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Abstract

In the study carried out as a two-year greenhouse experiment, the effects of salicylic acid (SA; 0.5, 1.0 and 2.5 mM), methyl
jasmonate (MJ; 5, 10 and 15 mM) and sodium nitroprusside (SNP; 0.5, 1.0 and 1.5 mM) treatments at different concentrations
against cold stress (4 °C, 16 h) in Victoria variety grapevine saplings were investigated, and the most effective concentration
ranges were investigated. 1.0 mM SA was found to be the most effective treatment to promote cold stress resistance of grape-
vines by increasing superoxide dismutase (114.23 U mg™! protein), catalase (1.024 U mg~! protein) and ascorbate peroxidase
(20.43 U mg~! protein) enzyme activities while decreasing electrolyte leakage (14.44%) and lipid peroxidation (6.07 nmol
g1 levels. Moreover, 10 mM MJ and 1.0 mM SNP treatments also contributed to the improvement of the osmotic adjustment
capacity of grapevines by increasing proline content (MJ, 0.185 pmol g~!; SNP, 0.435 pmol g~!) and relative water content
(MJ, 90.06%; SNP, 89.78%), and decreasing electrolyte leakage (MJ, 14.71%; SNP, 16.06%) and lipid peroxidation (MJ,
4.10 nmol g~'; SNP, 5.96 nmol g~!). Additionally, principal component analysis, heatmap and comprehensive evaluation
based on the analytic hierarchy process indicated that 1.0 mM SA, 10 mM MJ and 1.0 mM SNP treatments performed better
than other treatments in terms of both increasing plant resistance and reducing the severity of damage. This study contains
important information that can provide a reference for researchers to enhance the adaptation ability of grapevines to cold
stress and can enhance the success of future studies.

Keywords Victoria (V. vinifera L.) - Cold stress - Methyl jasmonate - Salicylic acid - Sodium nitroprusside

Introduction

Due to the deteriorating ecological balance, the negative
changes in climate and environmental conditions from day
to day, as well as heatwaves, cause extreme weather events
such as droughts, floods, frosts, hail and severe hurricanes to
become more common and severe, and this sometimes leads
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to irreparable economic losses in many viticulture regions
around the world (Venios et al. 2020). The viticulture sec-
tor, which has a production volume of 75 million tons and a
surface area of 7 million hectares in more than 90 countries
around the world, is among the main agricultural branches
that will be affected by climate change (FAO 2023). The
most important environmental factor determining the geo-
graphical boundaries of viticulture is temperature (Huang
et al. 2012). Low temperatures at high northern and southern
latitudes limit the regional distribution of grapevine species
and varieties and significantly affect production performance
(Ren et al. 2021).

In recent years, the use of cost-effective, environmentally
friendly, time-efficient, easily applicable and reproducible
elicitors, which are naturally produced by organisms them-
selves and have significant effects on physiological and bio-
chemical functions in organisms, has been on the agenda
in the regulation of plant defense responses against vari-
ous stress factors to which plants are exposed. It has been
reported that elicitors treated exogenously to plants under
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environmental stress conditions can reduce the inhibitory
effects of stress by eliminating the deficiency in the concen-
tration of endogenous hormones (Ashraf et al. 2008).

One of the treatments that can be used for this purpose
is salicylic acid (SA), which has important effects on plant
growth and defense responses. SA, which acts as an impor-
tant phytohormone in the regulation of plant growth and
development, supports plants in avoiding or resisting various
environmental stress factors by affecting plant physiology
and metabolism, including the synthesis of several defense
proteins (Cai et al. 2015). Methyl jasmonate (MJ) is one of
the elicitors that have recently been widely used exogenously
(Wang et al. 2015). MJ functions as a key signaling molecule
that modulates morphological, physiological, biochemical
and molecular processes to activate the plant defense system
against both biotic and abiotic stress factors and to improve
plant tolerance to stressful environments (Wasternack and
Song 2017). Nitric oxide (NO) has been another elicitor
of great interest to researchers in the last decade. NO has
important roles in the regulation of cellular mechanisms
because it is a free radical that is small in size, uncharged,
short-lived and highly diffusible through biological mem-
branes (Li et al. 2013). It has been reported that sodium
nitroprusside (SNP), an external NO donor, can improve
morphological, physiological and biochemical characteris-
tics in many species under stress (Matgorzata Kopyra 2004).

There are significant gaps in the existing literature due to
the lack of studies on the ability of SA, MJ and SNP elicitors
to reduce cold stress in grapevines. Although the effects of
SA, one of the elicitors associated with cold stress tolerance
in grapevines, have been reported in a limited number of
studies (Jalili et al. 2023), no study was found to evaluate the
effects of MJ and SNP treatments. In this study, the effects of
SA, MJ and SNP treatments were investigated comparatively
for the first time in grapevines under cold stress. Within the
scope of the study, the responses of elicitor-treated grape-
vine saplings to cold stress were analyzed and because of
the study, it was revealed that exogenous treatments have
important roles in terms of improving physiological and bio-
chemical processes in grapevine saplings; significant differ-
ences were found between treatments and concentrations.

Materials and methods
Place and year the research was conducted

This study was conducted at Yozgat Bozok University, Fac-
ulty of Agriculture (39°46' N, 34°48' E, 1340 m altitude,
Yozgat, Turkey) for two consecutive seasons in 2021-2022.
The experiment was established in the research greenhouse.
Cold stress treatments were carried out in the climate rooms
of the faculty building. Measurements and analyzes of the
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samples were carried out in the research laboratories within
the faculty.

Plant materials

Rootless cuttings of the plant materials were obtained from
the collection vineyard of the Middle Black Sea Transitional
Zone Agricultural Research Institute (Tokat, Turkey) under
the Republic of Turkey Ministry of Agriculture and Forestry.
In the experiment, 1-year-old grapevine saplings of V. vin-
ifera L. species '"Victoria' (Cardinal X Hafizali) grafted on
V. berlandieri X V. rupestris hybrid '1103 Paulsen' (1103 P)
American grapevine rootstock were used.

Planting and cultivation of saplings

Grafted grapevine saplings were planted in 11X 11X 22-cm
pots containing an equal volume of sterile peat:perlite (1:1)
medium. Immediately after planting, the growing media
were regularly irrigated with the nutrient solution recom-
mended by Ollat et al. (1998) for grapevine sapling cultiva-
tion, with a drainage rate of 30%, and the pH of the solution
was adjusted to 6,5. During the vegetation period, the green-
house environment was kept at 25+ 5 °C, 60-70% relative
humidity and natural day length conditions with the help of a
heater and fan & pad system to ensure root and shoot devel-
opment in grafted saplings. After sufficient root and shoot
development was achieved 4 weeks after planting, grapevine
saplings with similar characteristics in terms of stem diam-
eter and leaf area were selected and elicitor treatments were
performed with the selected saplings.

