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Summary. Early blight, caused by Alternaria alternata (Fr.) Keissler is a serious dis-
ease of potato and other cultivated Solanum species. The molecular components defin-
ing defense responses to A. alternata in potato are limited. Host transcript accumu-
lation after A. alternata inoculation of six potato genotypes (10/33/R1, 3/33/R2 and
21/33/R2, resistant to the pathogen, and 8707/106, 8703/804 and 8707/112, suscepti-
ble) was examined to develop understanding of mechanisms of their responses to A.
alternata genotypes. The marker genes PR-2, ChtA, PR-5, PR1-b, PIN2, ERF3, PAL
and LOX, activity of catalase (CAT), superoxide dismutase (SOD), peroxidase (POX),
polyphenol oxidase (PPOs) and phenylalanine ammonia-lyase (PAL), as well as bio-
mass growth parameters, were analysed. Expression of PR-2, ChtA, PR-5, PR1-b and
PAL genes was greatly increased in the inoculated resistant genotypes compared to the
susceptible genotypes and un-inoculated controls. Transcription levels of PIN2, ERF3
and LOX genes were decreased in resistant inoculated plants. Simultaneously, activi-
ties of POX, SOD and PPOs were greatly increased in the inoculated resistant host
genotypes, compared to the susceptible and non-inoculated controls. CAT activity in
genotype 21/33/R2 and PAL activity in resistant genotypes 21/33/R2 and 10/33/R1
increased in the susceptible and non-inoculated. Host growth parameters of inoculated
plants decreased compared to un-inoculated controls. Knowledge of changes in gene
expression levels and enzyme production in defense processes in infected potato plants
can inform future studies to identify the defense mechanisms, and assist generation of
potato cultivars resistant to early blight.

Keywords. Antioxidant enzymes, biomass, defense mechanism, Solanum tuberosum.

INTRODUCTION

Potato (Solanum tuberosum L., Solanaceae) an important human source
of carbohydrates, protein and vitamin C (Hussain, 2016; Rajiv and Kawar,
2016; Kumari et al., 2018). Potato crops can also be grown in different envi-
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ronmental conditions, and these provide important sta-
ple food in many regions (Hussain, 2016).

Among the diseases impacting potato crops, early
blight is considered the most devastating. This disease
is caused by several species of Alternaria, including
A. solani and A. alternata (Nasr-Esfahani, 2018; Zhai
et al., 2018). Alternaria alternata (Fr.) Keissler (Doth-
ideomycetes) is capable of infecting Solanaceae crops,
including potato, at all stages of plant development,
causing considerable yield losses (Pourarian et al., 2018;
Moghaddam et al., 2019). Severe impacts of Alternaria
species on potato production occur in Iran, with the
potato pathotype of A. alternata being the dominant
pathogen species, causing significant yield and nutritive
value losses (Nasr-Esfahani, 2018; Moghaddam et al.,
2019). This pathogen causes brown spots with concentric
rings on potato leaves, and ultimately leaf senescence
(Esfahani, 2018a; Pourarian et al., 2018; Nasr-Esfahani,
2019). Early blight has the potential to reduce the tuber
production by more than 20% in susceptible cultivars
under favourable environmental conditions (Raimo et
al., 2018; Ding et al., 2019).

Alternaria alternata causes necrotic lesions on pota-
to leaves and tubers, although these lesions are smaller
than those caused by A. solani (Ding, 2018; Ding et al.,
2019). Field symptoms of early blight are often confused
with physiological damage caused by ozone or nutrient
deficiencies (Evenhuis et al., 2020). Although applica-
tions of fungicides have been recommended for con-
trol of early blight, indiscriminate use of pesticides may
increase hazards to humans and the environment (Meier
et al., 2015; Nasr-Esfahani, 2018). Therefore, effective,
economical, and harmless, disease management is to
develop and/or select disease resistant potatoes capable
of producing satisfactory tuber yields, even within heav-
ily pathogen-infested environments (Nasr-Esfahani et
al., 2018; Moghaddam et al., 2020). Three potato clones
(BR3, BR5, and BR85) incorporating combined resist-
ances to early blight from S. palustre and late blight
from S. bulbocastanum into a S. tuberosum background
yield well in temperate climate conditions. In addition to
possessing heritable resistance to early and late blights,
these clones have other desirable agronomic traits, are
fertile, and readily cross to established potato culti-
vars (Meier et al., 2015). Similar results were obtained
through screening of several potato genotypes for early
blight disease resistance (Odilbekov et al. 2014; Xue et
al., 2019; Ding, 2021).

Pathogenesis-related (PR) protein synthesis genes
have provided resistance to pathogens in various crops
(McNeece et al., 2019). The studies of Wang et al. (2008),
Derksen et al. (2013), Moghaddam et al. (2019) and Hoe-
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gen et al. (2002) emphasize on this hypothesis, support-
ing the role of PR genes in enhancing resistance to biotic
stresses and providing a strategy for development of
disease-resistant transgenic food crops (Ali et al., 2018).
Zhai et al. (2018) used RNAI technology to silence the
tomato PR5 gene for resistance to A. alternata, and Tou-
fiq et al. (2018) isolated the chitinase (ChtA) gene from
Hordeum vulgare L., which could inhibit important
pathogenic fungi. In a similar study, Khan et al. (2017)
generated transgenic potato, which overexpressed the H.
vulgare endo-chitinase gene, indicating high resistance of
transgenic potato plants to A. solani. Thus, knowledge of
changes in expression levels of PR genes in resistant and
susceptible potato genotypes to A. alternata could indi-
cate how PR genes play roles in potato resistance to this
pathogen (Moghaddam et al., 2019; Bagheri et al., 2020).
However, knowledge is scarce of the molecular defense
responses with systemic (leaf) defenses before and after
A. alternata inoculation of potato. So the present study
aimed to provides information on leaf expression lev-
els of the PR-2, ChtA, PR-5, PR1-b, PIN2, ERF3, PAL
and LOX analysis genes in six contrasting potato geno-
types after inoculation with A. alternata. In addition to
pathogenesis-related (PR) protein synthesis genes, plant
hormone mediated signalling pathways may also play
important roles in plant disease resistance.

Proteinase inhibitors (PIN) in plants are small pro-
teins involved in defense mechanisms against patho-
genic microorganisms, that may imperil the plant integ-
rity (antimicrobial properties) (Rehman et al., 2017).
Therefore, studying the changes in enzymes involved
in defense processes in response to biotic and abiotic
stresses can identify biochemical pathways for creation
of resistant crop varieties (Bektas and Eulgem, 2015;
Zhang and Liu, 2019; Isah, 2019). Activity of stress-
related enzymes (PPO, POX, SOD, PAL and CAT) has
been reported in pepper by Bagheri et al. (2021), toma-
to by Moghaddam et al. (2020), and apple by Huang et
al. (2016), in response to A. alternata, with increases
in activity of the related enzymes. These findings were
supported by Yang et al. (2017) for tomato fruit, with
activating and increased expression of corresponding
genes for resistance to A. alternata. Although defense
mechanisms vary across different cultivars, the antifun-
gal effects of chitinases and other hydrolytic enzymes
have been determined against A. solani and other biotic
stresses (Moghaddam et al., 2019). Further research also
showed that the genes responsible for the production
of pathogenesis-related proteins increased resistance
against various pathogens in different crops (McNeece
et al., 2019). Furthermore, the role of Glomus mosseae
and Trichoderma harzianum in the protection of cucum-



Candidate marker genes and enzymes for resistance to early blight

ber (Cucumis sativus) against A. alternata indicated
increased activity of catalase and peroxidase enzymes
was associated with increased resistance to this pathogen
(Matrood et al., 2020).

In addition to a increased activity of antioxidant
enzymes at different host growth stages, overexpres-
sion of pathogenesis-related (PR) proteins is a common
and widely distributed defense mechanism in plants that
minimize disease in non-infected plant organs (Zhang et
al., 2012a, b; Ali et al., 2018). PR proteins are produced
in plants after pathogen attack, and are induced as part
of systemic acquired resistance (Moghaddam et al., 2019;
Bagheri et al., 2020; Tehrani et al., 2020). Several stud-
ies have shown overexpression of related genes induced
by pathogens encoding host PR proteins, Increase
expression of PR1, PR2 and PR3 genes was observed in
inoculated tomato genotypes resistant to A. alternata
(Moghaddam et al., 2019; 2020). Furthermore, activa-
tion of PR-1 and PR-5 genes was affected by Phytophthora
infestans in potato cultivars and proximity to the inocu-
lation sites (Wang et al., 2008), and high accumulation
of mRNA and protein of PR1-b occurred in response
infection by this pathogen in potato leaves (Hoegen et al.,
2002). Intact salicylic acid signalling is required for pota-
to defense against the necrotroph A. solani with increas-
es in expression of PALI, PAL2, PR-1 and PR-2 genes
in moderately resistant potatoes. This indicates the role
of the salicylic acid pathway in plant defense response
(Derksen et al., 2013; Brouwer et al., 2020). Hormone sig-
nalling pathways were induced in four potato genotypes
by a concentrated culture filtrates of P. infestans. The gen-
otypes were ranked according to their levels of resistance
to P. infestans, and discriminant analysis of gene expres-
sion profiles separated the most resistant genotype from
the three others, particularly because of a strong induc-
tion of the salicylic acid (SA) pathway. In this genotype,
transcripts (EDSI, WRKY]I, PR-1 and PR-2) involved in
the SA pathway were induced by concentrated culture fil-
trate. SA pathway involvement was confirmed by a peak
of SA accumulation 12 h after elicitation and by the
induction of jasmonate Zim domain protein 1 transcripts,
which inhibit defense responses mediated by jasmonic
acid (JA) (Saubeau et al., 2016).

