars would be a sustainable
disease-management strategy. Based on the observation of differences in disease severity
comparing potato cultivars, resistance to black scurf seems to be a quantitative trait [7,12,13].
Knowledge of the mechanisms underlying the potato–R. solani interaction can contribute
to the development of screening methods for the selection of resistant potato genotypes.

Various studies reported about the role of plant innate immunity against Rhizoctonia
diseases [14,15]. Zhao and coworkers [16] underline that a response to the necrotrophic
pathogen R. solani in rice is a combination of general defense responses observed against
different pathogens. Some processes like the production of reactive oxygen species (ROS),
redox regulation or signal transduction were involved in the defense response against
R. solani [14,17,18]. Meanwhile, various genes that confer resistance to R. solani were found
especially in rice, such as genes that encoding-pathogenesis-related proteins, enzymes in the
glycolytic and phenylpropanoid pathway or hormone-related proteins/enzymes [14,19,20].
Less is known about the defense mechanisms and pathways which are crucial for a manifes-
tation of a high resistance level in potato cultivars and their inheritance [21,22]. Lehtonen
and coworkers [23] found significant changes in gene expression patterns, and Hejazi and
coworkers [24] additionally reported that antioxidant enzyme activities represent molecular
and physiological events in infected potato sprouts. By analyzing antioxidant enzyme
activity as well as biomass growth parameters, Soheili-Moghaddam and coworkers [25]
revealed the important relationship between resistance and R. solani in potatoes.

Responses to (a)biotic factors are regulated by an array of signal transduction pathways
within which phytohormones play a pivotal role [26–28]. The salicylic acid (SA) pathway
is known to affect various plant processes including the induction of resistance especially
more often to biotrophic and hemibiotrophic pathogens [29,30]. However, it was also shown
that SA signaling plays a role in the response to necrotrophic pathogens as shown in oilseed
rape and in tomato [31,32], thus resulting in a systemic defense response by the expression
of defense-related genes and finally the production of pathogenesis-related (PR) proteins,
phytoalexins and the strengthening of cell walls [33]. Several common pathogenesis-related
genes like PR1, 1,3-β-glucanase (PR2) and chitinase (PR3) are associated with SA pathways
and were upregulated in roots and sprouts in a susceptible potato cultivar as an early event
in response to R. solani AG3 [34,35]. Glazebrook [36] reported about a positive correlation
between endogenous levels of SA in plants and their resistance level to pathogens. Studies
of De Vleesschauwer and coworkers [37] and Denancé and coworkers [38] showed as
well that plants with a reduced ability to accumulate SA in tissues are more susceptible
to root infection. A more robust and faster response to pathogen attack accompanied
with SA accumulation was observed in Arabidopsis plants by Jung and coworkers [39].
Systemic SA accumulation in above-ground plant tissues can be induced by soil-borne
pathogens [40]. However, only few studies were focused on the mechanisms of plant
defense in roots, which are used for the invasion of the plant by a number of soilborne
pathogens [41,42]. The pathogen R. solani AG3 infects not only the potato sprouts at an
early plant stage but also the roots of the potato [34]. The necrotrophic lifestyle is observed
especially on the emerging sprouts which are showing necrotic lesions. Afterwards, the
pathogen is associated with belowground plant tissue during the whole growing period
and appears as sclerotia on tubers at harvest. This raised up the question whether the
observed differences in severity of black scurf disease between potato genotypes are related
to different endogenous SA level in the plants.

Therefore, the objective of this study was to evaluate whether molecular tools that are
useful for differentiating the resistance level of potato cultivars to black scurf disease could
be identified prior to infestation with the pathogen. The following hypotheses were tested:
(i) Is the quantitative resistance level positively related to the constitutive expression levels
of relevant plant-defense-related genes and genes with relevance for the SA biosynthesis
pathway? (ii) Does the constitutive expression level of these genes correlate with the
amount of SA in potato tissue? (iii) Does a high expression level of the genes and the
amount of SA reduce the severity of black scurf symptoms? For this purpose, various
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potato cultivars with different degrees of black scurf disease severity observed in the field
were selected, and the resistance level was assessed at the same field site. A quantitative
PCR (qPCR) was used for the evaluation of gene expression levels in the roots and shoots
of these selected potato cultivars grown under optimal growth conditions in an axenic
in vitro culture and in growth chambers in a sand culture in the absence of the pathogen.
In addition, SA concentrations in the roots were measured.

2. Materials and Methods
2.1. Field Experiment

The potato cultivars ‘Granola’, ‘Lolita’, ‘Troja’, ‘Salute’, ‘Arkula’, ‘Jasia’, ‘Skonto’ and
‘Bonza’ showing differences in Rhizoctonia disease severity (DS) in the field were used in
this study.

The rating of the resistance level of the selected cultivars to black scurf took place
at the same field site (Großbeeren, Germany, 52◦33′ N, 13◦22′ E). The used field site (soil
type: Diluvial sand) was naturally infested by R. solani based on the occurrence of black
scurf disease on the harvested tubers of a previously cultivated potato crop. Plantlets
from a tissue culture (see below) were used to make sure that the plant material is not
contaminated with any pathogens at planting. Acclimatized plantlets were planted in
plots (2 m × 2 m, 14 plantlets per plot). The spacing within the row amounted to 0.3 m
and 0.65 m between rows. Before planting, the mineral content of the soil was adapted
by fertilization with 160 kg/ha nitrogen and 300 kg/ha potassium (half of the amount
at planting and the other half four weeks after planting). Each treatment included four
plots arranged in a randomized block design. Irrigation was performed as required.
Phytosanitary measures included weed removal by hand and the application of fungicides
against Phytophthora infestans when needed. Four weeks after haulm death, all tubers were
harvested, washed and graded according to their size for further examination.

Black scurf DS was assessed based on the percentage infestation of tubers with Rhi-
zoctonia sclerotia by using the following scale from 1 to 5:1—without sclerotia, 2—<1%,
3—1–5%, 4—5–10% and 5—>10%. The average DS of black scurf from 120 randomly
selected tubers was calculated (30 tubers per replicate).