SA, MJ and SNP treatments

The study was carried out with 5 different treatments (CNT
(+), CNT (-), SA, MJ and SNP) on 330 grapevine saplings
with 10 plants in each replicate according to the random
plot experimental design with 3 replicates (Fig. 1). The SA
(Merck, CAS: 69-72-7); MJ (Sigma, CAS: 39924-52-2);
and SNP (Merck, CAS: 13755-38-9) elicitors used in the
study were prepared as 1000 mM L~! stock solutions using
distilled water, and then these stock solutions were diluted
to different concentrations. The concentration ranges of the
elicitors were determined according to the results of our pre-
vious study on grapevine saplings, considering the efficacy-
toxicity onset limits (Daler 2021).

In this study, the "12th phenological developmental stage"
according to the E-L scale defined by Eichhorn and Lorenz
(1977), when the shoots reach a length of about 10 cm and
have 5-6 opened leaves on them 4 weeks after planting,
was used. Elicitors of different concentrations were treated
by the pulverization method to wet all green parts of the
plants (25 ml/vine sapling) three times in total with 10-day
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Fig. 1 Implementation scheme. a First season: 1 May—30 June 2021;
b Second season: 1 May-30 June 2022. 1-year old grapevine saplings
were used in both growing seasons, and saplings were divided into
5 different treatments. I. CNT (+): positive control, plants treated
with pure water and kept at optimum conditions for 16 h at+24 °C;
II. CNT (-): negative control, plants treated with pure water and
exposed to cold stress for 16 h at+4 °C; III. SA: salicylic acid, plants

intervals. Pure water was used in control groups. Six days
after the elicitor treatments were completed under green-
house conditions, the grapevine saplings were transferred to
the Climatic Chambers together with the pots in which they
were planted to perform the cold stress treatments.

Exposure of grapevine saplings to cold stress

Negative control CNT (—) plants and elicitor treated plants
were placed in climate chamber I with a constant tempera-
ture of 19 °C, 65% humidity and 200 pmol m~ s~! PPFD,
and then the temperature of the chamber was gradually
decreased by 5 °C per hour, reaching 4 °C at the end of
the 3rd hour, and exposed to cold stress for 16 h. Positive
control CNT (+) plants were simultaneously placed in cli-
mate chamber II with a constant temperature of 24 °C, 65%
humidity and 200 pmol m~2 s~! PPFD and kept under opti-
mum conditions for the same period of time until the cold
stress treatments were completed.

Leaf samples for biochemical analyzes were collected
immediately after cold stress treatments and stored in an
ultra-deep freezer (—80 °C, Thermo Scientific, Forma-
89000 Series) until the time of analyzes (Aazami and
Mahna 2017). Among the physiological parameters,
leaf relative water content and electrolyte leakage were
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treated with SA at concentrations of 0.5, 1.0 and 2.5 mM and exposed
to cold stress for 16 h at+4 °C; IV. MJ: methyl jasmonate, plants
treated with MJ at concentrations of 5, 10 and 15 mM and exposed
to cold stress for 16 h at+4 °C; V. SNP: sodium nitroprusside, plants
treated with SNP at concentrations of 0.5, 1.0 and 1.5 mM and
exposed to cold stress for 16 h at+4 °C

analyzed using leaf samples collected immediately after
cold stress treatments (Xu et al. 2022). Stomatal conduc-
tivity and leaf temperature were measured directly from
the leaves on the grapevine saplings during the sunny mid-
day hours (11:00-13:00) after the cold-stressed grapevine
saplings were transferred back to the greenhouse environ-
ment under natural lighting conditions and completed a
1-day recovery period (Xu et al. 2022). The SPAD value
was measured directly from the leaves on the saplings after
the completion of the 4-day recovery period in the grape-
vine saplings transferred to the greenhouse environment to
observe the chlorophyl losses that occurred (Londo et al.
2018).

Obtaining the data

In both growing seasons, the experiment was terminated at
the "15th phenological development stage" according to the
E-L scale, when 8 leaves on the shoots were opened after
60 days of growing, covering 01 May—30 June. Physiologi-
cal and biochemical analyzes were performed to determine
the changes caused by elicitor treatments against cold stress
in grapevine saplings. Sampling was carried out using the
fourth leaf from the top of grapevine saplings.
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Chlorophyl content (CHL)

Two regions close to the main vein of five leaves in each
repetition were measured using a portable chlorophyl meter
(Konica Minolta SPAD-502). The mean values obtained
were expressed in SPAD (Geravandi et al. 2011).

Electrolyte leakage (EL)

It was calculated by measuring the electrolyte exhaled from
the cell (Lutts et al. 1996). Three leaf disks with a diameter
of 6 mm were taken from 3 leaves of each repetition with
the help of a cork borer. After the leaf disks were kept in
20 ml deionized distilled water (ddH,O) for 4 h, EC1 values
were measured with an EC meter (Jenway 470 condimeter),
and EC2 values were measured after the same disks were
incubated at 100 °C for 10 min. From the values obtained,
EL was calculated as percentage (%) using the following
formula:

EL% = EC,/EC, x 100.

Stomatal conductance (SC)

The SC value of 3 leaves for each repetition was measured
by placing the reading sensor of the porometer (SC-1 Leaf
Porometer, Decagon, Pullman, WA) between the veins so
that the reading sensor was placed on the lower part of the

leaf. The values obtained were recorded in mmol m™2 sec™".

Leaf temperature (LT)

A leaf porometer was used to measure between the veins of
three leaves for each repetition. The values obtained were
recorded in °C.

Relative water content (RWC)

According to the method of Yamasaki and Dillenburg
(1999), the RWC of 3 leaves of each repetition were calcu-
lated in percentage according to the following formula by
taking into account the fresh weight (FW) measured imme-
diately after harvesting, the turgor weight (TW) determined
by soaking in pure water for 6 h, and the dry weight (DW)
determined after 48 h in an air-circulating oven at 70 °C:

RWC% = [(FW-DW)/(TW-DW)| x 100.

Proline content (PRO)

PRO was determined according to the procedure of Bates
et al. (1973). Absorbance values were read in a UV/Vis

@ Springer

spectrophotometer (Perkin Elmer Lambda 25) at 520 nm and
the calculations were recorded as pmol g~! with the help of
the calibration curve formed with the proline standard.