Studies of the molecular components defining
defense responses to A. alternata in potato are limited.
The present study aimed to provide knowledge to iden-
tify the genes involved in the resistance genes effective
against this pathogen. Marker genes for phytohormones
and defense-related enzymes, not all of which exclusively
indicate defense responses, were examined after A. alter-
nata inoculations to identify the genes involved in the
resistance
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MATERIALS AND METHODS
Plant material

Forty nine potato genotypes were obtained from
the Potato and Onion Research Department, Seed and
Plant Improvement Institute, Karaj, Alborz Province,
Iran. These genotypes were from crosses between Lotta
@*C Kaiser; Agria Q*0 Savalan; Agria @*d Kaiser; Kai-
ser @*d Savalan. Of these, the main parents were; Agria
- Quarta *Jd Semlo; Kaiser - Monalisa @*d Rop B
1178, and Savalan - 91/6122 @*G 88/05, and these were
provided by the Plant Improvement Institute (PORD/
SPII), Karaj, Alborz Province, Iran. Primary screen-
ing of the resistance levels of the potato genotypes to
the potato pathotype of A. alternata, based on develop-
ment of brown spot symptoms on leaves and tubers, were
performed in the field under natural infection condi-
tions. After this field screening, six genotypes, including
three (10/33/R1, 3/33/R2 and 21/33/R2) resistant to the
pathogen and three susceptible (8707/106, 8703/804 and
8707/112) were selected (Table 1). To confirm the resist-
ance levels of these genotypes to A. alternata, re-screen-
ing experiments were carried out in a greenhouse in a
completely randomized design experiment, with five rep-
lications for the inoculated and un-inoculated (control)
host genotypes. These greenhouse experiments were car-
ried out at the Isfahan Agriculture and Natural Resourc-
es Research Center, Isfahan, Iran (Esfahani, 2018a).

Fungus cultures, inoculum preparation and pathogenicity
assessments

To prepare inoculum of the potato pathotype of A.
alternata, active cultures previously isolated from infect-
ed potatoes sed. d. Comparisons with isolates available
in the plant protection department of Isfahan Agricul-
ture and Natural Resources Research Center, Isfahan,
Iran were used to confirm identity of the prepared iso-
lates. The isolates were sub-cultured on potato dextrose
agar and maintained at 25°C for 10 d (Esfahani, 2018a;
Ding et al., 2021).

Pathogenicity experiments were carried out by
planting potato seed tubers in plastic pots (30 cm diam.)
containing soil and perlite (1:1), in greenhouse con-
ditions (18 to 25°C, 14 h of light). A potato seed tuber
(approx. 50 g) treated with thiabendazole was planted
in each pot. The experiments were arranged in com-
pletely randomized designs with five replicates (each of
one potato tuber), for all the genotypes, and for experi-
mental controls (non-inoculated tubers). The pots were
irrigated each day (Nasr-Esfahani et al., 2017; Nasr
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Esfahani, 2018b). Resulting 1-month-old potato plants
were inoculated with sprayed conidium suspensions (10°
conidia mL!), and each pot was then with aplastic bag
for 48 h (Esfahani, 2018a). Seven days after inoculation,
symptomatic leaves were harvested, and youngest newly
emerged leaves were collected into aluminum foils and
stored at —20°C for enzyme evaluations, and at —80°C
for RNA isolation (Pourarian et al., 2018; Naderi et al.,
2020; Yang et al., 2020).

Plant biomass growth parameters

Biomass growth parameters, including root fresh
weight (REW), root dry weight (RDW), stem diameter
(SD), stem length (SL), stem fresh weight (SFW), stem
dry weight (SDW), root diameter (RD), root length
(RL), root volume (RV) and leaf length (LL), were
measured for all plants. (Bagheri et al., 2020; Hashe-
mi et al., 2020; Li et al., 2020). These parameters
were measured 2 weeks after inoculation, by gently
up-rooting each plant. Root volumes were measured
using changes in the water volumes (mm?). Each main
root from the point of first secondary root initiation,
and root collar diameter (mm) were measured using
a digital caliper (accuracy = 0.01 mm). In addition,
stem, root and the sixth leaf lengths were measured
for each plant. Plant part dry weights were measured
after drying at 80°C until constant weight (Hashemi
et al., 2020).

RNA extraction and cDNA synthesis

The IRaizol kit (RNA Biotech Co.) was used for
RNA extractions. For each sample, approx. 100 mg of
fresh tip leaf tissue was ground to a fine powder in lig-
uid nitrogen, and was the homogenized with 1 mL of
extraction buffer containing 4 M guanidium thiocy-
anate, 25 mM sodium citrate/pH 7.0, 0.5% (w/v) N-lau-
roylsarcosine and 0.1 M 2-mercaptoethanol, and was
then held at room temperature for 5 min. Chloroform
(300 pL) was then added and mixed, the mixture was
centrifuged at 13,000 g for 5 min. After transferring
the supernatant, 1 mL of absolute ethanol was added
and nucleic acid was precipitated (Moghaddam et al.,
2019). After determining the quality and quantity of the
extraction product using electrophoresis and nanodrop
(NanoDrop 2000, Thermo Scientific), cDNA was syn-
thesized with an RB M-MLV Reverse Transcriptase Kit
(RNA Biotech Co.). Initially, extracted RNA was treated
with DNase I (RNA Biotech, Co.), and cDNA synthe-
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sis was performed using the RB MMLV Reverse Tran-
scriptase Kit (RNA Biotech, Co,) according to the manu-
facturer’s instructions. First, 0.5 pg of treated RNA was
mixed with 2 pM Oligo (dT) Primer and 1 mM dNTPs;
this mix was then heated at 65°C for 10 min and then
immediately placed on ice for 8-10 min. Then, RT buffer
(5%; 4 pL) and 1 pL (200 units) of reverse transcriptase
were added to each tube, and the tubes were incubated
at 50°C for 50 min followed by 15 min incubation at
72°C to stop cDNA synthesis (McNeece et al., 2019;
(Moghaddam et al., 2020).

Primer design

The primer sequences of pathogenesis-related pro-
tein 2 (PR-2), acidic endochitinase (ChtA), pathogenesis-
related protein 5 (PR-5), pathogenesis-related protein
1b (PR-1b), proteinase inhibitor II (PIN2), ethylene-
responsive transcription factor 3 (ERF3), phenylalanine
ammonia-lyase (PAL) and lipoxygenase (LOX) genes
were selected from the study of Arseneault et al. (2014),
and elongation factor 1-alpha (efI-«) by that of Gangad-
har et al. (2016). The sequence of primers were evaluated
and approved by Oligo Primer Analysis Software (ver.
7, Molecular Biology Insights). These primers reproduce
fragments in the range of 60 to 66 bp (Supplementary
Table 1).

Real-time PCR conditions

Real-time PCR reactions were carried out an RB
Sybr qRT-PCR 2X Master Mix (RNA Biotech, Co.,)
and in a StepOne Real-Time PCR instrument (Ther-
mo Fisher Scientific). The reaction mixtures were each
prepared in 0.1 mL qPCR 8-Strip Tubes (Gunster Bio-
tech) as follows: 250 ng of cDNA, 12.5 uL of RB Sybr
gqRT-PCR 2X Master Mix and 0.25 uM of each primer
in a final volume of 25 pL. The reaction temperature
program was set as follows: 4 min at 94°C, then 40
cycles each at 94°C for 20 sec, annealing temperature
(specified for each primer pair) for 20 sec and 72°C for
40 sec (Sohrabipour et al., 2018)., two technical repeti-
tions were used for each sample. After the qPCR reac-
tion was complete, the threshold cycle (Ct) values for
each ¢cDNA were calculated using StepOne Software
(ver. 2.3, Thermo Fisher Scientific), and the equation
was used to determine the relative expression levels of
the evaluated genes (Wan et al., 2020). The efI-a house-
keeping gene was used for data normalization (Lekota
et al., 2019; Liu et al., 2020).
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Evaluation of defense-related enzyme activities
Protein extract preparation

Sodium phosphate buffer (0.1 M, pH 6.8) was
mixed with 200 mg of each potato leaf sample, and
then homogenized. The mixture was then centrifuged
at 13,000 g for 10 min, the supernatant (protein-extract)
was separated, and the protein concentration was deter-
mined using the Bradford method with a known con-
centration of Bovine serum albumin (A8806, Sigma)
(Bradford, 1976; Nasr-Esfahani et al., 2020; Bagheri et
al., 2021).