2.2. Preparing Plantlets for Field Experiment

Since conventional seed tubers can already be latently infested with R. solani or other
pathogens, in vitro cultured potato plantlets of the cultivars were used to assure work-
ing with pathogen-free plant material. The plantlets were grown in sterile plastic boxes
(Sterivent high container, DUCHEFA; Haarlem, The Netherlands) in a Murashige and
Skoog medium including Vitamins and an MES-buffer (DUCHEFA) with 2% sucrose at
pH 5.8 and 0.8% PlantAgar (DUCHEFA) in a cultivator at (22)25(22) ◦C/20 ◦C day/night,
(2)12(2) h/8 h day/night, with 100 µmol m−2 s−1 light. The plantlets were transferred
into multitrays filled with a mixture (1:2) of quartz sand (Euroquarz; Dorsten, Germany)
and substrate (Einheitserde Classic-Substrat Pikier, Einheitserdewerke Werkverband e.V.;
Sinntal-Altengronau, Germany), covered with a lid and acclimatized for 4 days to au-
totrophic conditions in the greenhouse. Afterwards, plants were cultivated in the green-
house under an average minimum temperature of 16.8 ◦C and an average maximum
temperature of 28.3 ◦C for a further two weeks. The plants were poured with B’cuzz Hydro
A + B nutrient solution (Atami B.V.; Rosmalen, The Netherlands), which had been adjusted
to an EC of 2.1 dS m−1 and a pH of 5.8 by adding 4 M HNO3 as required.

2.3. In Vitro and Sand Culture Experiments

For the analysis of the constitutive expression level of defense associated genes and
salicylic acid (SA) content, in vitro cultured potato plantlets of all the used cultivars were
grown as described above. For the in vitro culture experiments, five plantlets of each
cultivar were cultured together in sterile plastic boxes, and the roots and shoots were
harvested separately 14 days after cutting a fresh tip with 3 leaves. Each replicate included
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the material of five plantlets from different boxes and was shock-frozen in liquid nitrogen
and stored at −80 ◦C.

For the sand culture experiments, plantlets grown as described above were transferred
in individual pots of 10 × 10 × 11 cm filled with quartz sand, covered with a lid and
acclimatized for 4 days to autotrophic conditions in a growth chamber (York; Mannheim,
Germany) under the following conditions: 18/15 ◦C day/night temperature, with 16 h/8 h
day/night cycle, 400 µmol m−2 s−1 light and a relative humidity of 80%. The plants were
fertilized with a B’cuzz Hydro A + B nutrient solution (Atami B.V.) adjusted to an EC of
2.1 dS m−1 and a pH of 5.8. After 24 days, three plants per cultivar and replicate were
pooled, and subsequently, root and shoot samples were separately shock-frozen in liquid
nitrogen and stored at −80 ◦C until use for the analysis of the expression of defense-related
genes and the quantification of the SA concentration.

2.4. Expression Analysis of Defense-Related Genes in Potato Tissue

Analyses of the transcript level of the defense-related genes PR1, PR2, PR3, PR6,
PR10 and genes PAL and ICS were carried out by using quantitative reverse transcription
polymerase chain reaction (qPCR) with oligonucleotide primer sets tested for reliable
amplifications with efficiencies close to 2 (Supplementary Table S1).

The total RNA was extracted from 70–90 mg of ground shoot or root material by using
an innuPREP Plant RNA Kit (Analytik Jena; Jena, Germany), and the quantity and quality
of the RNA was checked with the bioanalyzer (Agilent Technologies Deutschland GmbH;
Waldbronn, Germany). Single-stranded cDNA synthesis of 1 µg of the total RNA using
an iScript cDNA Synthesis Kit (Bio-Rad Laboratories GmbH; Feldkirchen, Germany) in a
25 µL reaction was performed following the instructions of the manufacturer. A qPCR was
performed by using 96-well reaction plates and Thermal Cycler CFX96 C1000 Touch (Bio-Rad)
with the thermal profile of 95 ◦C for 5 min, 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min,
followed by a dsDNA melting curve analysis. Each reaction of 10 µL volume contained
200 nM of each primer, 3 µL of cDNA (1:10) and 5 µL of the Sensi Fast SYBR NO ROX Kit
(Bioline GmbH; Luckenwalde, Germany). Data collection and analysis was performed with
CFX Manager Software 3.0 (Bio-Rad). The respective biological replicates were measured in
technical triplicates including nontemplate controls. Relative transcript levels were normalized
on the basis of the expression of the invariant control actin (ACT). ∆Cq was calculated as
the difference between the control and target products (∆Cq = CqACT− Cqgene). Data were
collected and compiled by using CFX Manager Software 3.0 (Bio-Rad Laboratories GmbH).

2.5. Determination of Salicylic Acid

The amount of SA was determined in the same shoot or root material used for the
analysis of defense-related genes. The extraction of SA was carried out as previously
described [43,44] with slight modifications: 100 mg (200 mg) of homogenized frozen leaf
(root) material was extracted with 70% methanol and 90% methanol for 1 h at 65 ◦C. A
total of 100 ng of SA-d4 (Sigma; Darmstadt, Germany) was added as an internal standard.
The extracts were evaporated under N2, and samples were resuspended in 5% TCA. The
solution was partitioned against cyclohexane/ethyl acetate (1:1) two times, and the upper
organic phase was evaporated. The residual sample, containing free SA, was dissolved in
80% formic acid/20% acetonitrile. The aqueous phase was acidified with one volume formic
acid and incubated at 80 ◦C for 1 h. The solution was partitioned against cyclohexane/ethyl
acetate (1:1) two times, and the upper organic phase was evaporated. The residual sample
was dissolved in 80% formic acid/20% acetonitrile (contains conjugated SA) and analyzed
by using an UHPLC-system (Agilent Technologies; Waldbronn, Germany) coupled to an
Agilent 6530 QToF LC-MS (Agilent Technologies) as described [45].

2.6. Statistical Analyses

All statistical analyses were carried out by using the STATISTICA software package
version 12.0 (StatSoft Inc.; Tulsa, OK, USA). The data regarding black scurf DS revealed
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in the field experiment was analyzed by a one-way ANOVA (factors: cultivar) combined
with an LSD test (p ≤ 0.05) to evaluate the differences between the cultivars. Defense gene
transcription data and SA contents were analyzed by a one-way ANOVA (p ≤ 0.05), and
mean expression values and SA contents between the cultivars were tested by using a Tukey
HSD test (p ≤ 0.05). Furthermore, Student’s t-tests were performed to assess significance
among the two groups showing low or high disease severity.