Lipid peroxidation (MDA)

Analyzed according to the method of Lutts et al. (1996).
Absorbance values were measured spectrophotometrically
at 532 and 600 nm, and the results were recorded as nmol
g~ ! tissue.

Total soluble protein content (TSP)

Determined according to the Bradford method (Bradford
1976). The absorbance values were measured at 595 nm in a
UV/Vis spectrophotometer and protein concentrations were
calculated for each sample using the standard curve.

Antioxidant enzyme activities

Enzyme extracts were prepared according to the method of
Ozden et al. (2009).

Superoxide dismutase (SOD; EC 1.15.1.1): The SOD was
determined according to the procedure of Agarwal and
Pandey (2004). At 560 nm, the amount of enzyme caus-
ing 50% inhibition of NBT reduction was considered 1
enzyme unit, and values were presented as U mg~! pro-
tein.

Catalase (CAT; EC 1.11.1.6): The method treated by
Gong et al. (2001) was used. Absorbance values were
read against the blind at 240 nm wavelength for 2 min
using a UV/Vis spectrophotometer. At 25 °C, the amount
of enzyme that decreased the absorbance by 1 pmol in
1 min was considered 1 enzyme unit, and the results were
recorded in U mg~! protein.

Ascorbate peroxidase (APX; EC 1.11.1.11): Analyzed
according to the method of Nakano and Asada (1981).
The amount of ascorbate oxidized by the enzyme per min-
ute per 1 mg of total protein was considered 1 unit, and
the results were recorded in U mg™~! protein.

Evaluation of data

The numerical data of the variations between different
elicitor treatments and concentrations against cold stress in
grapevine saplings were subjected to the analysis of variance
(ANOVA) using IBM SPSS vrs. 20.0 package program, and
Duncan's Multiple Comparison Test (p <0.05) was used to
determine the differences between means. The original data
on the elicitor treatments and parameters examined were
recorded and processed using Microsoft 365 Excel program
and XLSTAT. The relationships among the investigated
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elicitor treatments and the parameters examined were evalu-
ated by correlation analysis and principal component analy-
sis (PCA); they were also explained with a biplot and hierar-
chical clustering heatmap (Evgenidis et al. 2011). To provide
a comprehensive evaluation of the elicitor treatments and
the parameters examined, the methods specified by Wang
et al. (2022) and Kili¢ (2023a, b) were used. The data means
were normalized through variable transformation (min—max
scaling) and their weight coefficients were calculated using
the analytic hierarchy process (AHP). The consistency ratio
of elicitor treatments and parameters examined was 0.09.

Results

Changes in physiological and biochemical
parameters

In this study, it was investigated whether exogenous SA, MJ
and SNP elicitors could reduce cold stress damage in grape-
vine saplings and screened for the most effective treatment
and optimum concentration that could be a guide for viti-
culture. Vines without cold stress without elicitor treatment

were used as CNT (+), while vines with cold stress without
elicitor treatment were used as CNT (—). The results of the
analysis of variance showed that the "Treatment' factor was
statistically significant for all parameters examined. In this
study, in which the effects of different elicitors and their
concentrations treated against cold stress were examined, the
findings of physiological changes in grapevines after ana-
lyzes are presented in Table 1 and Fig. 2, and the findings
of biochemical changes are presented in Table 2 and Fig. 3.

Cold stress shows physiological symptoms such as leaf
yellowing (chlorosis) and discoloration caused by the degra-
dation of CHL in leaf tissues (Guo et al. 2018). The findings
confirmed that CHL was significantly reduced in the CNT
(—) (25.28 SPAD) exposed to cold stress compared to the
CNT (+) (37.26 SPAD) grown under normal conditions.
Among the elicitor treatments against cold stress, the most
effective results in terms of CHL were obtained from 1.0
and 2.5 mM concentrations of SA (33.37 and 33.57 SPAD,
respectively), followed by 0.5 mM SA (31.33 SPAD) and
1.0 mM SNP (30.35 SPAD). According to the results, the
highest dose of SA (2.5 mM) caused a significant increase in
CHL, the highest dose of SNP (1.5 mM; 25.52 SPAD) was
in the same group with the CNT (—), and the highest dose

Table 1 The average values of physiological changes in the leaves of grapevine saplings caused by elicitor treatments against cold stress in the

first and second growing seasons

Treatment Concentration Physiological Parameters
CHL (SPAD) EL (%) SC (mmol m~2 sec™!) LT (°C) RWC (%)
CNT (+) 0 mM 37.26+1.26a" 2.27+0.99f 24339+ 14.84a 29.58+0.41 h 93.42+0.58a
Mean 37.26+1.26A 2.27+0.99D 24339+ 14.84A 29.58+0.41D 93.42+0.58A
CNT (-) 0 mM 2528 +2.15f 21.45+1.2la 86.80+522 ¢ 31.85+0.94a 85.43 +2.68f
Mean 25.28+2.15E 21.45+1.21A 86.80+5.22D 31.85+0.94A 85.43+2.68C
SA 0.5 mM 31.33+34l1c 15.95+1.43de 157.40+48.02d 30.65+0.50de 87.06 +1.86e
1.0 mM 33.37+4.78b 14.44+1.77¢ 206.95 +6.35b 30.80+0.56 cd 89.44 +1.63bc
2.5mM 33.57+5.30b 18.80+1.36bc 180.85+19.72¢ 30.55+1.16e 89.12+1.82bd
Mean 32.76+4.42B 16.40+2.35C 181.73+35.19B 30.67+0.76B 88.54+1.99B
MJ 5 mM 28.02+1.13e 14.52 +2.63de 164.65 +20.76d 30.25+0.39f 88.12+1.09de
10 mM 27.62+0.97e 14.71 +2.04de 168.85+15.21 cd 29.90+023 g 90.06+1.28b
15 mM 24.03+042 ¢ 18.57+0.63bc 104.00 + 12.69f 30.05+0.49 fg 88.41+2.83 cd
Mean 26.56+2.02D 15.93+2.66C 145.83+34.23C 30.07+0.39C 88.86+1.99B
SNP 0.5 mM 29.83+0.83d 17.60+1.84c 132.00+14.02¢ 31.15+1.03b 89.03 +0.40bd
1.0 mM 30.35+0.88 cd 16.06 +0.60d 180.75 +27.46¢ 30.20+0.77f 89.78 +1.66b
1.5 mM 25.52+1.76f 19.30+2.37b 139.10+10.3% 30.95+1.37bc 88.12+2.40de
Mean 28.57+2.51C 17.65+2.15B 150.62+28.30C 30.77+1.10B 88.98 +1.74B
Overall Mean 29.65+4.59 15.79+5.06 160.43+46.97 30.54+0.96 88.91+£2.55