Superoxide dismutase (SOD) activity

For each sample, approx. 2 mL of reaction buffer
(phosphate buffer 50 mM, methionine 13 mM, EDTA
0.1 uM, riboflavin 2 pM) was mixed with 100 uL of
protein extract. This was then placed in the light for 15
minutes. For experimental control samples, the reaction
buffer without protein extract was placed in darkness.
Mixture absorption was measured at 560 nm. SOD
activity was expressed units per mg protein (Giannopo-
litis and Ries, 1977).

Catalase (CAT) activity

For each sample, approx. 2 mL of reaction buffer
(phosphate buffer 50 mM, pH 7, hydrogen peroxide 15
mM) was mixed with 100 pL of protein extract, and a
mixture absorption change curve was recorded at 240
nm for 3 min. The enzyme activity was measured based
on unit changes at 1 min mg?! protein (Dazy et al.,
2009).

Phenylalanine ammonia-lyase (PAL) activity

For each sample, approx. 2 mL of reaction buffer
(Tris-hydrochloric acid 0.5 mM, pH 8, Phenylalanine
6 pumol) was mixed with 100 pL of protein extract and
then held at 40°C for 1 h. To inhibit the reaction of cin-
namic acid production from phenylalanine, 50 puL of
hydrochloric acid (5 N) was added to the mixture, and
absorption was measured at 290 nm. Enzyme activity
was based on nanomoles of cinnamic acid production
min' mg?! protein (Beaudoin-Eagan and Thorpe, 1985;
Kroner et al., 2011).
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Peroxidase (POX) activity

For each sample, approx. 2 mL of reaction buffer
(phosphate buffer 25 mM, pH 7, guaiacol 5 mM) was
mixed with 100 uL of protein extract, and the spectropho-
tometer was zeroed with this mixture at 470 nm. Then, 5
uL of 30% hydrogen peroxide was added to the mixture
and absorption was immediately measured at 10 sec inter-
vals for 1 min. Enzyme activity was based on absorption
changes min"! mg! protein (Radoti¢ et al., 2000).

Polyphenol oxidase (PPO) activity

For each sample, approx. 2 mL of reaction buffer
(phosphate buffer 200 mM, pH 6, pyrogallol 20 mM)
was held at 40°C, and 100 pL of protein extract was then
added, mixture absorption changes in the mixture were
measured at 430 nm (Raymond et al., 1993).

Statistical analyses

All the experiments were carried out with com-
pletely randomized designs, each with three replications,
and with two technical replications for gene expression
analyses. The qPCR data were analyzed using StepOne
software and two-way analyses of variance (ANOVA).
Enzyme activity data were analyzed using one-way
ANOVA, and the LSD method was used for comparisons
of means. The statistical analyses were carried out using
SPSS software (ver. 16.0) (Li et al., 2018).

RESULTS

Disease severity evaluations of potato genotypes inoculated
with Alternaria alternata

Analysis of variance of data from potato genotype
reactions to A. alternata indicated different effects (P
< 0.01) of inoculations on the host genotypes (Table 1).
The greatest mean proportions of infection were 80%
for genotype 8707/112, 78% for 8707/106, and 77% for
8703/804. The least mean infection proportions were
12% for 10/33/R1, 18% for both the 3/33/R2, and 21/33/
R2 genotypes.

Effects of inoculations on biomass growth parameters

Variance analyses of potato plant biomass growth
parameter data (Figure 3, A to J) showed that host geno-
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Table 1. The impacts of the potato genotypes® evaluated in this study, including genotype numbers, registered name, .origin, scientific name,
company, disease severity (%) and reaction to disease to leaf spot disease, Alternaria alternata.

S/No Genotype No Reﬁ::;ed Origin Scientific name Company Dlseaie (S(]Z‘)/erlty’ Reaction

1 10.25 10/33/R1 Karaj-Iran  Solanum tuberosum L. PORD/SPII* 11.66" + 2.88 Resistance
2 3.25 3/33/R2 Karaj-Iran  Solanum tuberosum L. PORD/SPII 18.33" + 5.77 Resistance
3 21.25 21/33/R2 Karaj-Iran  Solanum tuberosum L. PORD/SPII 18.33> £ 5.77 Resistance
4 4.23 8707/106 Karaj-Iran  Solanum tuberosum L. PORD/SPIL 76.66* + 5.77 Susceptible
5 10.23 8703/804 Karaj-Iran  Solanum tuberosum L. PORD/SPII 78.33* £ 5.77 Susceptible
6 7.23 8707/112 Karaj-Iran  Solanum tuberosum L. PORD/SPII 80.00* + 10.00 Susceptible

*, ** significant at 5 or 1% probability level.

2 Potato and Onion Research Department, Seed and Plant Improvement Institute, Karaj, Alborz Province, Iran.

Pedigree/Properties @*J': These lines are the outcome of the cross between Lotta @*J Kaiser; Agria 9*J Savalan; Agria @*J Kaiser; Kaiser
Q@*d Savalan. The main parents are: Agria- Quarta *d Semlo; Kaiser - Monalisa @*J Rop B 1178, and Savalan- 91/6122 @*& 88/05.

The experiments were performed in a completely randomized design (CRD) with 3 replications and 2 technical replications for gene expres-
sion analysis.
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Figure 1. Variance analysis of potato plant biomass growth parameters, and comparison of the mean individual effects of inoculation treat-
ment and host genotype in Alternaria alternata inoculated resistant and susceptible potato genotypes as compared to non-inoculated con-
trols.

type and inoculation treatment affected (P < 0.01) plant  inoculated controls. Individual effects of genotype were
growth (Supplementary Table 2). However, only the inter-  also statistically significant except SL (Figure 1 G), and
action of these two factors was statistically significant for ~ LL, between the resistant and susceptible genotypes.
SFW (Figure 1 C). Comparison of the individual means  Overall, the mean growth parameters were greater in
for the inoculation treatment effects showed reductions  non-inoculated resistant genotypes than in the inoculat-
in parameters for inoculated samples compared to un-  ed plants. Greatest mean RFW was 10.5 g and mean dry
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Table 2. Mean squares of analysis of variance for the relative expression level of defense genes, for susceptible and resistant potato genotypes

to leaf spot disease, Alternaria alternata.

S.0.vV df PR-2¢ ChtA PR-5 PR-1b PIN2 ERF3 PAL LOX
Inoculation treatment (I) 1 60.723™ 22.040™ 7.327" 22.070™ 3.958" 0.014™ 0.591" 10.7317
Genotype (G) 12.483" 42377 5.620™ 6.257" 7.413" 0.833" 0.942" 2.173"
Interaction I x G 5 11.213" 3.681" 1.791™ 6.734™ 0.815™ 1.158™ 0.206™ 0.834"
Error 11 0.280 0.139 0.061 0.087 0.067 0.034 0.036 0.076

Ns, *, ** not significant or significant at 5 or 1% probability level, *PR-2 (pathogenesis-related protein 2), ChtA (acidic endochitinase), PR-5
(pathogenesis-related protein 5), PR-1b (pathogenesis-related protein 1b), PIN2 (proteinase inhibitor II), ERF3 (ethylene-responsive tran-
scription factor 3), PAL (phenylalanine ammonia-lyase) and LOX (lipoxygenase).

weight was 2.2 g for the non-inoculated resistant geno-
type 10/33/R1, and greatest mean SFW was 120.9 g and
SDW was 23.3 g for 3/33/R2. Genotype 3/33/R2 had the
greatest mean SD (11.8 c¢cm), mean RD (11.4 cm), mean
SL (45.5 cm), mean RL 26.9 cm), mean LL (23.0 cm), and
mean RV (5.1 cm®) (Figure 1). Correlation between plant
growth parameters were statistically significant for all the
evaluated factors, except for the relationship between SL
with REW, RDW, RL) RV (Figure 1).

Expression pattern analyses for defense genes

Analysis of variance of changes in expression levels
of marker genes PR-2, ChtA, PR-5, PRI-b, PIN2, ERF3,
PAL and LOX are presented in Table 2. These showed a
significant (P < 0.01) effects of the inoculation treatment
and host genotypes and their interactions on the tran-
scription rates of the evaluated genes.