3. Results
3.1. Field Experiment to Evaluate Disease Severity (DS) of Black Scurf on Potato Cultivars

The black scurf DS assessed on harvested potato tubers in the field experiment showed
that the DS differed significantly depending on the cultivar (ANOVA, p ≤ 0.0000). The
cultivars ‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’ do not differ significantly in the DS of
black scurf as well as the DS between the cultivars ‘Jasia’, ‘Skonto’ and ‘Bonza’ (Figure 1).
A significantly lower percentage of sclerotia infestation on tubers was observed for the
cultivars ‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’ compared to the cultivars ‘Arkula’, ‘Jasia’,
‘Skonto’ and ‘Bonza’. No significant differences in the DS of black scurf symptoms on
potato tubers (p ≤ 0.05) were revealed between the cultivars ‘Jasia’, ‘Skonto’ and ‘Bonza’
(Figure 1). ‘Arkula’ was the cultivar with the highest DS, which also differed from that of
the cultivars ‘Skonto’ and ‘Bonza’. Consequently, in the further course of the analyses, the
cultivars were divided into the groups DS low (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) and
DS high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’).
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Figure 1. Disease severity of black scurf on potato cultivars in the field. Mean value and standard
deviation (n = 4) are shown for disease severity group low (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) in
blue and for disease severity group high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) in orange. DS was
assessed as percentage infestation of tubers with sclerotia using scale from 1 to 5 with 1: without
sclerotia, 2: <1%, 3: 1–5%, 4: 5–10% and 5: >10%. The average DS of black scurf from 120 randomly
selected tubers was calculated (30 tubers per replicate). Different letters indicate significance among
the cultivars (p < 0.05).

3.2. Expression of Defense-Related Genes in Potato Cultivars

For analyses of the constitutive expression levels of defense-associated genes, two
different plant cultivation systems were chosen, which allow for the study of absolutely
pathogen-free plant material: an axenic in vitro culture system used to maintain pathogen-
free breeding lines, and a sand culture of pathogen-free plantlets under highly controlled
conditions in a growth chamber. In order to distinguish the tissues which are targeted by
the pathogen, the shoot and root material was analyzed separately.
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3.2.1. In Vitro Culture

Expression analyses revealed a high variability between the cultivars and tissues, with
highest differences in the average expression levels of PR1 and PR2 in the shoots (Table 1)
and PR2 and PR10 in the roots of the in vitro grown cultivars (Table 2).

Table 1. Relative expression levels of PR1, PR2, PR3, PR6 and PR10 in shoots of potato cultivars
grown in axenic in vitro culture. Student’s t-tests indicate significance among the disease severity
groups low (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) and high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’)
within each gene-expression analysis (n = 5).

Cultivar DS PR1 PR2 PR3 PR6 PR10

MV S SD MV S SD MV S SD MV S SD MV S SD

Granola low 5.3 abc 1.63 2.3 abc 0.62 4.4 a 0.97 6.2 abc 1.35 5.9 b 0.29
Lolita low 3.1 bcd 1.77 −2.3 d 0.52 2.4 a 1.80 6.2 abc 1.26 5.4 b 0.25
Troja low 2.2 cd 0.98 −1.7 d 1.26 3.8 a 0.84 6.4 ab 1.01 5.6 b 0.68

Salute low 0.3 d 0.29 −0.4 cd 0.67 4.1 a 0.35 6.4 abc 1.32 5.8 b 0.20

Arkula high 6.3 ab 3.68 0.5 bcd 1.76 4.6 a 2.68 6.8 a 1.16 5.1 b 0.73
Jasia high 4.3 a 0.58 2.8 a 0.70 3.5 a 1.87 4.4 d 0.87 6.7 a 0.43

Skonto high 4.4 abc 1.13 2.6 ab 2.50 4.0 a 1.66 4.1 bcd 1.03 6.5 b 1.06
Bonza high 8.0 abc 2.11 4.6 ab 1.49 5.4 a 1.00 3.9 cd 0.70 9.0 b 1.70

t-test * * ns * *

*, significantly different (t-test, p < 0.05); ns, no significance among both DS groups. S, significance, different
letters indicate significance among cultivars within each gene-expression analysis (p < 0.05); DS, disease severity;
MV, mean value; SD, standard deviation.

Table 2. Relative expression levels of PR1, PR2, PR3, PR6 and PR10 in roots of potato cultivars grown
in axenic in vitro culture. Student’s t-tests indicate significance among the disease severity groups
low (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) and high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) within
each gene-expression analysis (n = 5).

Cultivar DS PR1 PR2 PR3 PR6 PR10

MV S SD SD S SD MV S SD MV S SD MV S SD

Granola low 1.7 a 0.71 0.90 b 2.54 3.4 a 0.50 3.4 a 0.90 0.4 b 1.42
Lolita low −0.6 a 2.40 0.76 a 0.56 2.8 a 1.33 3.6 a 0.76 10.3 a 0.76
Troja low −0.2 a 1.19 0.99 a 1.15 3.0 a 1.31 3.2 a 0.99 8.9 a 0.79

Salute low −0.2 a 1.42 0.84 a 0.29 2.9 a 0.66 3.1 a 0.84 9.5 a 0.84

Arkula high 1.2 a 0.56 0.98 b 2.20 4.2 a 1.67 3.4 a 0.98 0.1 b 1.02
Jasia high 0.7 a 2.08 0.71 a 0.70 3.1 a 3.88 2.5 a 0.71 9.4 a 1.46

Skonto high −1.0 a 1.12 1.30 a 0.33 3.5 a 0.40 2.4 a 1.30 8.8 a 0.56
Bonza high 0.3 a 1.88 0.62 a 0.23 3.2 a 1.36 1.9 a 0.62 11.0 a 1.96

t-test ns ns ns * ns

*, significantly different (t-test, p < 0.05); ns, no significance among both DS groups. S, significance, differ-
ent letters indicate significance among cultivars within each gene-expression analysis (p < 0.05); DS, disease
severity; MV, mean value; SD, standard deviation.