CHL.: chlorophyl content; EL: electrolyte leakage; SC: stomatal conductance; LT: leaf temperature; RWC: relative water content; CNT (+): posi-
tive control; CNT (—): negative control; SA: salicylic acid; MJ; methyl jasmonate; SNP; sodium nitroprusside

“The difference between the means shown with different letters in the same column is significant (P <0.05). Data are presented as mean val-
ues + standard deviation (SD) (Daler 2024)

The difference between the means shown with different letters in the same column is significant (P < 0.05), according to Duncan's multiplerange

test
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Fig. 2 Effects of elicitor treatments on the physiological characteris-
tics of grapevines subjected to cold stress (average of 2021 and 2022).
The data presented are the mean =+ standard deviation (SD) of three
replicates. Histogram chart represents CHL: chlorophyl content; EL:

of MJ (15 mM; 24.03 SPAD) had a lower average than the
CNT (-) (Table 1, Fig. 2).

The plasma membrane is the primary site of damage
affected by cold stress in plants (Theocharis et al. 2012).
Therefore, EL and malondialdehyde (MDA) are the most
important stress indicators used to detect membrane dam-
age caused by cold stress (Hasanuzzaman et al. 2019). In
this study, it was found that the CNT (+) (2.27%) repre-
sented the lowest mean EL and the CNT (-) (21.45%) rep-
resented the highest mean EL, and all elicitor treatments
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electrolyte leakage; SC: stomatal conductance; LT: leaf temperature;
RWC: relative water content; CNT (+): positive control; CNT (—):
negative control; SA: salicylic acid; MJ; methyl jasmonate; SNP;
sodium nitroprusside

contributed to the reduction of EL. However, 0.5 and
1.0 mM SA (15.95% and 14.44%, respectively) and 5
and 10 mM MJ (14.52% and 14.71%, respectively) were
found to be the most effective treatments that reduced
membrane damage by approximately 1.4-fold compared
to CNT (-). In addition, 2.5 mM SA (18.80%), 15 mM MJ
(18.57%) and 1.5 mM SNP (19.30%) treatments caused
less membrane damage than the CNT (—), but statistically
represented the closest averages to the CNT (—) (Table 1,
Fig. 2). It was found that MDA content caused the
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Table 2 The average values of biochemical changes in the leaves of grapevine saplings caused by elicitor treatments against cold stress in the
first and second growing seasons

Treatment Concentration Biochemical parameters
PRO (pmol g7') MDA (nmol g') TSP (mg) SOD (U mg™! CAT (U mg™! APX (U mg™!
TSP) TSP) TSP)
CNT (+) 0 mM 0.036+0.004 g" 3.11+£039h  0.713+0.077i 1.00+0.31i 0.015+0.002c 245+0.23h
Mean 0.036+0.004D  3.11+0.39E 0.713+0.077E 1.00+031E  0.015+0.002B 2.45+0.23D
CNT (-) 0 mM 0.109+0.058f  13.54+3.98a 0.948+0.079h  10.02+0.84h  0.041+0.031c 6.22+3.08 ¢
Mean 0.109+£0.058C  13.54+398A  0.948+0.079D 10.02+0.84D  0.041+0.031B 6.22+3.08C
SA 0.5 mM 0.116+0.046ef  7.09+0.5% 1.989+0.653b  43.61+2224cd 0.373+0.388b 11.78+1.92 cd
1.0 mM 0.191+0.076¢ 6.07 +0.65f 2214+0.601a 11423+37.25a  1.024+0.962a  20.43+0.31a
2.5 mM 0.251+0.032b 8.16+1.46d 1.351+£0.232f  35.76+8.73de  0.416+0.424b 10.54+1.27de
Mean 0.186+0.077B  7.11+1.27C 1.851+0.624A  64.53+43.53A  0.604+0.681A  14.25+4.70A
MJ 5mM 0.115+£0.068¢f  6.38+091ef  1.504+0.259d  27.85+25.16ef  0.097+0.136¢ 10.28£0.99de
10 mM 0.185+0.059cd  4.10+0.64 g 1.876+0.622c  56.26+10.89b  0.277+0.30lbc  16.45+3.30b
15 mM 0.169+0.145ce  8.56+3.80d 1.449+1.062e  4822+1625c  0.237+0.216bc  12.15+2.46 cd
Mean 0.156+0.097B  6.35+2.85D 1.610+0.709B  44.11+21.22B  0.203+0.228B  12.96+3.51A
SNP 0.5 mM 0.166+0.087ce  9.36+3.14c 1.454+0.346e  20.19+18.65fg 0.110+0.118¢ 8.04 +£3.52f
1.0 mM 0.435+0.296a 5.96+0.47f 1.868+0.376c  18.60+11.32g  0.104+0.089¢c 9.20+4.37ef
1.5 mM 0.134+0.044df  10.88+4.68b 1.215+0.818 g  14.68+7.74gh  0.090+0.046¢ 13.43+11.12¢
Mean 0.245+0219A  8.73+3.73B 1.512+0.592C  17.82+12.78C  0.101+0.084B  10.22+7.16B
Overall mean 0.173+0.143 7.56+3.66 1.507+0.670 3549+34.15 0.253+0.433 11.00+6.01

PRO: proline content; MDA: malondialdehyde; TSP: total soluble protein content; SOD: superoxide dismutase activity; CAT: catalase activ-
ity; APX: ascorbate peroxidase activity; CNT (+): positive control; CNT (—): negative control; SA: salicylic acid; MJ; methyl jasmonate; SNP;
sodium nitroprusside

“The difference between the means shown with different letters in the same column is significant (P <0.05). Data are presented as mean val-
ues + standard deviation (SD) (Daler 2024).

The difference between the means shown with different letters in the same column is significant (P < 0.05), according to Duncan's multiplerange

test

highest increase in CNT (-) (13.54 nmol g~!) compared
to CNT (+) (3.11 nmol g_l) kept under optimum condi-
tions. However, it was determined that the lowest average
was obtained from 10 mM MJ (4.10 nmol g‘l), which
decreased the MDA content approximately 3.3 times com-
pared to the CNT (—), and this value was followed by
1.0 mM SNP (5.96 nmol g~!), 1.0 mM SA (6.07 nmol
g1 and 5 mM MJ (6.38 nmol g~!) treatments. Among the
elicitor treatments, 1.5 mM SNP (10.88 nmol g_l) caused
the least decrease in MDA content (Table 2, Fig. 3).