Expression of marker genes increased after inocula-
tions with A. alternata in the resistant host genotypes
(10/33/R1, 3/33/R2 and 21/33/R2), which had the low-
est disease severities in the primary field resistance
screening tests. The susceptible genotypes (8707/106,
8703/804 and 8707/112) and the non-inoculated con-
trols genotypes had the lowest gene expression values
(Figure 2, A, B, C, D and G). Up-regulation of PR-2 in
the host genotypes 10/33/R1, 3/33/R2 and 21/33/R2 was
4.95, 2.95, and 4.59 fold greater than that of controls.
Up-regulation of ChtA was, respectively, 3.34, 3.29 and
4.46 fold greater in these three genotypes, and for PR-5
was, respectively, 2.33, 1.87 and 1.73 fold greater than
for the susceptible genotypes and the non-inoculated
controls. Transcription of the PRI-b gene in these geno-
types was, respectively, 2.46, 3.48, and 2.35-fold greater
compared with non-inoculated controls. For the PAL
gene, this increase was 1.49 and 1.30-fold, respectively,
in genotypes 10/33/R1 and 3/33/R2. In genotype 21/33/
R2, however, there was no change in PAL expression.
Expression levels of these genes in the susceptible geno-

types (8707/106, 8703/804 and 8707/112) decreased or
were un-changed (Figure 2, A, B, C, D, and G). In geno-
type 8707/106, transcription changes of all the five genes
assessed were not statistically significant. In genotype
8707/112, expression of PR-2, ChtA and PRI-b genes were
un-changed, but increased by 1.58-fold got PR-5 and
1.42-fold for PAL compared to non-inoculated controls.
In genotype 8703/804, expression of PR-2 and PAL genes
remained un-unchanged, ChtA was up-regulated (1.69-
fold), and PR-5 and PRI-b genes were down-regulated
(respectively, 1.58 and 1.88-fold) compared to susceptible
genotypes and the non-inoculated controls genotypes.

Changes in the transcription levels of PIN2, ERF3
and LOX genes in resistant and susceptible genotypes
showed decreasing trends (Figure 2, E, F and H). For
PIN2 the relative expression level was 1.79-fold less in
genotype 3/33/R2, 1.27-fold less in 21/33/R2 and 3.43-fold
less in 8707/106 than for the non-inoculated controls. In
genotypes 10/33/R1 8707/112 and 8703/804 expression
of PIN2 was un-changed. Reductions in expression of
ERF3 in the three resistant and 8703/804 genotypes were,
respectively, 1.82, 2.34, 1.91 and 1.74-fold. Down-regula-
tions in LOX expression were 1.49-fold in genotype 3/33/
R2, 3.35-fold in 21/33/R2, 7.07-fold in 8707/106, and 4.65-
fold in genotype 8707/112, compared with susceptible
genotypes and the non-inoculated controls.

Comparison of gene expression level changes
between inoculated resistant and susceptible potato gen-
otypes indicated expression of PR-2, ChtA, PR-5, PRI-b
and PAL genes in the resistant genotypes increased more
than in susceptible genotypes, and that gene expression
was 8.31-fold greater for PR-2, 5.72-fold greater for ChtA,
2.47-fold greater for PR-5, 8.61-fold greater for PRI-b,
and 2.36 fold greater for PAL. For the PIN2 and LOX
genes, expression decreased in the A. alternata inocu-
lated plants, and this decrease in PIN2 and ERF3 genes
in resistant genotypes was greater than in the suscep-
tible plants, with 1.24-fold decrease for PIN2 and 1.87
fold decrease for ERF3. In the LOX gene, reductions in
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Figure 2. Relative expression levels of the genes for pathogenesis-related protein 2 (PR-2), acidic endochitinase (ChtA), pathogenesis-related
protein 5 (PR-5), pathogenesis-related protein 1b (PR-1b), proteinase inhibitor II (PIN2), ethylene-responsive transcription factor 3 (ERF3),
phenylalanine ammonia-lyase (PAL), and lipoxygenase (LOX), for Alternaria alternata susceptible (4.23, 7.23, 10.23) and resistant (10.25,
3.25, 21.25) potato genotypes. Normalization of the data obtained from the Real-time PCR reactions was carried out using the EFla house-
keeping gene. The experiment was carried out with three biological replicates for each sample and two technical replicates. Different letters
indicate statistically significant differences (P < 0.05).
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Table 3. Variance analysis of quantification of enzymes activities in inoculated resistant and susceptible potato genotypes as compared to

controls, un-inoculated ones to leaf spot disease, Alternaria alternata.

POX SOD PPOs CAT PAL
Total
S.0.vV df . . : : . .
protein s cyivity SPEIRC iy SPEARC iy SPEARC iy SPEC iy SPecific
activity activity activity activity activity
Inoculation treatment (I) 1~ 0.258**  6.352** 2.054** 0.605** 0.198** 4231.5** 1982.3** 98.3**  253** 1.021** 0.325**
Genotype (G) 5 0316 7.032°¢ 3.004** 0.706* 0.252** 5054.4** 2007.6** 109.6** 31.1** 1.124** 0.354**
Interaction I x G 5 0.148% 52647 1.985** 0.352*¢ 0.158** 3826.5** 2145.3*¢ 85.3**  21.3° 1251 (.425**
Error 11 0.014 0.032 0.012 0.024 0.001 38.2 1.3 5.9 0.139 0.021 0.001

Enzymes activity of, superoxide dismutase (SOD), peroxidase (POX), polyphenol oxidase (PPOs), catalase (CAT), and phenylalanine

ammonia-lyase (PAL).
** = Significant at 1% probability level.

expression in susceptible and resistant genotypes were
very similar (Figure 2).

Changes in defense enzyme activities

Variance analyses of enzyme activity quantification
data for inoculated resistant and susceptible potato gen-
otypes compared to non-inoculated controls showed that
host genotype factor affected (P < 0.01) enzyme activities
in A. alternata-inoculated plants (Table 3). The greatest
increase in activity was detected for the POX and PPO
enzymes in genotype 10/33/R1, with 7.4-fold increase
in POX and 4.7-fold increase in PPO (Figure 3, A, B, C,
D and E). Changes in the specific activity of POX, SOD
and PPOs enzymes (Figure 3, A, B and C) in inoculat-
ed resistant genotypes (10/33/R1, 3/33/R2 and 21/33/R2)
showed significant (P < 0.05) incremental trends (Table
4) in all the three genotypes compared to non-inocu-
lated controls. Specific activity of PAL was up-regulated
3.3 and 2.0-fold, compared to the controls. In geno-
type 3/33/R2, specific activity of CAT was un-changed,
while that of PAL was 1.5-fold less compared with con-
trol samples. The activities of all the enzymes (POX,
SOD, PPOs, CAT and PAL) in the susceptible genotypes
(8707/106, 8703/804 and 8707/112) did not change great-
ly, with the greatest increase of 1.3-fold in comparison to
resistant genotyped, and 7.4-fold increase after inocula-
tion compared to non-inoculated controls (Figure 3).

Relationships between of defense gene expression, enzyme
activities and biomass growth parameters

The results in the Table 5 showed statistically sig-
nificant positive correlations between PR-2, ChtA, PR-5
and PRI-b genes with POX, SOD and PPOs enzyme
activities; ChtA, PR-5, PRI-b and PAL genes with PAL

enzyme; PAL gene with POX, PPOs, CAT and PAL
enzymes; and PIN2 gene with CAT enzyme activities. In
addition, changes in expression levels of these genes also
showed positive significant correlations with some of the
potato plant parameters, such as PIN2, ERF3 and LOX
genes with REW, RDW, SFW SDW and RL; ERF3-SD;
LOX-RD; PAL-SL; PIN2 and LOX with RV; and PIN2,
ERF3 and PAL with LL, respectively (Table 5). For the
PAL gene, a significant positive correlation was record-
ed with PPOs and PAL enzymes and SL parameter. The
LOX gene did not show any correlation with changes in
defense enzymes, and a significant positive correlation
was found with the parameters SFW, RDW, SDW, RD,
RL or RV. No statistically significant correlations were
detected between the activities of defense enzymes and
plant growth parameters, except in CAT enzyme with
SL (r = .617%) (Table 5).

DISCUSSION

There were considerable changes in biomass growth
parameters, with decreasing trends in plants inoculat-
ed with A. alternata, compared to the non-inoculated
plants. The reductions in these parameters in suscepti-
ble genotypes were greater than in the resistant plants.
Similar effects of A. alternata have been demonstrated
in cotton seedlings (Le and Gregson, 2019), tomato
(Moghaddam et al., 2019), Cucumis sativus (Matrood
et al., 2020), and American ginseng (Neils et al., 2021).
Reductions in growth of potato due to the pathogen in
the present study confirms the deleterious effects of A.
alternata on host growth.