When comparing the average expression levels between the two tissue types, PR1
expression was much higher in the shoots and PR2 levels were much higher in the roots.
When comparing the average expression levels between the DS groups, a significantly
lower expression level of PR1, PR2 and PR10 was present in the shoots of cultivars of the
DS group low (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) than in the DS group high (‘Arkula’,
‘Jasia’, ‘Skonto’ and ‘Bonza’). In contrast, average expression of PR6 was significantly higher
in the shoots of the DS group low cultivars. The comparison of the expression levels in the
roots of the DS group low with DS group high showed almost no significant differences.
Only PR6 expression showed a significantly higher level in the roots of the cultivars with a
low DS (Table 2).
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In addition to PR gene expression, two other defense-related genes with relevance in
SA biosynthesis were analyzed. A high variability between cultivars was detected in the
expression of phenylalanine ammonia-lyase (PAL), while the expression of isochorismate
synthase (ICS) did not show this variability (Table 3). A comparison of the expression
levels between the two tissue types revealed no differences. When comparing the average
expression levels between the DS groups, a lower expression level of ICS was present only
in the shoots of the cultivars of the DS group low (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’)
than in the DS group high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’).

Table 3. Relative expression levels of PAL and ICS in shoots and roots of potato cultivars grown in
axenic in vitro culture. Student’s t-tests indicate significance among the disease severity groups low
(‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) and high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) within each
gene-expression analysis (n = 5).

Shoots Roots
Cultivar DS PAL ICS PAL ICS

MV S SD MV S SD MV S SD MV S SD

Granola low 6.3 a 1.67 2.0 bc 0.38 8.2 a 0.70 1.4 bc 0.72
Lolita low 1.7 b 0.73 1.1 c 0.18 1.7 b 0.74 1.0 bc 0.36
Troja low 2.1 b 0.76 1.4 c 0.73 1.6 b 0.55 2.2 ab 0.48

Salute low 5.8 a 0.53 1.1 c 0.37 7.7 a 0.99 1.4 bc 0.19

Arkula high 6.2 a 0.95 1.6 c 0.95 8.1 a 0.96 1.1 bc 0.88
Jasia high 2.3 b 0.93 3.1 a 0.68 2.4 b 0.69 1.4 a 0.85

Skonto high 1.8 b 0.85 1.5 ab 0.45 1.2 b 0.84 0.1 bc 0.25
Bonza high 1.3 b 0.41 4.4 c 0.88 1.8 b 0.96 3.5 c 0.96

t-test ns * ns ns

*, significantly different (t-test, p < 0.05); ns, no significance among both DS groups. S, significance, different
letters indicate significance among cultivars within each gene-expression analysis (p < 0.05); DS, disease severity;
MV, mean value; SD, standard deviation.

3.2.2. Sand Culture

Expression analyses of the sand-grown cultivars did not show high variability between
cultivars and tissues. When comparing the average expression levels between the two
tissue types, again PR1 expression was higher in the shoots and PR2 levels were higher
in the roots (Tables 4 and 5). When comparing the average expression levels between the
DS groups, a significantly lower expression level of PR1, PR2 and PR6 was present in the
shoots of the cultivars of the DS group low (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) than in
the DS group high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) (Table 5). The comparison of the
average expression levels in the roots of the DS group low with DS group high showed a
significantly lower expression of PR1 and PR10 in the cultivars with a low DS (Table 5).

Table 4. Relative expression levels of PR1, PR2, PR3, PR6 and PR10 in shoots of potato cultivars
grown in sand culture. Student’s t-tests indicate significance among the disease severity groups low
(‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) and high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) within each
gene-expression analysis (n = 4).

Cultivar DS PR1 PR2 PR3 PR6 PR10

MV S SD MV S SD MV S SD MV S SD MV S SD

Granola low 5.1 bc 1.14 3.2 a 1.31 7.8 a 1.74 6.7 b 1.05 8.3 a 1.42
Lolita low 3.9 bc 1.00 1.6 a 0.89 7.0 a 1.23 6.1 b 0.80 8.1 a 1.03
Troja low 5.9 abc 2.34 2.5 a 1.94 7.7 a 2.24 7.2 ab 2.13 8.5 a 1.78

Salute low 3.4 c 0.87 2.9 a 1.02 7.7 a 1.40 6.6 b 1.63 8.0 a 0.84

Arkula high 7.4 abc 0.40 3.3 a 1.04 7.6 a 1.43 6.9 b 1.76 8.1 a 1.32
Jasia high 4.8 ab 0.63 2.4 a 1.01 8.1 a 0.75 8.1 ab 0.40 7.6 a 0.20

Skonto high 9.3 bc 2.34 5.5 a 2.24 10.2 a 2.45 11.1 ab 2.02 10.0 a 2.14
Bonza high 7.9 a 1.35 5.3 a 1.88 9.0 a 1.62 8.0 a 0.86 9.3 a 1.19

t-test * * ns * ns

*, significantly different (t-test, p < 0.05); ns, no significance among both DS groups. S, significance, different
letters indicate significance among cultivars within each gene-expression analysis (p < 0.05); DS, disease severity;
MV, mean value; SD, standard deviation.



Bioengineering 2023, 10, 1244 8 of 14

Table 5. Relative expression levels of PR1, PR2, PR3, PR6 and PR10 in roots of potato cultivars
grown in sand culture. Student’s t-tests indicate significance among the disease severity groups low
(‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) and high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) within each
gene-expression analysis (n = 4).

Cultivar DS PR1 PR2 PR3 PR6 PR10

MV S SD MV S SD MV S SD MV S SD MV S SD

Granola low 2.4 bc 0.30 6.1 ab 1.27 6.5 a 1.46 3.8 abc 1.04 9.4 ab 0.95
Lolita low 1.7 bc 0.94 5.6 ab 1.76 4.1 a 0.78 3.9 abc 1.25 9.2 ab 0.57
Troja low 2.1 bc 0.65 4.6 ab 1.62 4.5 a 0.25 2.1 c 0.91 8.4 b 0.44

Salute low 1.3 c 1.55 3.8 b 2.07 3.4 a 0.30 2.7 bc 0.63 8.6 b 0.56

Arkula high 1.9 bc 0.56 4.5 ab 0.86 4.6 a 1.40 2.9 abc 0.09 9.8 ab 1.37
Jasia high 3.5 a 0.79 6.1 a 0.40 5.4 a 1.18 3.4 a 0.97 9.2 ab 0.88

Skonto high 2.7 ab 1.28 5.9 ab 1.18 6.6 a 2.50 4.3 abc 0.88 11.4 ab 1.80
Bonza high 4.9 bc 0.26 7.2 ab 0.37 5.3 a 0.30 4.9 ab 0.47 9.1 a 0.20

t-test * ns ns ns *

*, significantly different (t-test, p < 0.05); ns, no significance among both DS groups. S, significance, different
letters indicate significance among cultivars within each gene-expression analysis (p < 0.05); DS, disease severity;
MV, mean value; SD, standard deviation.