Cold stress caused a significant decrease in SC in
CNT (-) (86.80 mmol m~2 sec™) compared to CNT (+)
(243.39 mmol m~2 sec™!) grown under normal condi-
tions, while all elicitor treatments caused a significant
increase in SC. The most effective treatment was 1.0 mM
SA (206.95 mmol m~2 sec™!), which caused a 2.4-fold
increase compared to the CNT (—), followed by 2.5 mM
SA (180.85 mmol m™2 sec™), 1.0 mM SNP (180.75 mmol
m~2 sec™!) and 10 mM MJ (168.85 mmol m~2 sec™!).
However, the lowest values among the elicitor treatments
were obtained from 15 mM MJ (104.00 mmol m~2 sec™})
(Table 1, Fig. 2).

In inverse proportion to SC, the highest mean values were
obtained from the CNT (—) (31.85 °C) and the lowest mean
values were obtained from the CNT (+) (29.58 °C) in terms
of LT. Among the elicitor treatments, CNT (—) was followed
by 0.5 and 1.5 mM SNP (31.15 and 30.95 °C, respectively).
The closest averages to the CNT (+) were obtained from 10
and 15 mM MJ (29.90 °C and 30.05 °C, respectively) treat-
ments (Table 1, Fig. 2).

The RWC of plant cells is an important indicator of phys-
iological water status in plant tissues (Kohli et al. 2017).
The values obtained from the CNT (—) (85.43%) compared
to the CNT (+) (93.42%) grown under normal conditions
proved that cold stress significantly reduced RWC. However,
the highest value in terms of RWC was obtained from the
10 mM MJ (90.06%) treatment, and these averages were
in the same statistical group with the 1.0 and 2.5 mM SA
(89.44% and 89.12%, respectively) and 0.5 and 1.0 mM SNP
(89.03% and 89.78%, respectively) treatments (Table 1,
Fig. 2).

The main functions of proline as a compatible osmolte
in plants under cold stress conditions are: maintaining
redox homeostasis; protecting cells against osmotic stress;
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Fig. 3 Effects of elicitor treatments on the biochemical characteristics
of grapevines subjected to cold stress (average of 2021 and 2022).
Data presented are the mean + standard deviation (SD) of three rep-
licates. Histogram chart represents PRO: proline content; MDA:

ensuring membrane integrity; stabilizing the structure of
proteins; and protecting cellular enzymes (Szabados and
Savouré, 2010; Akhkha et al. 2011). The findings confirmed
that cold stress significantly increased PRO in the CNT (—)
(0.109 pmol g_l) compared to the CNT (+) (0.036 pmol
g~ 1). However, 1.5 mM SNP (0.134 pmol g7!), 0.5 mM SA
(0.116 pmol g~') and 5 mM MTJ (0.115 pmol g~') treatments
were in the same statistical group as the CNT (—). It was
determined that the highest PRO among the elicitor treat-
ments was obtained from 1.0 mM SNP (0.435 pmol g™}
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malondialdehyde; TSP: total soluble protein content; SOD: superox-
ide dismutase activity; CAT: catalase activity; APX: ascorbate perox-
idase activity; CNT (+): positive control; CNT (—): negative control;
SA: salicylic acid; MJ; methyl jasmonate; SNP; sodium nitroprusside

treatment, which provided a fourfold increase compared to
the CNT (—), and this value was followed by 2.5 mM SA
(0.251 pmol g‘l) treatment (Table 2, Fig. 3).

It was determined that the TSP showed a signifi-
cant increase with cold stress compared to the CNT (+)
(0.713 mg) kept under optimum conditions; the highest aver-
age was obtained from 1.0 mM SA treatment with 2.214 mg,
which provided a 2.3-fold increase compared to the CNT (—)
(0.948 mg), and this value was followed by 0.5 mM SA treat-
ment with 1.989 mg. Among the elicitor treatments, 1.5 mM
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SNP (1.215 mg) followed by 2.5 mM SA (1.351 mg) caused
the lowest increases in TSP (Table 2, Fig. 3).

Redox homeostasis in plants under stress is provided by
antioxidant enzymes, such as SOD, CAT, and APX, which
are effective between cells, in addition to low molecular
weight compounds, such as proline (Aazami et al. 2021).
Although it was determined that SOD increased significantly
in the CNT (—) (10.02 U mg™! TSP) under low temperature
stress compared to CNT (+) (1.00 U mg~! TSP) under opti-
mum conditions, it was determined that SNP treatments had
the lowest average among elicitor treatments with values
between 14.68 and 20.19 U mg™' TSP. 1.0 mM SA with
114.23 U mg™!' TSP was found to be the treatment with
the highest mean 11.4-fold increase in SOD compared to
the CNT (-), followed by 10 mM MJ treatment with 56.26
U mg~! TSP and 5.6-fold increase compared to the CNT
(—). In terms of CAT, it was determined that the highest
value was obtained from 1.0 mM SA (1.024 U mg~! TSP)
treatment, and this value increased approximately 25 times
compared to the CNT (=) (0.041 U mg~"' TSP). It was deter-
mined that APX increased significantly in the CNT (—)
(6.22 U mg~! TSP) with low temperature stress compared
to the CNT (4) (2.45 U mg~" TSP), while the lowest values
among the elicitor treatments were obtained from 0.5 mM
SNP treatment with 8.04 U mg~' TSP. The highest averages
were obtained from 1.0 mM SA (20.43 U mg~! TSP) treat-
ment, and this average caused a 3.3-fold increase compared
to the CNT (—) (Table 2, Fig. 3).

Relationships between elicitor treatments
and the parameters examined

Principal Component Analysis (PCA) was performed to
show the maximum amount of variation in the data profile
in a few principal components and to better explain the rela-
tionships between the treated elicitors and the parameters
examined. The PCA results are presented both as correlation
table (Table 3) and biplot (Fig. 4). The first three compo-
nents with eigenvalue coefficients greater than 1; Factor 1:
43.49%, Factor 2: 33.04% and Factor 3: 10.48% explained
87% of the cumulative variance.