The present study has shown significant increases
in relative expression of marker genes in all the inocu-
lated resistant potato genotypes. McNeece ef al. (2019)
stated that pathogenesis-related (PR) protein synthesis
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Figure 3. Activities of peroxidase (A), superoxide dismutase SOD (B), polyphenol oxidase PPO (C), catalase CAT (D), and phenylalanine
ammonia lyase PAL (E) in Alternaria alternata inoculated potato genotypes that are resistant or susceptible to leaf spot.

genes provided resistance to pathogens in several crop
plant types. Changes in PR-2, ChtA, PR-5 and PRI-b in
resistant potato genotypes indicate important roles of
these genes in the direct defense mechanism of potatoes
against A. alternata. Differences in resistance between
the six potato genotypes can be partly explained by
the potential for expression of defense-related proteins.
Studies by Hoegen et al. (2002), Wang et al. (2008),
Derksen, et al. (2013) and Moghaddam et al. (2019) have
emphasized this hypothesis, supporting the role of PR
genes in enhancing resistance to biotic stresses and pro-

viding an approach for development of disease-resistant
transgenic products (Ali et al., 2018). Zhai et al. (2018)
used RNAi technology to silence the tomato PR5 gene
to A. alternata, and Toufiq et al. (2018) isolated ChtA
gene from Hordeum vulgare L., which could inhibit
important pathogenic fungi. Khan et al. (2017) generated
transgenic potato which overexpressed the H. vulgare
endo-chitinase gene, which gave high resistance of trans-
genic potato plants to A. solani. Thus, changes in expres-
sion levels of PR genes in resistant and susceptible potato
genotypes to A. alternata detected in the present study,
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Table 4. Quantification of enzymes activity in inoculated resistant and susceptible potato genotypes as compared to controls, non-inoculat-

ed ones to Alternaria alternata.

Resistance Treatment POX SOD PPOs CAT PAL

Resistant Control 15.33b 0.225¢ 34.74b 7.32ab 0.717¢
Inoculated 3052a 0.885a 76.10a 8.26a 1.583a

Susceptible Control 15.11b 0.239¢ 29.78b 4.79¢ 0.750b
Inoculated 17.11b 0.409b 27.12b 5.57bc 0.667d

Enzymes activity of Superoxide dismutase (SOD), peroxidase (POX), polyphenol oxidase (PPOs), catalase (CAT), and phenylalanine ammo-

nia-lyase (PAL).

Means in each column having same letter are not significantly different according to LSD test (P<0.05).

Table 5. Correlation between expression of defense genes, enzymes activities and biomass growth parameters in inoculated resistant and
susceptible potato genotypes as compared to controls, un-inoculated ones to leaf spot disease, Alternaria alternata.

Genes POX* SOD PPOs CAT PAL RFW RDW SFW SDW SD RD SL RL RV LL

PR-2° 0.694* 0.943** 0.588* 0.320 0.471 -0.099 -0.154 -0.133 -0.161 -0.055 -0.033 -0.046 -0.021 -0.117 0.013
ChtA 0.693* 0.933** 0.596* 0.233 0.515* -0.116 -0.184 -0.176 -0.224 -0.065 -0.066 -0.152 -0.009 -0.110 -0.067
PR-5 0.706* 0.904** 0.658* 0.173 0.661* 0.110 0.014 0.053 0.069 0244 0.274 0.033 0.248 0.078 0.153
PR-1b  0.948** 0.828** 0.925** -0.237 0.787** -0.105 -0.194 -0.306 -0.301 -0.142 0.077 -0.212 -0.156 -0.103 -0.189
PIN2 -0.161 0.108 -0.180 0.604* -0.365 0.528* 0.562* 0.686* 0.729** 0.474 0.350 0.401 0.635* 0.520* 0.712**
ERF3 -0.394 -0.344 -0.335 0.296 -0.326 0.521* 0.553* 0.667* 0.766** 0.516* 0.498 0.475 0.594* 0.487 0.689*
PAL 0.514* 0.461 0.590* -0.562* 0.766** -0.170 -0.303 -0.391 -0.440 -0.290 -0.032 -0.621* -0.158 -0.141 -0.506*
LOX 0.030 0.036 0.154 0.014 0.040 0.750** 0.750** 0.755** 0.736** 0.466 0.727** 0.125 0.617* 0.813** 0.408

*, **: Correlation is significant at the 0.05 or 0.01 level.

2 POD = Peroxidase, superoxide dismutase (SOD), polyphenol oxidase (PPOs), catalase (CAT), phenylalanine ammonia-lyase (PAL), root
fresh weight (RFW), root dry weight (RDW), stem fresh weight (SFW), stem dry weight (SDW), stem diameter (SD), root diameter (RD),
stem length (SL), root length (RL), root volume (RV) and leaf length (LL).

b PR-2 (pathogenesis-related protein 2), ChtA (acidic endochitinase), PR-5 (pathogenesis-related protein 5), PR-1b (pathogenesis-related pro-
tein 1b), PIN2 (proteinase inhibitor II), ERF3 (ethylene-responsive transcription factor 3), PAL (phenylalanine ammonia-lyase) and LOX
(lipoxygenase).The bolded numbers show the significant correlations between the defense genes, enzymes activities and biomass growth
parameters in inoculated resistant and susceptible potato genotypes as compared to controls, un-inoculated ones to leaf spot disease, Alter-

naria alternata.

and consistency of the results with the other reports,
indicates that PR genes play important roles in creat-
ing resistance in potato genotypes against this pathogen
(Moghaddam et al., 2019; Bagheri et al., 2020). However,
knowledge of the molecular defense responses with sys-
temic (leaf) defenses before and after A. alternata inocu-
lation in potato is scarce. The present study is the first
to provide information on leaf gene expression levels
of PR-2, ChtA, PR-5, PRI-b, PIN2, ERF3, PAL and LOX
in six contrasting genotypes of potato after inoculation
with A. alternata.

In addition to pathogenesis-related (PR) protein syn-
thesis genes, plant hormone mediated signaling pathways
also play an important roles in plant disease resistance.
Up-regulation of PR protein synthesis genes, PR-2, ChtA,
PR-5, PRI-b and PAL was a reaction to the presence of
A. alternata infections. These genes likely encode key

enzymes in the salicylic acid (SA) biosynthesis pathway
(Tian et al., 2020). Potato plants exhibit increased resist-
ance to A. alternata infections utilizing both salicylic acid
(SA) and jasmonic acid (JA) signaling pathways (Derk-
sen et al., 2013; Brouwer et al., 2020). Additionally, it is
becoming increasingly evident that not only the JA and
SA pathways are important in the host defense against
necrotrophs, but that the plant hormones abscisic acid
and indole acetic acid can also modulate host defense
against necrotrophs, including A. alternata (Derksen et
al., 2013; Brouwer et al., 2020). However, the mechanism
was demonstrated by Tian et al. (2020), where the two
defense-related hormones, salicylic acid and jasmonic acid
signaling transduction pathways have antagonistic effects.
In general, the jasmonic acid signaling pathway enhances
resistance to hemi-biotrophic and necrotrophic pathogens,
while resistance to biotrophic pathogens mainly depends
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on salicylic acid signaling pathways. The present study
confirms that up-regulation of PR protein synthesis genes
and antioxidant enzymes occurs in pathogen-resistant
potato genotypes (Hu et al., 2018).

Analysis of the expression level of the PIN2 gene in
resistant and susceptible potato genotypes in response
to A. alternata indicated expression did not change or
decreased in inoculated genotypes. Arseneault et al.
(2015) reported no changes in PIN2 expression in pota-
to leaves to inoculated with Pseudomonas fluorescens
LBUM223 or Streptomyces scabies (Arseneault et al., 2014).
In the present study, changes in PIN2 gene transcripts did
not affect resistance in the potato genotypes to A. alter-
nata. The effects of PIN genes are considered as not suit-
able for genetic engineering for the resistant plants against
this pathogen. (Turra and Lorito, 2011).Previous and the
present study therefore confirm that PIN gene expression
is little-affected by the fungal pathogens.

Ethylene-response factors (ERFs) are transcription
factors binding to specific motifs on DNA and regulate
ethylene-dependent resistance responses (Debbarma et
al., 2019). Kim et al. (2012) showed overexpression lev-
els of the genes ERF I and ERF II in sweet potato leaves
in response to Pectobacterium chrysanthemi. Ogata et al.
(2012) showed similar responses in tobacco to tobacco
mosaic virus , and potato also similarly responded to P.
infestans (Chen et al., 2008; Gallou et al., 2011). RNA-Seq
analysis in apples inoculated to the A. alternata apple
pathotype showed induction of subfamilies of ERF and
DREB genes (Huang et al., 2016). A model to explain the
response of chrysanthemums to A. alternata based on
RNA sequencing information showed that the products
of genes for abscisic acid signalling, salicylic acid, EDSI,
ethylene metabolism (ERF2) and extrusion compounds
(MATE) could play important roles in defending against
A. alternata (Li et al., 2020). Contrary to these stud-
ies, the present study found that expression of ERF3 in
infected resistant potato genotypes decreased compared
to non-inoculated controls. This suggests that the ERF3
protective function is indirect, and changes in ERF3 pat-
terns are likely to lead to expression of defense genes that
may enhance resistance to A. alternata. This hypothesis
could be confirmed by functional studies, such as where
gene silencing was confirmed by application of Strep-
tomyces scabies in infection of potato (Arseneault et al.,
2014), and by A. solani (Tian et al., 2020), where reduc-
tive changes in ERF3 gene were also reported.