The analysis of PAL and ICS expression in sand-grown plants showed again a high
variability of PAL expression between the cultivars (Table 6). A comparison of the expression
levels between the two tissue types revealed a lower expression of ICS in the roots. When
comparing the average expression levels between the DS groups, no significant differences
were found.

Table 6. Relative expression levels of PAL and ICS in shoots and roots of potato cultivars grown in
sand culture. Student’s t-tests indicate significance among the disease severity groups low (‘Granola’,
‘Lolita’, ‘Troja’ and ‘Salute’) and high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) within each gene-
expression analysis (n = 4).

Shoots Roots
Cultivar DS PAL ICS PAL ICS

MV S SD MV S SD MV S SD MV S SD

Granola low 5.5 a 0.74 1.7 a 0.67 6.7 a 0.89 −1.7 a 1.45
Lolita low −2.6 b 0.45 1.2 a 0.63 −0.7 b 0.76 −2.2 a 0.35
Troja low −2.5 b 1.32 1.5 a 0.87 −1.3 b 1.38 −2.5 a 0.63

Salute low 5.4 a 0.59 1.6 a 0.14 6.8 a 1.11 −1.4 a 0.60

Arkula high 4.5 a 1.57 1.5 a 0.99 6.5 a 0.39 −0.6 a 1.49
Jasia high 6.6 b 0.48 1.8 a 0.36 7.9 b 0.79 −2.3 a 1.25

Skonto high −1.1 a 1.21 1.8 a 0.66 −0.7 a 0.92 −0.6 a 1.01
Bonza high −2.0 b 1.01 1.9 a 0.82 −1.4 b 1.07 −2.0 a 0.40

t-test ns ns ns ns

ns, no significance among both DS groups (t-test, p < 0.05). S, significance, different letters indicate signifi-
cance among cultivars within each gene-expression analysis (p < 0.05); DS, disease severity; MV, mean value;
SD, standard deviation.

In summary of the expression analyses, a more or less clear variation between the
cultivars was found in the roots and shoots of plants grown in an axenic in vitro culture
and also in a pathogen-free sand culture. However, the severity of disease symptoms of the
plants grown in the field could not be clearly deduced from this variation.

3.3. Salicylic Acid Concentration in Potato Cultivars

In addition to expression analyses of defense-related genes, the content of free SA
and glycosylated SA was determined in the same shoot or root material. The content of
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both free and glycosylated SA show high variability between cultivars and potato tissue
(Figure 2a,b). Comparing the content of SA in the shoots of potato, an analysis revealed
a significantly lower level of free SA than of glycosylated SA in all the potato cultivars
(Figure 2a). The comparison of the mean free SA content in the shoots showed significantly
lower content on average in the cultivars with a low DS (t-test, p < 0.05).

Bioengineering 2023, 10, x FOR PEER REVIEW 9 of 14 
 

Lolita low −2.6 b 0.45 1.2 a 0.63 −0.7 b 0.76 −2.2 a 0.35 

Troja low −2.5 b 1.32 1.5 a 0.87 −1.3 b 1.38 −2.5 a 0.63 

Salute low 5.4 a 0.59 1.6 a 0.14 6.8 a 1.11 −1.4 a 0.60 

Arkula high 4.5 a 1.57 1.5 a 0.99 6.5 a 0.39 −0.6 a 1.49 

Jasia high 6.6 b 0.48 1.8 a 0.36 7.9 b 0.79 −2.3 a 1.25 

Skonto high −1.1 a 1.21 1.8 a 0.66 −0.7 a 0.92 −0.6 a 1.01 

Bonza high −2.0 b 1.01 1.9 a 0.82 −1.4 b 1.07 −2.0 a 0.40 

t-test  ns   ns   ns   ns   

ns, no significance among both DS groups (t-test, p < 0.05). S, significance, different letters indicate 

significance among cultivars within each gene-expression analysis (p < 0.05); DS, disease severity; 

MV, mean value; SD, standard deviation. 

In summary of the expression analyses, a more or less clear variation between the 

cultivars was found in the roots and shoots of plants grown in an axenic in vitro culture 

and also in a pathogen-free sand culture. However, the severity of disease symptoms of 

the plants grown in the field could not be clearly deduced from this variation. 

3.3. Salicylic Acid Concentration in Potato Cultivars 

In addition to expression analyses of defense-related genes, the content of free SA 

and glycosylated SA was determined in the same shoot or root material. The content of 

both free and glycosylated SA show high variability between cultivars and potato tissue 

(Figure 2a,b). Comparing the content of SA in the shoots of potato, an analysis revealed a 

significantly lower level of free SA than of glycosylated SA in all the potato cultivars (Fig-

ure 2a). The comparison of the mean free SA content in the shoots showed significantly 

lower content on average in the cultivars with a low DS (t-test, p < 0.05). 

 

 

Figure 2. Salicylic acid (SA) content in shoots (a) and roots (b) of potato cultivars grown in sand
culture. Free SA and glycosylated SA (glc-SA) levels were measured separately. Mean value and
standard deviation (n = 4) are shown for disease severity group low (‘Granola’, ‘Lolita’, ‘Troja’ and
‘Salute’) in blue, and for disease severity group high (‘Arkula’, ‘Jasia’, ‘Skonto’ and ‘Bonza’) in orange.
Different letters indicate significance among the cultivars within each metabolite analysis (p < 0.05);
Student’s t-test shows significance of free SA content among the disease severity groups low and
high (p < 0.05). SA, salicylic acid; glc-SA, glycosylated salicylic acid.