Principal Component Analysis (PCA) was performed to
show the maximum amount of variation in the data profile
in a few principal components and to better explain the rela-
tionships between the treated elicitors and the parameters
examined. PCA of the eleven parameters examined was per-
formed with elicitor treatments, and the results are shown in
the Biplot in Fig. 4. The biplot graph supported the relation-
ships obtained from the correlation table. In the biplot graph,
examining the relationships between the variables loaded
on the first two components was found to be meaningful in
terms of evaluating the relationships between physiologi-
cal and biochemical characteristics. Because a significant

Table 3 Factor loadings and correlations between examined param-
eters and factors

Parameters Components
F1 F2 F3 F4 F5

CHL 0.80" - - 0.52 -
EL -0.89 0.36 - - -
SC 0.95 - - - -
LT -0.79 - -0.34 0.44 -
RWC 0.90 - - - -
PRO - 0.38 0.82 0.41 -
MDA -0.94 - - - -
TSP - 0.90 - - 0.33
SOD - 0.93 - - -
CAT - 0.87 -0.34 - -
APX - 0.93 - - -
Eigenvalue 4.78 3.63 1.15 0.83 0.29
Variability (%) 43.49 33.04 10.48 7.57 2.60
Cumulative (%) 43.49 76.53 87.00 94.57 97.17

The correlation table represents CHL: chlorophyl content; EL: elec-
trolyte leakage; SC: stomatal conductance; LT: leaf temperature;
RWC: relative water content; PRO: proline content; MDA: malon-
dialdehyde; TSP: total soluble protein content; SOD: superoxide dis-
mutase activity; CAT: catalase activity; APX: ascorbate peroxidase
activity

“Values in bold correspond for each variable to the factor for which
the correlation is the largest (Kili¢ 2023b)

The bold values indicate the factor with the highest correlation for
each parameter, determined based on the results of the Analytic Hier-
archyProcess (AHP) and correlation analysis

portion of the physiological and biochemical characteristics
were loaded onto Factor 1 and Factor 2, these components
explained 76.53% of the cumulative variance. The variance
contribution rate of the first component was 43.49%, and the
positive value of the load was the SC, CHL and RWC, while
the load value in EL, LT and MDA was larger in the negative
direction. The variance contribution rate of the second com-
ponent was 33.04%, and APX, PRO, TSP, SOD and CAT had
larger positive load values. The findings obtained from the
biplot graph are in parallel with the results of analysis of var-
iance and confirm that the biggest difference is between CNT
(=) and CNT (+4). The ranking of elicitor treatments from
highest to lowest in terms of the parameters examined was
as follows: CNT (+)>1.0 mM SA>10 mM MJ> 1.0 mM
SNP>2.5 mM SA>5 mM MJ>0.5 mM SA>0.5 mM
SNP>15 mM MJ > 1.5 mM SNP > CNT (-) (Fig. 4).

To group the parameters examined and treatments, a hier-
archical clustering heatmap was constructed in which the
rows and columns of the data matrix were ranked according
to the output obtained from clustering (Fig. 5). The heatmap
basically categorized elicitor treatments at different concen-
trations into two main clusters. CNT (4) treatment in the
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Fig.4 Biplot graph of elicitor treatments and parameters examined
produced by principal component analysis (PCA). The closeness
of the lines indicates a high correlation between the variables. The
brackets indicate the percentage variation calculated by both principal
components. Blue dots indicate the treatments, while red dots indicate
the characteristics analyzed. PCA represents CHL: chlorophyl con-

leftmost column of the map was clearly separated from the
other treatments by forming the 1st main cluster alone. Here,
it was thought that the CNT (+), which was grown under
cold stress-free conditions, was clustered differently because
it had lower values in terms of stress parameters such as TSP,
SOD, CAT, APX and PRO, but higher averages in terms of
SC, CHL and RWC compared to the other groups under low
temperature stress. The 2nd main cluster represented the 1st
subcluster consisting of 15.0 mM MJ, 0.5 and 1.5 mM SNP
treatments together with the CNT (—) treatment, and the 2nd
subcluster consisting of the other elicitor treatments. In the
Ist sub-cluster, in which positive parameters are represented
by red color tones and negative parameters are represented
by green color tones, it was observed that 15.0 mM MJ, 0.5
and 1.5 mM SNP treatments, which were included together
with the CNT (—) treatment, had a lower effect in terms of
overcoming low temperature stress compared to other elici-
tor treatments, and within the same sub-cluster, first the
CNT (-) and then 15 mM MJ were separated from 0.5 and
1.5 mM SNP treatments by showing a separate branching.
In the 2nd subset in the right columns of the map, in which
positive parameters are represented by green color tones and
negative parameters are represented by red color tones, the
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tent; EL: electrolyte leakage; SC: stomatal conductance; LT: leaf tem-
perature; RWC: relative water content; PRO: proline content; MDA:
malondialdehyde; TSP: total soluble protein content; SOD: superox-
ide dismutase activity; CAT: catalase activity; APX: ascorbate perox-
idase activity; CNT (+): positive control; CNT (—): negative control;
SA: salicylic acid; MJ; methyl jasmonate; SNP; sodium nitroprusside

1.0 mM SA treatment alone formed the 1st group and sepa-
rated markedly from the other treatments. In the 2nd group,
first 1.0 mM SNP and then 10 mM MJ were separated from
the other elicitor treatments by showing separate branching.

A comprehensive evaluation of elicitor treatments
effective on low temperature stress parameters

From the load and contribution value of each index deter-
mined in the principal component analysis, the effects of the
elicitor treatments on the parameters examined were calcu-
lated, and the weights were determined. Using the weighting
coefficients obtained, the comprehensive evaluation of the
elicitor treatments according to the composite index values
was interpreted separately in terms of positive and nega-
tive parameters according to the outcomes obtained from
PCA and the results are presented in Figs. 6 and 7, respec-
tively. To facilitate a clearer assessment of the effectiveness
of the treatments, the composite index value was requested
to be higher for positive parameters and lower for negative
parameters.

While the composite index values of control groups
according to the positive parameters examined varied
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Fig.5 Heatmap that groups the features and treatments reviewed.
Color scale: from red to black and then green. Heatmap represents
CHL.: chlorophyl content; EL: electrolyte leakage; SC: stomatal con-
ductance; LT: leaf temperature; RWC: relative water content; PRO:
proline content; MDA: malondialdehyde; TSP: total soluble protein

between 0.56 (CNT (—)) and 0.95 (CNT (+)), that of the
elicitor treatments varied from 1.28 to 3.65. While the high-
est composite indexes as the elicitor treatments were found
in 1.0 mM SA (3.65), 1.0 mM SNP (2.66) and 10 mM M]J
(2.36), the lowest indexes were determined in 1.5 mM SNP
(1.28), 5 mM MJ (1.42) and 0.5 mM SNP (1.46).