Activity of lipoxygenases has also been identified
in pathogenic defense response processes, confirmed by
Kolomiets et al. (2000) for accumulation of POTLX-3
mRNA in the leaves of potatoes infected by P. infestans,
and by Hu et al. (2015) for susceptibility of a transgenic
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host to a Cladosporium fulvum was increased. Hou et
al. (2018) also generated transgenic Arabidopsis which
overexpressed the persimmon 9-LOX gene, indicating
responses of increased salicylic acid content and bacteri-
al mortality, and decreased cell death occurred in Arabi-
dopsis to Pseudomonas syringae pv. tomato. Increasing
changes in LOX gene expression levels have also been
reported in Fusarium oxysporum-inoculated Iris (Teh-
rani et al., 2020) and P. melonis-inoculated cucumbers
(Hashemi et al., 2020). In the present study, expression
of LOX in resistant and susceptible potato genotypes
decreased after inoculation with A. alternata, which was
not consistent with the results of Kolomiets et al. (2000)
for P. infestans, Hu et al. (2015) for Cladosporium fulvum
or Hou et al. (2018) for to P. syringae pv. tomato. This
could be due to decreased expression of the ERF3 gene,
or to increased reactive oxygen species, or to weakening
of the lipoxygenase pathway. Results of the present study
indicated that the defense response induced by A. alter-
nata inoculation was different in the six selected pota-
to genotypes. Expression of marker genes PR-2, ChtA,
PR-5 and PRI-b was significantly increased in resistant
infected plants, indicating that these genes are involved
in the defense response. Decreasing expression of PIN2,
ERF3 and LOX genes may indicate the lack, or indirect,
effect of these genes in the defense processes against to
A. alternata.

The present study also revealed changes in the activ-
ity of candidate enzymes in all the resistant potato geno-
types, where activity of CAT enzyme in 21/33/R2 geno-
type and PAL in 21/33/R2 and 10/33/R was significantly
increased. In similar studies, the resistance-inducing
substances, salicylic acid, abscisic acid and Pseudomonas
fluorescens increased activity of POX, PPO and PAL
enzymes in potato infected by P. infestans and tomato
infected by P. atrosepticum (Kroner et al., 2011), toma-
to infected by A. alternata (Moghaddam et al., 2020),
and in cucumber (Hashemi 2020; Nasr-Esfahani et al.,
2020). Results of the present study are consistent with
this research, which showed increasing activity of the
enzymes created resistance in potato genotypes. Induc-
tion of oxidation reactions to A. alternata and produc-
tion of free radicals leads to the formation of chain reac-
tions that damage cells (Moghaddam et al., 2019; 2020).
Increasing activity levels of POX, SOD, PPOs and PAL
enzymes terminate chain reactions and create oxidative
balance. As a result, increasing the activity of antioxi-
dant enzymes will lead to the biochemical response of
resistant in potato genotypes and other crops (Kroner et
al., 2011; Nasr-Esfahani et al., 2020; Bagheri et al., 2021).
There is a critical need for understanding of the genetic
population and biochemical response of resistant and
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susceptible potato to A. alternata, and for incorporating
this knowledge into plant breeding strategies to develop
A. alternata-resistant crops.

There are no previous reports of marker genes, pro-
tein profiles and changes of host growth parameters in
response to of A. alternata infection of potato, using
transcriptomics-proteomics-biomass approaches. The
results presented here are a basis for future studies, to
design efficient disease management strategies against
early blight of potato.

CONCLUSIONS

From forty-nine potato genotypes screened for
resistance to A. alternata, lowest infection percentages
were recorded for the three genotypes 10/33/R1, 3/33/
R2, and 21/33/R2 which are possible sources of resist-
ance to this pathogen. Decreasing trends in biomass
growth parameters were also recorded for plants inocu-
lated with A. alternata compared to un-inoculated con-
trols, and these decreases were greater in the suscepti-
ble than in the resistant genotypes. Molecular analyses
of eight genes and five enzymes potentially involved in
host resistance have demonstrated that inoculation of
potato plants with A. alternata increased expression
of marker genes and activity of enzymes in inoculated
resistant potato genotypes compared to non-inoculated
controls. Studies to evaluate genes and enzymes involved
in defense processes in different potato genotypes can
increase knowledge of the roles of these factors in plant
defense processes. This knowledge can assist in identify-
ing and selecting resistant genotypes. The use of resist-
ance resources in breeding programmes will lead to
production of new cultivars with high performance and
resistance to biotic stresses.

ACKNOWLEDGEMENTS

The authors thank the Plant Protection Research
Division, Isfahan Center for Agricultural and Natural
Resources Research and Education (AREEO), Isfahan,
Iran and the Plant Protection Research Institute, Tehran,
Iran, for providing facilities for the research reported in
this paper.

LITERATURE CITED
Ali S., Ganai B.A., Kamili A.N., Bhat A.A., Mir Z.A., Bhat

J.A., Tyagi A., Islam S.T., Mushtaq M., Yadav P,, 2018.
Pathogenesis-related proteins and peptides as prom-

23

ising tools for engineering plants with multiple stress
tolerance. Microbiolial Research 212: 29-37.

Arseneault T., Goyer C., Filion M., 2015. Pseudomonas
fluorescens LBUM223 increases potato yield and
reduces common scab symptoms in the field. Phyto-
pathology 105: 1311-1317.

Arseneault T., Pieterse C.M., Gérin-Ouellet M., Goyer
C., Filion M., 2014. Long-term induction of defense
gene expression in potato by Pseudomonas sp.
LBUM223 and Streptomyces scabies. Phytopathology
104: 926-932.

Bagheri L.M., Nasr-Esfahani M, Abdossi V, Naderi D.,
2020. Analysis of candidate genes expression asso-
ciated with defense responses to root and collar rot
disease caused by Phytophthora capsici in peppers
Capsicum annuum. Genomics 112: 2309-2317.

Bagheri, L.M., Nasr-Esfahani, M., Abdossi, V., Naderi, D.,
2021.Genetic diversity and biochemical analysis of
Capsicum annuum (Bell pepper) in response to root
and basal rot disease, Phytophthora capsici. Phyto-
chemistry 190, 112884.

Beaudoin-Eagan L.D., Thorpe T.A., 1985. Tyrosine and
phenylalanine ammonia lyase activities during shoot
initiation in tobacco callus cultures. Plant Physiology
78: 438-441.

Bektas Y., Eulgem T., 2015. Synthetic plant defense elici-
tors. Frontiers in Plant Science 5: 804.

Evenhuis B., Hartvig P., Hausladen H., 2020. Efficacy of
fungicides for the control of early blight caused by
Alternaria solani and Alternaria alternata. EuroB-
light. https://agro.au.dk/forskning/internationale-plat-
forme/euroblight/alternaria/what-are-the-problems/

Bradford M.M., 1976. A rapid and sensitive method for
the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Ana-
Iytical Biochemistry 72: 248-254.

Brouwer S.M., Odilbekov F., Burra D.D., Lenman M.,
Hedley PE., ... Andreasson E., 2020. Intact salicylic
acid signalling is required for potato defence against
the necrotrophic fungus Alternaria solani. Plant
Molecular Biology 104: 1-19.

Chen G., Hu Z., Grierson D., 2008. Differential regula-
tion of tomato ethylene responsive factor LeERF3b, a
putative repressor, and the activator Pti4 in ripening
mutants and in response to environmental stresses.
Jornal of Plant Physiology 165: 662-670.

Dazy M., Masfaraud J.E, Férard J.E, 2009. Induction of
oxidative stress biomarkers associated with heavy
metal stress in Fontinalis antipyretica Hedw. Chemos-
phere 75: 297-302.

Debbarma J., Sarki Y.N., Saikia B., Boruah H.P.D., Sing-
ha D.L., Chikkaputtaiah C., 2019. Ethylene response



24

factor (ERF) family proteins in abiotic stresses and
CRISPR-Cas9 genome editing of ERFs for multi-
ple abiotic stress tolerance in crop plants: a review.
Molecular Biotechnology 61: 153-172.

Derksen H., Badawi M., Henriquez M.A., Yao Z., El-
Bebany A.F, Daayf E, 2013. Differential expression
of potato defence genes associated with the salicylic
acid defence signalling pathway in response to weak-
ly and highly aggressive isolates of Verticillium dahl-
iae. Journal of Phytopathology 161: 142-153.

Ding S., 2018. An integrated study of potato early blight
and brown spot in Wisconsin. The University of Wis-
consin-Madison, W1, USA.

Ding, S., K. Meinholz and A. J. Gevens, 2021. Spatiotem-
poral distribution of potato-associated Alternaria
species in Wisconsin. Plant Disease 105: 149-155.