In contrast, an analysis of the SA content in the roots of the potato indicated no
differences in the free and glycosylated SA levels (Figure 2b). A comparison of the SA level
on average between the DS groups revealed a higher level of free and glycosylated SA in the
roots of potato cultivars in the DS group low than of the DS group high. However, statistical
analysis showed that these differences were not significant (t-test, p < 0.05) because of a
high variation in the SA level between the replicates.

4. Discussion

Suitable methods are needed for host-breeding programs that allow for the reliable
assessment of the quantitative resistance level of black scurf disease in potato genotypes
based on bioassays. Field screening for resistant genotypes requires considerable time
and manpower. In addition, the level of quantitative resistance as observed for black
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scurf disease on potato is highly affected by the growing conditions in the field [7,12].
The objective of this study was to evaluate whether molecular tools can be used to assess
the quantitative resistance level of potato to black scurf disease by using a bioassay. An
available, more-efficient screening method would be advantageous only if it correlates with
field screening trials. Hence, various potato cultivars that differed in their quantitative
resistance level to black scurf disease based on previous field observations were initially
exposed to the same field conditions. The results of a disease severity (DS) assessment
confirmed that differences in the DS of black scurf disease exist between potato cultivars.
Based on the observed level of DS, the cultivars were subdivided in two groups: cultivars
with a lower DS (‘Granola’, ‘Lolita’, ‘Troja’ and ‘Salute’) and higher DS (‘Arkula’, ‘Jasia’,
‘Skonto’ and ‘Bonza’) in the black scurf DS. These cultivars were used for an analysis of the
expression levels of selected plant-defense-related genes associated with the SA pathway
in vitro and sand culture experiments.

The genes studied here are known to be pathogenesis related and are in many cases
induced by inoculation with the fungus [24,34,36]. Here it was hypothesized that the
quantitative resistance level of potato cultivars to black scurf disease might be positively
related to constitutive expression levels of plant-defense-related genes. For example, the
gene products of PR2 and PR3 result in the production of hydrolytic enzymes that can
immediately act against attacking fungi, thus reducing pathogen pressure. PR2 belongs
to the group of β-1,3-glucanases that can either directly impair the growth of a fungus by
hydrolyzing glucans of the fungal cell wall or indirectly through the released short glucan
fragments from pathogen cell walls that can be recognized by plants, inducing further
defense responses [46,47]. PR3 represents chitinases, which have been shown to inhibit the
growth of different fungi in vitro either alone or in combination with β-1,3-glucanase [48].
Furthermore, previous results suggested that the constitutive expression of PR genes
in leaves may contribute to nonspecific resistance to Phythophthora infestans in Solanum
species [49] or is likely responsible for a large part of the partial resistance in rice against
Magnaporthe oryzae [50]. Here, the average expression level of pathogenesis-related genes
was assessed in shoots and roots at two different growth conditions. In both kinds of
experiments, the constitutive expression level of PR1, PR3 and PR6 genes was higher in
the shoots than in the roots whereas the PR2 gene was more highly expressed in the roots.
However, with the results presented, the hypothesis that the resistance level of potato
cultivars to black scurf disease is positively related to the constitutive expression level of
the studied defense-related genes must be rejected. Considering the DS groups, none of
the studied genes were constitutively more highly expressed in the DS group low. More
comprehensive analyses at the transcriptome level are needed to assess whether specific
transcriptome patterns at early growth stages under strictly controlled conditions can be
linked to the level of field resistance of potato cultivars to black scurf disease. Thus, a
simple screening method for assessing the level of resistance of potato cultivars may have
yet to be found.

Although the plants were not attacked by pathogens and kept under controlled
growth conditions, a high variation in the average constitutive expression level of the
studied plant-defense-related genes were observed within the DS groups. The genes PR1,
PR2, PR3, PR6 and PR10 were selected, some of which are directly associated with the SA
signaling pathway (PR1, PR2 and PR10), while others are primarily induced by jasmonic
acid (JA) (PR3 and PR6). Evidence that R. solani induces SA-mediated signaling pathways
leading to a higher expression of, for instance, the PR1 gene was found in rice, among
others [16]. Hence, this study focuses on the role of defense-related genes associated with
the SA signaling pathway. Studies of Shah and Zeier [51] demonstrated that a higher
level of SA is associated with an enhanced expression of the PR1 gene and requires an
enhanced expression of the ICS gene, which is important for SA biosynthesis in plant
tissue. However, such relationships could not be found in potato plants grown in highly
controlled conditions. A higher endogenous level of SA did not correlate with an increased
expression level of genes associated with the SA signaling pathway. Hence, the hypothesis
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that the constitutive expression level of the studied genes and genes of relevance for the SA
biosynthesis pathway (PAL, ICS) correlate with the amount of SA in potato tissue must be
rejected, at least for plants that are not infested by pathogens.

Classically, the jasmonic acid (JA) pathway is involved primary in the defense response
to necrotrophic pathogens [52], as also shown against R. solani in rice [53]. However,
some studies demonstrated that resistance to necrotrophic pathogens also requires the
signaling of SA [54,55]. The importance of intact SA signaling for potato defense against
the necrotrophic fungal pathogen Alternaria solani was shown by Brouwer et al. [56]. The
pathogen R. solani is described as a pathogen with a necrotrophic lifestyle; however, the
possibility of a combination of necrotrophic and hemibiotrophic behavior is assumed in
potato [35] and as well in rice [57]. In nature, plants can be impacted by both biotrophic and
necrotrophic pathogens, and therefore it is crucial for plants to have elevated levels of both
JA and SA [58]. It was hypothesized that the quantitative resistance level of potato cultivars
to black scurf disease is positively related to the amount of SA in the tissue and can already
be inferred from plants grown under controlled conditions in the absence of the pathogen.
The amount of SA measured varied by cultivar. However, no consistent separation was
evident in the low and high DS groups. Thus, it can be concluded that the severity of black
scurf disease symptoms on the tubers of plants grown in the field could not be clearly
inferred from this variation. It remains to be tested whether the differential induction of SA
content in roots by the presence of the pathogen can reveal such a relationship. However,
this would be far from a simple screening procedure to assess the resistance level of potato
cultivars in early stages. Further analyses of relevant enzyme activities [25] or unbiased
analyses at the proteome or metabolome level could lead to specific candidates that would
make it possible in the future to establish a link with the degree of field resistance of potato
varieties to black scurf disease.