While the composite index values of control groups
according to the negative parameters examined varied
between 0.00 (CNT (+)) and 5.38 (CNT (-)), that of the
elicitor treatments varied from 1.93 to 4.33. While the high-
est composite indexes as the elicitor treatments were found
in 1.5 mM SNP (4.33), 0.5 mM SNP (3.76), 2.5 mM SA

SNP 1.5 mM
SA1.0mM
SNP 1.0 mM
MJ 10.0 mM
SA2.5mM
SA0.5mM
MJ 5.0 mM

content; SOD: superoxide dismutase activity; CAT: catalase activity;
APX: ascorbate peroxidase activity; CNT (+): positive control; CNT
(—): negative control; SA: salicylic acid; MJ; methyl jasmonate; SNP;
sodium nitroprusside

(3.54) and 15 mM M]J (3.54), the lowest indexes were deter-
mined in 10 mM MJ (1.93), 1.0 mM SA (2.50), 5 mM MJ
(2.50) and 1.0 mM SNP (2.60).

Discussion

This study focused on the effect of different elicitor treat-
ments on grapevines subjected to cold stress. The elici-
tors used affected the physical and biochemical proper-
ties of the grapevine to different degrees depending on the
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Fig.6 Comprehensive evalu-
ation of the elicitor treatments
according to positive parameters
examined (CHL: chlorophyl 4.0
content; SC: stomatal conduct- 35
ance; RWC: relative water

. 3.0
content; PRO: proline content;

TSP: total soluble protein 2.5
content; SOD: superoxide 2.0
dismutase activity; CAT: cata- 15
lase activity; APX: ascorbate

peroxidase activity). Composite 1.0
Index represents CNT (4): posi- 0.5
tive control; CNT (—): negative 0.0

control; SA: salicylic acid; MJ;
methyl jasmonate; SNP; sodium
nitroprusside

Fig.7 Comprehensive evalu-
ation of the elicitor treatments
according to negative param-
eters examined (EL: electrolyte
leakage; LT: leaf temperature;
MDA: malondialdehyde). Com-
posite Index represents CNT
(+): positive control; CNT (—):
negative control; SA: salicylic
acid; MJ; methyl jasmonate;
SNP; sodium nitroprusside
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concentration, and the grapevines responded to cold stress
with defense mechanisms triggered due to these changes.
In this study, in terms of CHL, the best results after CNT
(+) were obtained from 1.0 and 2.5 mM concentrations of
SA, followed by 0.5 mM SA and 1.0 mM SNP treatments.
Similarly, Zhang et al. (2020) reported that SA treatment
at 50 mg/L to the leaves of maize saplings below 4 °C
improved photosynthesis through increased CHL.
Membrane damage, the main mechanism of low-temper-
ature stress, occurs due to the accumulation of MDA and
overproduction of ROS such as O, and H,0,, which are
critical components of stress response regulation in plants
(Hasanuzzaman et al. 2020). In this study, all treatments con-
tributed to the reduction of EL. However, 0.5 and 1.0 mM
SA and 5 and 10 mM MJ were found to be the most effective
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treatments, which reduced membrane damage by approxi-
mately 1.4-fold compared to the CNT (—). MJ was found to
effectively alleviate chilling injury in tomato (Zhang et al.
2012) and loquat (Jin et al. 2014), and activate some defense
compounds to protect the cell membrane against low tem-
perature damage in these crops.

Under extreme conditions such as cold stress, plants can
produce highly toxic ROS in excessive amounts, leading
to the oxidative destruction of cells and lipid peroxidation
(Garg and Manchanda 2009). MDA is an important param-
eter used to understand the extent of membrane lipid peroxi-
dation and can indirectly measure the extent of membrane
damage and resistance to stress (Li and Wang 2021). All
elicitor treatments used in this study suppressed the increase
in MDA under cold-stress conditions. The best results were
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obtained from the 10 mM MIJ treatment, which reduced the
MDA content approximately 3.3-fold compared to the CNT
(—). In this study, it is thought that the decrease in EL and
MDA as a result of MJ treatments is associated with a sig-
nificant decrease in O,~ and H,0O, content, which disrupts
cell membrane integrity and leads to metabolic imbalances,
thus protecting the vines from oxidative stress damage
and improving cold stress tolerance. Repkina et al. (2021)
revealed that 1 uM MIJ treated stabilized increased hydro-
gen peroxide (H,0,) and malondialdehyde (MDA) levels in
wheat in response to low temperatures.

Yadav (2010) argued that dehydration occurs in plants
when exposed to low temperatures due to low water uptake
resulting from stomatal closure. It is also stated that low
temperatures contribute to ROS formation by reducing gas
exchange in leaves due to reduced stomatal conductance
(Goswami et al. 2022). In this study, all elicitor treatments
caused a significant increase in SC. However, it was recorded
that the most effective treatment among the elicitors was
1.0 mM SA, which caused a 2.4-fold increase compared
to the CNT (—), and the lowest values were obtained from
the 15 mM M]J treatment. The increase in SC in response
to elicitor treatments treated in our study can probably be
explained by increases in SOD, CAT and APX, which cause
inhibition of ROS-signalled stomatal closure. According to
the results obtained from this study, it was determined that
the lowest averages in terms of LT were obtained from 10
and 15 mM M]J treatments.

Under low temperature stress, plant cells lose water,
which leads to a water deficit, resulting in osmotic stress and
decreased RWC of the cell (Kohli et al. 2017). In this study,
it was determined that the highest value in terms of RWC
was obtained from 10 mM MJ and 1.0 and 2.5 mM SA, and
0.5 and 1.0 mM SNP treatments. Zhang et al. Zhang et al.
2020) found that SA treatment increased the RWC of leaves
in maize saplings exposed to low temperatures (<4 °C).
Researchers have reported that SA increases cold resistance
by promoting the growth and physiological characteristics
of maize saplings, and this resistance effect is stronger in
cold-sensitive varieties than in resistant varieties.

In previous studies, researchers have reported that proline
can stabilize the cell membrane, scavenge free radicals and
serve as a carbon and nitrogen source (Szabados and Savouré
2010). In this study, it was determined that the highest PRO
was obtained from 1.0 mM SNP treatment, which provided
approximately fourfold increase compared to the CNT (—),
and this value was followed by 2.5 mM SA treatment. Li and
Wang (2021) found that PRO in grapevine saplings, which
increased to a certain extent with low temperature stress, was
significantly increased by the treatment of different concen-
trations of SA to the leaves. Repkina et al. (2021) found that
exogenous 1 uM MJ treated before exposure to 4 °C caused
an increase in PRO in wheat.