Ding S., Meinholz K., Cleveland K., Jordan S.A., Gevens
AlJ., 2019. Diversity and virulence of Alternaria spp.
causing potato early blight and Brown spot in Wis-
consin. Phytopathology 109: 436-445.

Esfahani M.N., 2018a. Analysis of virulence and genetic
variability of Alternaria alternata associated with leaf
spot disease in potato plants in Iran. Acta Mycologica
53: 1-9.

Esfahani M.N., 2018b. Identification of Ulocladium atrum
causing potato leaf blight in Iran. Phytopathologia
Mediterranea 57: 112-114.

Esfahani M., Hashemi L., Nasehi A, Esfahani N., Esfa-
hani A., 2020. Novel Cucumis enzymes associated
with host-specific disease resistance to Phytophthora
melonis Katsura. Biotechnology and Biotechnological
Equipment 34: 873-884.

Gallou A., Mosquera H.PL., Cranenbrouck S., Sudrez J.P,
Declerck S., 2011. Mycorrhiza induced resistance in
potato plantlets challenged by Phytophthora infestans.
Physiological and Molecular Plant Pathology 76:
20-26.

Gangadhar B.H., Sajeesh K., Venkatesh J., Baskar V.,
Abhinandan K.,... Mishra R.K., 2016. Enhanced Tol-
erance of Transgenic Potato Plants Over-Expressing
Non-specific Lipid Transfer Protein-1 (StnsLTP1)
against Multiple Abiotic Stresses. Frontiers in Plant
Science 7: 1228.

Giannopolitis C.N., Ries S.K., 1977. Superoxide dis-
mutases: II. Purification and quantitative relationship
with water-soluble protein in seedlings. Plant Physiol-
ogy 59: 315-318.

Hashemi L., Golparvar A.R., Nasr-Esfahani M., Golab-
adi M., 2020. Expression analysis of defense-related
genes in cucumber (Cucumis sativus L.) against
Phytophthora melonis. Molecular Biology Reports 45:
1-12.

Neda Peymani et alii

Hoegen E., Stromberg A., Pihlgren U., Kombrink E.,
2002. Primary structure and tissue-specific expres-
sion of the pathogenesis-related protein PR-1b in
potato. Molecular Plant Pathology 3: 329-345.

Hou Y., Ban Q., Meng K., He Y., Han, S., Jin M., Rao ],
2018. Overexpression of persimmon 9-lipoxygenase
DKLOX3 confers resistance to Pseudomonas syringae
pv. tomato DC3000 and Botrytis cinerea in Arabidop-
sis. Plant Growth Regulators 84: 179-189.

Hu T.,, Hu Z., Zeng H., Qv X., Chen G., 2015. Tomato
lipoxygenase D involved in the biosynthesis of jas-
monic acid and tolerance to abiotic and biotic stress
in tomato. Plant Biotechnol Reports 9: 37-45.

Hu Z., Zhang H., Shi K., 2018. Plant peptides in plant
defense responses. Plant Signaling & Behavior 13:
1475-175.

Huang K., Zhong, Y., Li Y., Zheng, D., Cheng Z.-M,,
2016. Genome-wide identification and expression
analysis of the apple ASR gene family in response to
Alternaria alternata f. sp. mali. Genome 59: 866-878.

Hussain T., 2016. Potatoes: ensuring food for the future.
Advances in Plants & Agriculture Research 3: 00117.

Isah T., 2019. Stress and defense responses in plant sec-
ondary metabolites production. Biological Research
52: 39. doi.org /10.1186/s40659-019-0246-3.

Kgatle M., Flett B., Truter M., Aveling T., 2020. Control
of Alternaria leaf blight caused by Alternaria alter-
nata on sunflower using fungicides and Bacillus
amyloliquefaciens. Crop Protection 132: 105146. htt-
ps://doi.org/10.1016/j.cropro.2020.105146.

Khan A., Nasir I.A., Tabassum B., Aaliya K., Tariq M., Rao
A.Q., 2017. Expression studies of chitinase gene in
transgenic potato against Alternaria solani. Plant Cell,
Tissue and Organ Culture (PCTOC) 128: 563-576.

Kim Y.-H,, Jeong J.C,, Park S., Lee H.-S., Kwak S.-S., 2012.
Molecular characterization of two ethylene response
factor genes in sweetpotato that respond to stress and
activate the expression of defense genes in tobacco
leaves. Journal of Plant Physiology 169: 1112-1120.

Kolomiets M.V., Chen H., Gladon R.J., Braun E., Han-
napel D.J., 2000. A leaf lipoxygenase of potato
induced specifically by pathogen infection. Plant
Physiology 124: 1121-1130.

Kroner, A., Hamelin, G., Andrivon, D., Val, E, 2011.
Quantitative resistance of potato to Pectobacterium
atrosepticum and Phytophthora infestans: integrat-
ing PAMP-triggered response and pathogen growth.
PLoS ONE 6.

Kumari M., Kumar M., Solankey, S. S., 2018. Breeding
Potato for Quality Improvement. In: Potato - From
Incas to All Over the World (Yildiz M., ed.) doi:
10.5772/intechopen.71482



Candidate marker genes and enzymes for resistance to early blight

Lekota M., Muzhinji N., Van der Waals J.E., 2019. Iden-
tification of differentially expressed genes in tolerant
and susceptible potato cultivars in response to Spon-
gospora subterranea f. sp. subterranea tuber infec-
tion. Plant Pathology 68: 1196-1206.

Li C, Ren Y, Jiang S., Zhou S., Zhao J., Wang R, Li Y,,
2018. Effects of dietary supplementation of four
strains of lactic acid bacteria on growth, immune-
related response and genes expression of the juvenile
sea cucumber Apostichopus japonicus Selenka. Fish &
Shellfish Immunology 74: 69-75.

Li H., Dong Q., Zhao Q., Shi S., Ran K., 2020. Isolation,
sequencing, and expression analysis of 30 AP2/ERF
transcription factors in apple. Peer] 8: e8391.

Liu Y, Xin J., Liu L., Song A., Guan Z., Fang W., Chen
E, 2020. A temporal gene expression map of Chry-
santhemum leaves infected with Alternaria alternata
reveals different stages of defense mechanisms. Horti-
culture Research 7: 1-14.

Matrood A.A., Khrieba M.I.,, Okon O.G., 2020. Synergis-
tic interaction of Glomus mosseae T. and Trichoder-
ma harzianum R. in the induction of systemic resist-
ance of Cucumis sativus L. to Alternaria alternata
(Fr.) K. Plant Science Today 7: 101-108.

McNeece B.T., Sharma K., Lawrence G.W., Lawrence K.S.,
Klink V.P, 2019. The mitogen activated protein kinase
(MAPK) gene family functions as a cohort during the
Glycine max defense response to Heterodera glycines.
Plant Physiology and Biochemistry 137: 25-41.

Meier, A., Jansky, S., Halterman, D., 2015. Germplasm
Release: Three potato clones incorporating combined
resistances to early blight from S. palustre and Late
Blight from S. bulbocastanum into a S. tuberosum.
American Journal of Potato Research 92: 410-416

Moghaddam G.A., Rezayatmand Z., Esfahani M.N., Kho-
zaei M., 2019. Genetic defense analysis of tomatoes
in response to early blight disease. Plant Physiology
and Biochemistry 142: 500-509.

Moghaddam G. A, Rezayatmand Z, Estahani M, Khozaei
M. 2020. Bio-genetic analysis of resistance in tomato
to early blight disease, Alternaria alternata. Phyto-
chemistry 179: 112486.

Naderi N., NasrEsfahani M., Bakhshi Khaniki G., 2020.
Analysis of molecular characterizations of beets, Beta
vulgaris in response to cyst nematodes, Heterodera
schachtii. Physiology and Molecular Plant Pathology
112: 297-307.

Nasr-Esfahani M., Hashemi L., Nasehi A, Nasr-Esfahani
N., Nasr-Esfahani A., 2020. Novel Cucumis enzymes
associated with host-specific disease resistance to
Phytophthora melonis Katsura. Biotechnology and Bio-
technological Equipment 34: 873-884.

25

Nasr-Esfahan M., 2018. Identification of Ulocladium
atrum causing potato leaf blight in Iran. Phytopatho-
logia Mediterranea 57: 112—114.

Nasr-Esfahani M., 2019. An IPM plan for early blight dis-
ease of potato Alternaria solani sorauer and A. alter-
nata (Fries.) Keissler. Archives of Phytopathology and
Plant Protection 45: 1-12.

Nasr-Esfahani M., Alizadeh M.G., Karimkhah M.A.,
2017. Susceptibility assessment of commercial potato
cultivars to early blight disease under the greenhouse
and field conditions. Iranian Journal of Plant Protec-
tion Science 48: 169-182.