5. Conclusions

Field experiments showed the separation of potato cultivars in a low and high disease
severity (DS) group when challenged with Rhizoctonia solani AG3. The more resistant
cultivars did not show significantly higher constitutive expression levels of defense-related
genes. Only free SA was increased in the roots of more resistant cultivars grown in a sand
culture. These results indicate that neither the expression levels of the analyzed defense-
related genes nor the amount of SA in potato plants can be used as reliable predictors of
the field resistance of potato to black scurf disease.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bioengineering10111244/s1, Supplementary Table S1: Oligonucleotide
primer sets.

Author Contributions: Conceptualization, R.Z. and R.G.; molecular analysis, R.Z. and F.G.; SA
analysis, S.B. and T.G.; writing—original draft preparation, R.Z. and R.G.; writing—review and
editing, R.Z. and R.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Federal Office for Agriculture and Food (BLE, Germany),
grant number 2814700911.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request.

Acknowledgments: We would like to thank Norika GmbH, Firlbeck GmbH and SaKa GmbH for
providing the in vitro plantlets. In addition, we thank Tong Zhang for the molecular measurements
and Sabine Breitkopf and Gundula Aust for their skilled technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/bioengineering10111244/s1
https://www.mdpi.com/article/10.3390/bioengineering10111244/s1


Bioengineering 2023, 10, 1244 12 of 14

References
1. Wilson, P.S.; Ketola, E.O.; Ahvenniemi, P.M.; Lehtonen, M.J.; Valkonen, J.P.T. Dynamics of soilborne Rhizoctonia solani in the

presence of Trichoderma harzianum: Effects on stem canker, black scurf and progeny tubers of potato. Plant Pathol. 2008, 57, 152–161.
[CrossRef]

2. Zhang, X.-Y.; Yu, X.-X.; Yu, Z.; Xue, Y.-F.; Qi, L.-P. A simple method based on laboratory inoculum and field inoculum for
evaluating potato resistance to black scurf caused by Rhizoctonia solani. Breed. Sci. 2014, 64, 156–163. [CrossRef] [PubMed]

3. Hide, G.A.; Horrocks, J.K. Influence of stem canker (Rhizoctonia solani Kühn) on tuber yield, tuber size, reducing sugars and crisp
colour in cv. Record. Potato Res. 1994, 37, 43–49. [CrossRef]

4. Keiser, A.; Häberli, M.; Stamp, P. Quality deficiencies on potato (Solanum tuberosum L.) tubers caused by Rhizoctonia solani,
wireworms (Agriotes ssp.) and slugs (Deroceras reticulatum, Arion hortensis) in different farming systems. Field Crops Res. 2012,
128, 147–155. [CrossRef]

5. Banville, G.J.; Carling, D.E.; Otrysko, B.E. Rhizoctonia Disease on Potato. In Rhizoctonia Species: Taxonomy, Molecular Biology,
Ecology, Pathology and Disease Control; Sneh, B., Jabaji-Hare, S., Neate, S., Dijst, G., Eds.; Springer: Dordrecht, The Netherlands,
1996; pp. 321–330. [CrossRef]

6. Carling, D.E.; Leiner, R.H.; Westphale, P.C. Symptoms, signs and yield reduction associated with Rhizoctonia disease of potato
induced by tuberborne inoculum of Rhizoctonia solani AG-3. Am. Potato J. 1989, 66, 693–701. [CrossRef]

7. Bains, P.; Bennypaul, H.; Lynch, D.; Kawchuk, L.; Schaupmeyer, C.A. Rhizoctonia disease of potatoes (Rhizoctonia solani):
Fungicidal efficacy and cultivar susceptibility. Am. J. Potato Res. 2002, 79, 99–106. [CrossRef]

8. Lehtonen, M.J.; Wilson, P.S.; Ahvenniemi, P. Formation of canker lesions on stems and black scurf on tubers in experimentally
inoculated potato plants by isolates of AG2-1, AG3 and AG5 of Rhizoctonia solani: A pilot study and literature review. Agric. Food
Sci. 2009, 18, 223–233. [CrossRef]

9. Woodhall, J.W.; Lees, A.K.; Edwards, S.G.; Jenkinson, P. Characterization of Rhizoctonia solani from potato in Great Britain. Plant
Pathol. 2007, 56, 286–295. [CrossRef]

10. Campion, C.; Chatot, C.; Perraton, B.; Andrivon, D. Anastomosis Groups, Pathogenicity and Sensitivity to Fungicides of
Rhizoctonia solani Isolates Collected on Potato Crops in France. Eur. J. Plant Pathol. 2003, 109, 983–992. [CrossRef]

11. Larkin, R.P.; Honeycutt, C.W. Effects of Different 3-Year Cropping Systems on Soil Microbial Communities and Rhizoctonia
Diseases of Potato. Phytopathology 2006, 96, 68–79. [CrossRef] [PubMed]

12. Djébali, N.; Belhassen, T. Field study of the relative susceptibility of eleven potato (Solanum tuberosum L.) varieties and the efficacy
of two fungicides against Rhizoctonia solani attack. Crop Prot. 2010, 29, 998–1002. [CrossRef]

13. Olanya, O.M.; Lambert, D.H.; Reeves§, A.F.; Porter, G.A. Evaluation of potato clones for resistance to stem canker and tuber black
scurf in field studies following artificial inoculation with Rhizoctonia solani AG-3 in Maine. Arch. Phytopathol. Plant Prot. 2009,
42, 409–418. [CrossRef]

14. Okubara, P.A.; Dickman, M.B.; Blechl, A.E. Molecular and genetic aspects of controlling the soilborne necrotrophic pathogens
Rhizoctonia and Pythium. Plant Sci. 2014, 228, 61–70. [CrossRef] [PubMed]

15. Molla, K.A.; Karmakar, S.; Molla, J.; Bajaj, P.; Varshney, R.K.; Datta, S.K.; Datta, K. Understanding sheath blight resistance in rice:
The road behind and the road ahead. Plant Biotechnol. J. 2020, 18, 895–915. [CrossRef] [PubMed]