Under cold stress, the antioxidant enzyme activities of
most plants continue to increase, slowing the rate of oxida-
tion and reducing oxidative damage (Bracale and Coraggio
2003; Einset et al. 2007). At temperatures close to freez-
ing, enzymatic activities decrease directly (Thomashow
1999). In this study, it was determined that the best treat-
ments in terms of SOD were 1.0 mM SA, which provided
an approximately 11.4-fold increase compared to the CNT
(—), and 10 mM MJ, which provided an approximately 5.6-
fold increase. Repkina et al. (2021) found that exogenous
MJ treatment (1 pM) significantly increased the activities
of antioxidant enzymes in wheat leaves and determined that
SOD activity was about 53% higher than the initial level
on the 7th day of 4 °C cold storage treatment, while MJ
treatment provided a 97% increase. In this study, it was
determined that the highest average in terms of CAT was
obtained from a 1.0 mM SA treatment, with an increase of
approximately 25 times compared to the CNT (—). Accord-
ing to the findings of this study, the highest mean APX was
obtained from 1.0 mM SA treatment, with an increase of
approximately 3.3 times compared to the CNT (—). Li and
Wang (2021) found that after exogenous SA treatments,
the SOD, CAT and POD activities of grapevine leaves at
low temperatures significantly increased continuously with
low temperature duration and reached maximum activity at
exogenous SA concentrations of 1 and 2 mM. According to
the results obtained from this study, the highest TSP was
obtained from 1.0 mM SA treatment, which provided a 2.3-
fold increase compared to the CNT (—).

According to the correlation table obtained from PCA,
all physiological parameters were grouped under Factor 1,
while all other biochemical properties except MDA were
loaded on Factor 2. Under Factor 1, the increase in EL, LT
and MDA negatively affected CHL, SC and RWC. It was
expected that the increase in the parameters listed above,
which are important indicators of cold stress damage, would
encourage the closure of stomata as a defense mechanism of
the plant and cause a decrease in RWC by creating osmotic
stress as well as CHL loss due to damage to the cells. Under
factor 2, PRO, TSP, SOD, CAT and APX were generally
positively affected by the increase in the degree of EL.
This relationship can be explained by the increase in ROS
levels due to the increase in EL in cells under cold stress
and the activation of antioxidant defense mechanisms in
response to ROS signals. Under factor 3, contrary to what
was expected, it was determined that the increase in PRO
negatively changed CAT activity. These results suggest that
the increase in PRO has a major effect on the elimination of
ROS by stabilizing cellular activities, and therefore, enzy-
matic activity is disabled in the stabilized cell.

The PCA results clearly showed the extent to which the
treated elicitors affected the cold stress tolerance of grape-
vines, with changes in physical and chemical properties.
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According to Biplot, the first two components effectively
reflect most of the information on the elicitor treatments
and parameters examined. It was determined that the SC,
CHL and RWC parameters in the positive charge value of
the first component were interrelated, and the increase in any
of the mentioned parameters positively affected the others.
This result proves that the related physiological parameters
change in response to low temperature stress. In addition,
PRO, TSP, SOD, CAT and APX in the second component
were found to be positively correlated and supported each
other in coping with low temperature stress. This situation
reveals that antioxidant defense systems act together against
cold stress in grapevines. In general, 1.0 mM SA treatment,
which is closely related to the properties in the positive
charge value of the first two components, was the most effec-
tive elicitor treatment both in the improvement of physi-
ological parameters and in the activation of plant defense
mechanisms. In addition, 1.0 mM SNP and 10 mM MJ
treatments were closely associated with the same param-
eters, suggesting that these treatments contributed to the
improvement of the osmotic adjustment capacity of grape-
vines by increasing PRO and decreasing EL, MDA and LT
while improving physiological properties. This shows that
1.0 mM SA, 1.0 mM SNP and 10 mM MIJ treatments not
only improved the physiological parameters of grapevine but
also activated antioxidant mechanisms in response to cold
stress and contributed to the development of an effective
defense against the damage of stress.

Hierarchical clustering heatmap analysis successfully
identified differences between treatments and their concen-
trations. The results showed that there was a negative cor-
relation between EL, MDA and LT with CHL, SC, RWC,
PRO, TSP, SOD, CAT and APX and that the most effective
treatment among the treated elicitors to reduce the negative
effect of cold stress by improving physiological and bio-
chemical properties was 1.0 mM SA treatment, followed by
1.0 mM SNP and then 10 mM MIJ treatments. Similarly,
Kili¢ (2023a, b) reported that elicitor treatments such as SA
caused a negative relationship between EL, MDA and LT
parameters and CHL, SC, RWC, PRO, TSP, SOD, CAT and
APX parameters in the findings obtained from hierarchical
clustering heatmap analysis.

According to the results of AHP analysis, the most
favorable treatment in terms of increasing positive param-
eters was 1.0 mM SA, followed by 1.0 mM SNP and
10 mM MIJ. In terms of decreasing the negative parame-
ters, the most favorable treatment was 10 mM MJ, followed
by 1.0 mM SA, 5 mM MJ and 1.0 mM SNP. These results
suggest that concentrations rather than treatments are more
effective in alleviating low-temperature stress damage in
grapevines. In this study, as in many other studies in dif-
ferent fields (Wang et al. 2022; Kili¢ 2023a, b), the AHP
method allowed the inclusive evaluation of several data
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analyzed and provided useful information on the determi-
nation of the most effective treatment combinations.

Conclusions

Low temperature stress during the growing season is a
major environmental stress that can damage productivity
worldwide. Climate change in recent years has become
an important threat to the future of the viticulture sector.
Therefore, developing rational and strategic approaches to
maintain high plant yields for growers is among the priority
objectives of agricultural production. In this study, it was
confirmed that exogenous SA, MJ and SNP treatments were
effective at varying levels in terms of improving physiologi-
cal and biochemical processes in grapevines exposed to cold
stress and that there were significant differences between
treatment concentrations. Among the elicitor treatments,
SA treatment at 1 mM concentration effectively reduced the
damage of cold stress on the vines and increased the cold
resistance of the vines. It was also concluded that 1.0 mM
SNP and 10 mM MIJ were the other most suitable concen-
trations following 1.0 mM SA to alleviate cold stress on
grapevines. It is thought that the findings obtained from
this study will provide important contributions in terms of
grapevine cultivation and will also provide a new perspec-
tive on elicitor-induced cold tolerance treatments, allowing
the development of new strategies for increasing the quality
and yield of agricultural products potentially sensitive to
cold stress and expanding the geographical boundaries of
production. In future studies, in order to further elucidate
the mechanisms of cold stress tolerance in grapevines, the
effects of the metabolic pathways of SA, MJ and SNP at
the transcriptome level should be investigated, and the key
genes required for signaling and biosynthesis of these elici-
tors should be identified.
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