Odilbekov, F.,, U. Carlson-Nilsson and E. Liljeroth, 2014
Phenotyping early blight resistance in potato culti-
vars and breeding clones. Euphytica 197: 87-97.

Ogata T, Kida Y., Arai T., Kishi Y., Manago Y., Murai M,,
Matsushita Y., 2012. Overexpression of tobacco eth-
ylene response factor NtERF3 gene and its homo-
logues from tobacco and rice induces hypersensitive
response-like cell death in tobacco. Journal of General
Plant Pathology. 78: 8-17.

Pourarian A., Esfahani M.N., Sadravi M., 2018. Molecular
and pathogenic characterization of Iranian isolates
associated with leaf spot disease of potato. Acta Fyto-
technica et Zootechnica 21: 1-5.

Radoti¢ K., Duc¢i¢ T., Mutavdzi¢ D., 2000. Changes in per-
oxidase activity and isoenzymes in spruce needles
after exposure to different concentrations of cadmium.
Environmental and Experimental Botany 44, 105-113.

Raimo F., Pentangelo A., Pane C., Parisi B., Mandolino
G., 2018. Relationships Between Internal Brown Spot
and Skin Roughness in Potato Tubers Under Field
Conditions. Potato Research 61: 327-339.

Rajiv, Kawar P.G., 2016. Enriched Potato for Mitigating
Hidden Hunger. In: Biofortification of Food Crops.
(Singh U., Praharaj C., Singh S., Singh N., ed.),
Springer, New Delhi. https://doi.org/10.1007/978-81-
322-2716-8_32

Raymond J., Rakariyatham N., Azanza J., 1993. Purifica-
tion and some properties of polyphenoloxidase from
sunflower seeds. Phytochemistry 34: 927-931.

Rehman S., Aziz E., Akhtar W.,, Ilyas M., Mahmood T.,
2017. Structural and functional characteristics of
plant proteinase inhibitor-II (PI-II) family. Biotech-
nology letters 39: 647-666.

Saubeau, G., Perrin, F, Marnet,N., Andrivon, D., Val, E,
2016. Hormone signalling pathways are differentially
involved inquantitative resistance of potato to Phy-
tophthora infestans. Plant Pathology 65, 342-352

Sohrabipour S., Sharifi M.R., Sharifi M., Talebi A., Soltani
N., 2018. Effect of magnesium sulfate administration
to improve insulin resistance in type 2 diabetes ani-



26

mal model: using the hyperinsulinemic-euglycemic
clamp technique. Fundamental ¢ Clinical Pharmacol-
ogy 32: 603-616.

Tehrani M.M., Nasr-Esfahani M., Mousavi A., Mortezai-
inezhad F, Azimi M.H., 2020. Regulation of related
genes promoting resistant in Iris against root rot dis-
ease, Fusarium oxysporum f. sp. gladioli. Genomics.
112: 3013-3020.

Tian M., Wang J., Pan P. et al. 2020. Transcriptome anal-
ysis of potato leaves in response to infection with
the necrotrophic pathogen Alternaria solani. bioRxiv
020.09.21.307314.

Toufiq N., Tabassum B., Bhatti M.U., Khan A., Tariq M.,
Shahid, N. Nasir, I.A., Husnain T., 2018. Improved
antifungal activity of barley derived chitinase I gene
that overexpress a 32 kDa recombinant chitinase in
Escherichia coli host. Brazilian Joural of Microbiology
49: 414-421.

Turra D., Lorito M., 2011. Potato type I and II proteinase
inhibitors: modulating plant physiology and host resist-
ance. Current Protein and Peptide Science 12: 374-385.

Wan R, Liu J., Yang Z., Zhu P, Cao Q., Xu T., 2020.
Genome-wide identification, characterisation and
expression profile analysis of DEAD-box family genes
in sweet potato wild ancestor Ipomoea trifida under
abiotic stresses. Genes and Genomics 42: 325-335.

Wang X., El Hadrami A., Adam L., Daayf E, 2008. Dif-
ferential activation and suppression of potato defence
responses by Phytophthora infestans isolates repre-
senting US-1 and US-8 genotypes. Plant Pathology
57:1026-1037.

Xue, W., Haynes, K. G., Qu, X. 2019. Characterization of
early blight resistance in potato cultivars. Plant Dis-
ease 103(4): 629-637. https://doi.org/10.1094/PDIS-
05-18-0794-RE

Yang J., Sun C., Zhang Y., Fu D., Zheng X,, Yu T., 2017.
Induced resistance in tomato fruit by y-aminobutyric
acid for the control of alternaria rot caused by Alter-
naria alternata. Food Chemistry 221: 1014-1020.

Yang F, Yang F, Wang G., Kong T., Wang H., Zhang C.,
2020. Effects of water temperature on tissue depletion
of florfenicol and its metabolite florfenicol amine in
crucian carp (Carassius auratus gibelio) following
multiple oral doses. Aquaculture 515: 734542.

Zhai X., Kong Q., An P,, Ren X, 2018. The Function and
Mechanism of Pathogenesis-Related 5 Protein Resist-
ance in Cherry Tomato in Response to Alternaria
alternata. Food Biotechnology 32: 178-190.

Zhang J., Liu F, Yao L., Luo C,, Yin Y., Wang G., Huang
Y., 2012a. Development and bioassay of transgenic
Chinese cabbage expressing potato proteinase inhibi-
tor II gene. Breeding Science 62: 105-112.

Neda Peymani et alii

Zhang S., Xu X,, Sun Y., Zhang ], Li C., 2018. Influence
of drought hardening on the resistance physiology of
potato seedlings under drought stress. Journal Inte-
grative Agriculture 17: 336-347.

Zhang X., Yu X,, Yu Z., Zhang W, Ju L., Xue Y., 2012b.
Changes on activity of defensive enzyme after inocu-
lating with toxin of Rhizoctonia solani in potato. Acta
Agr Boreali-Sinica 27: 153-157.

Zhang J., Liu B., 2019. A review on the recent develop-
ments of sequence-based protein feature extraction
methods. Current Bioinformatics 14: 190-199.

Zou Q., Xing P, Wei L., Liu B., 2019. Gene2vec: gene
subsequence embedding for prediction of mamma-
lian N6-methyladenosine sites from mRNA. RNA 25:
205-218.



	Molecular analysis of grapevine Pinot gris virus and its association with grapevine leaf mottling and deformation on ‘Vermentino’ grapevines in Sardinia
	Nicola Schianchi1,*, Safa Oufensou1,3, Gabriele Moro2, Salvatorica Serra1, Vanda Assunta Prota1
	Candidate marker genes and enzymes for selection of potato with resistance to early blight, caused by Alternaria alternata
	Neda Peymani1, Ahmad Reza Golparvar1, Mehdi Nasr-Esfahani2,*, Esmaeil Mahmoudi1, Majid Shams1
	Efficacy of chemical and biological spray seed treatments in preventing garlic dry rot
	Letizia Mondani, Giorgio Chiusa, Paola Battilani*
	Characterization of Stemphylium spp. associated with tomato foliar diseases in Algeria
	Nabahat Bessadat1,2, Bruno Hamon2, Nelly Bataillé-Simoneau2, Justine Colou2, Kihal Mabrouk1, Philippe Simoneau2,*
	Genotype variation of citrus tristeza virus after passage on different hosts, and changes in the virus genotype populations by the vector Aphis gossypii
	Rocío Camps1,2, Nicola Fiore3, Natalia Riquelme1, Wilson Barros-Parada1, Ximena Besoain1
	Rutin-stevioside and related conjugates for potential control of grapevine trunk diseases
	Laura Buzón-Durán1, Natalia Langa-Lomba2,3, Vicente González-García3,*, José Casanova-Gascón2, Eva Sánchez-Hernández1, Jesús Martín-Gil1, Pablo Martín-Ramos2
	Identity and pathogenicity of Botryosphaeriaceae and Diaporthaceae from Juglans regia in Chile
	Israel Jimenez Luna1, Ximena Besoain2, Sebastian Saa2,3, Elena Peach-Fine2,4, Fabiola Cadiz Morales2, Natalia Riquelme2, Alejandra Larach2, Javiera Morales2, Exequiel Ezcurra1, Vanessa E.t.m. Ashworth1, Philippe E. Rolshausen1,*
	Activity of bacterial seed endophytes of landrace durum wheat for control of Fusarium foot rot
	Claudia Quartana1, Teresa Faddetta1, Letizia Anello2, Maria Di Bernardo2, Rosa Petralia3, Vito Campanella3,*
	A cryptic powdery mildew (Golovinomyces hieraciorum sp. nov.) on Hieracium and Pilosella (Compositae)
	Guan-Xiu Guan1, Shu-Yan Liu1,2,*, Uwe Braun3, Peng-Lei Qiu1, Jian Liu1, Feng-Yun Zhao1, Shu-Rong Tang1, Jia-Ni Li1, Van-Ninh Nguyen1