16. Zhao, C.-J.; Wang, A.-R.; Shi, Y.-J.; Wang, L.-Q.; Liu, W.-D.; Wang, Z.-H.; Lu, G.-D. Identification of defense-related genes in rice
responding to challenge by Rhizoctonia solani. Theor. Appl. Genet. 2008, 116, 501–516. [CrossRef] [PubMed]

17. Foley, R.C.; Kidd, B.N.; Hane, J.K.; Anderson, J.P.; Singh, K.B. Reactive Oxygen Species Play a Role in the Infection of the
Necrotrophic Fungi, Rhizoctonia solani in Wheat. PLoS ONE 2016, 11, e0152548. [CrossRef]

18. Zhu, C.; Ai, L.; Wang, L.; Yin, P.; Liu, C.; Li, S.; Zeng, H. De novo Transcriptome Analysis of Rhizoctonia solani AG1 IA Strain Early
Invasion in Zoysia japonica Root. Front. Microbiol. 2016, 7, 708. [CrossRef]

19. Yadav, S.; Anuradha, G.; Kumar, R.R.; Vemireddy, L.R.; Sudhakar, R.; Donempudi, K.; Venkata, D.; Jabeen, F.; Narasimhan, Y.K.;
Marathi, B.; et al. Identification of QTLs and possible candidate genes conferring sheath blight resistance in rice (Oryza sativa L.).
SpringerPlus 2015, 4, 175. [CrossRef]

20. Zhang, J.; Chen, L.; Fu, C.; Wang, L.; Liu, H.; Cheng, Y.; Li, S.; Deng, Q.; Wang, S.; Zhu, J.; et al. Comparative Transcriptome
Analyses of Gene Expression Changes Triggered by Rhizoctonia solani AG1 IA Infection in Resistant and Susceptible Rice Varieties.
Front. Plant Sci. 2017, 8, 1422. [CrossRef]

21. Sedláková, V.; Dejmalová, J.; Doležal, P.; Hausvater, E.; Sedlák, P.; Baštová, P. Characterization of forty-four potato varieties for
resistance to common scab, black scurf and silver scurf. Crop Prot. 2013, 48, 82–87. [CrossRef]

22. Hejazi, R.; Esfahani, M.N.; Maleki, M.; Sedaghatfar, E. Susceptibility assessment and genetic population structure associated with
Rhizoctonia solani AG3-PT—Potato stem canker disease. Physiol. Mol. Plant Pathol. 2022, 119, 101835. [CrossRef]

23. Lehtonen, M.J.; Somervuo, P.; Valkonen, J.P.T. Infection with Rhizoctonia solani Induces Defense Genes and Systemic Resistance in
Potato Sprouts Grown without Light. Phytopathology 2008, 98, 1190–1198. [CrossRef] [PubMed]

24. Hejazi, R.; Esfahani, M.N.; Maleki, M.; Sedaghatfar, E. Comparative analysis of putative pathogenesis-related gene expression in
potato associated with defense responses to Rhizoctonia solani. Sydowia 2022, 74, 251–262. [CrossRef]

25. Soheili-Moghaddam, B.; Nasr-Esfahani, M.; Mousanejad, S.; Hassanzadeh-Khankahdani, H.; Karbalaie-Khiyavie, H. Biochemical
defense mechanism associated with host-specific disease resistance pathways against Rhizoctonia solani AG3-PT potatoes canker
disease. Planta 2023, 257, 13. [CrossRef]

https://doi.org/10.1111/j.1365-3059.2007.01706.x
https://doi.org/10.1270/jsbbs.64.156
https://www.ncbi.nlm.nih.gov/pubmed/24987302
https://doi.org/10.1007/BF02360431
https://doi.org/10.1016/j.fcr.2012.01.004
https://doi.org/10.1007/978-94-017-2901-7_29
https://doi.org/10.1007/BF02896825
https://doi.org/10.1007/BF02881518
https://doi.org/10.2137/145960609790059415
https://doi.org/10.1111/j.1365-3059.2006.01545.x
https://doi.org/10.1023/B:EJPP.0000003829.83671.8f
https://doi.org/10.1094/PHYTO-96-0068
https://www.ncbi.nlm.nih.gov/pubmed/18944206
https://doi.org/10.1016/j.cropro.2010.06.012
https://doi.org/10.1080/03235400601121570
https://doi.org/10.1016/j.plantsci.2014.02.001
https://www.ncbi.nlm.nih.gov/pubmed/25438786
https://doi.org/10.1111/pbi.13312
https://www.ncbi.nlm.nih.gov/pubmed/31811745
https://doi.org/10.1007/s00122-007-0686-y
https://www.ncbi.nlm.nih.gov/pubmed/18075727
https://doi.org/10.1371/journal.pone.0152548
https://doi.org/10.3389/fmicb.2016.00708
https://doi.org/10.1186/s40064-015-0954-2
https://doi.org/10.3389/fpls.2017.01422
https://doi.org/10.1016/j.cropro.2013.02.014
https://doi.org/10.1016/j.pmpp.2022.101835
https://doi.org/10.1094/PHYTO-98-11-1190
https://www.ncbi.nlm.nih.gov/pubmed/18943407
https://doi.org/10.12905/0380.sydowia74-2021-0251
https://doi.org/10.1007/s00425-022-04039-2


Bioengineering 2023, 10, 1244 13 of 14

26. Zhao, B.; Liu, Q.; Wang, B.; Yuan, F. Roles of Phytohormones and Their Signaling Pathways in Leaf Development and Stress
Responses. J. Agric. Food Chem. 2021, 69, 3566–3584. [CrossRef]

27. Rivas-San Vicente, M.; Plasencia, J. Salicylic acid beyond defence: Its role in plant growth and development. J. Exp. Bot. 2011,
62, 3321–3338. [CrossRef] [PubMed]

28. Stael, S.; Kmiecik, P.; Willems, P.; Van Der Kelen, K.; Coll, N.S.; Teige, M.; Van Breusegem, F. Plant innate immunity—Sunny side
up? Trends Plant Sci. 2015, 20, 3–11. [CrossRef]

29. Klessig, D.F.; Choi, H.W.; Dempsey, D.M.A. Systemic Acquired Resistance and Salicylic Acid: Past, Present, and Future. Mol.
Plant-Microbe Interact. 2018, 31, 871–888. [CrossRef] [PubMed]
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