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INTRODUCTION

Alfalfa (Medicago sativa L.) is a legume highly valued for its exceptional nutritional content
and significant economic importance. Often referred to as the "queen of forages,” it is abundant in
essential minerals, fiber, proteins, and vitamins. Beyond its role as a nutritious feed, alfalfa also
contributes positively to soil health by enhancing soil structure and fertility. Alfalfa reduces the need for
synthetic fertilizers and offers significant environmental advantages thanks to the symbiotic
relationships it establishes with soil bacteria (Samac et al., 2006; Yang et al., 2010).

Cold stress is a major factor limiting plant growth, yield, and survival. Therefore, breeding or
developing alfalfa varieties that can tolerate low temperatures is critically important from both scientific
and practical viewpoints (Li et al., 2009). Cold stress affects plants when temperatures range between 0
and 15°C, and its impact becomes even more severe below freezing (<0°C). Low temperatures can
drastically reduce seed germination rates and negatively influence both vegetative growth and
reproductive processes during the growing season. In addition, exposure to cold stress triggers an
increase in reactive oxygen species, causing extensive damage at the cellular level (Wu et al., 2008).
Freezing temperatures, in particular, result in significant injury and yield loss in plants, making cold
stress a key challenge in forage crop production. Given these productivity constraints, sustainable, cost-
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effective and environmentally friendly approaches are needed to cope with cold stress in crops (Szczerba
et al., 2021; Adhikari et al., 2022). Employing such strategies to mitigate cold stress is essential to
improve alfalfa productivity.

Nanoparticles have emerged as promising tools to combat various abiotic stresses affecting
plants. Developments in nanotechnology offer new opportunities to boost crop productivity by
supporting plant growth and mitigating stress-related damage (Shang et al., 2009). These nanoparticles
can be produced using physical, chemical, or biological synthesis methods (Kumari & Nath, 2018).
While MgO, ZnO, TiO,, and CuO nanoparticles have raised concerns due to their potential toxicity,
green synthesis techniques using biological materials have gained attention for producing nanoparticles
with reduced harmful effects. Such biologically derived nanoparticles often exhibit antioxidant,
antimicrobial, and anticancer activities, along with lower toxicity levels (Iravani, 2011; Nejati et al.,
2022). Consequently, green-synthesized nanoparticles sourced from plants and microorganisms are
favored because they are eco-friendly, stable, affordable, and safe (Ahmed et al., 2017; Bhardwaj et al.,
2020). Among these, magnesium oxide (MgO) nanoparticles are particularly notable for their low cost,
non-toxic nature, and multifunctional properties, including antibacterial, anticancer, and antioxidant
effects. MgO nanoparticles have been reported to enhance plant stress mechanisms, while also enhancing
chlorophyll concentration and photosynthetic efficiency (Pugazhendhi et al., 2019; Shen et al., 2020).

The usage of plant hormones is of invaluable importance in increasing stress tolerance and
increasing vegetative and reproductive success of the plant. SA compounds, found in limited amounts
in plants, function as a signaling molecule that increases resistance to various stresses. (Karlidag et al.,
2009). As a key plant growth promoter, SA is essential for numerous physiological processes, including
seed germination, fruit maturation, and photosynthesis (Khan et al., 2015; Hernandez et al., 2017;
Klessig et al., 2018). In addition, SA contributes to the development of cytological, morphological,
physiological and biochemical properties by regulating the expression of genes associated with cold
stress responses in plants, thus supporting the increase of cold tolerance. (Miura and Tada, 2014; Arif et
al., 2020; Wang et al., 2020; Gondor et al., 2022).

MsPYL3-3 and MsPYL5-1 genes make important contributions to regulating plant response
mechanisms to cold stress by participating in hormonal signaling networks. These genes belong to the
PYR/PYL receptor family, which mediates abscisic acid (ABA) signaling and regulates the expression
of downstream stress-responsive genes that contribute to enhanced cold tolerance. In Arabidopsis,
overexpression of genes encoding C-repeat binding factors (CBFs), which are functionally related, has
been shown to significantly improve cold acclimation and increase stress resilience (Zhao et al., 2016).
The interaction between cold stress and hormonal signaling especially involving genes like MsPYL3-3
and MsPYL5-1 offers an essential regulatory basis for enhancing cold tolerance in various plant species.
Additionally, elevated expression of both genes has been correlated with the upregulation of protective
proteins that help alleviate cold-induced damage, as documented in other studies examining plant stress
responses (Kidokoro et al., 2015; Deng et al., 2018). Therefore, elucidating the functional roles of
MsPYL3-3 and MsPYL5-1 may provide a valuable framework for novel acquisitions to enhance tolerance
to cold stress in plants.

Although some studies in the literature have emphasized on the contribution of SA and
nanoparticles to cold tolerance in plants, studies on the improvement of cold tolerance with SA and
magnesium oxide nanoparticles in different alfalfa genotypes are quite limited. In this context, this study
aimed to reveal the changes in the expression levels of MsPYL3-3 and MsPYL5-1 putative cold stress
genes in alfalfa varieties, using gRT-PCR.
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MATERIALS AND METHODS
Plant Materials and Stress Treatments

This study was conducted in the Molecular Genetics Laboratory of the Life Sciences and
Technology Application and Research Center at Kafkas University. Salicylic acid (Merc) was purchased
commercially from companies. MgO nanoparticles were obtained by Green Biosynthesis in the
Molecular Biology and Genetics and Chemistry departments of Atatiirk University (Tirkiye).
Afterwards, these NPs were characterized by SEM (Scanning Electron Microscope) and FTIR (Fourier
transform infrared) analyses (Akgay et al., 2025). The plant material used in the study consisted of
Denizli and Van alfalfa varieties. The seeds were obtained from local farmers. Initially, surface
sterilization of the seeds was achieved using a 0.5% sodium hypochlorite (NaCIlO) solution. For sowing,
trays (vials) with a depth of approximately 7 cm were used. An equal number of seeds were sown in
each tray, followed by irrigation. After planting, the trays were placed in a climate chamber with 25°C,
60% relative humidity and 16/8 h light/dark photoperiod settings to initiate the growth process. During
the four-week growth period, plants were watered only with drinking water. At the end of the fourth
week, pre-planned cold stress, hormone and nanoparticle treatments were applied. Cold stress levels and
applied hormone SA and nanoparticle (MgO) concentrations were determined based on preliminary
experiments confirmed by literature (Akcay et al., 2025). The treatment groups used in the study are
presented in Table 1. Solutions of SA and MgO nanoparticles were prepared using distilled water. These
solutions were applied exogenously to plant leaves and kept at 25°C for one day to ensure absorption.
Then, the first stage of cold stress treatment was initiated with the application of 10°C temperature with
the above photoperiod conditions of the climate chamber. Plants were exposed to this condition for 2
weeks. At the end of the 2-weeks period, samples were taken from some of the plants for RNA isolation
and stored at —80°C. The remaining plants were treated with SA and MgO nanoparticles again. These
plants were kept at 10°C for one day to facilitate further absorption. Following this, the second stage of
cold stress treatment was initiated by setting the climate chamber to 4°C under the same humidity and
photoperiod conditions. The plants were exposed to this low temperature for 10 days, after which
samples were collected for RNA isolation and stored at —80°C.

Table 1. SA and MgO nanoparticle concentration applications

Treatments Concentrations
Control (25°C) 0 mM SA, 0 ppm MgO
Cold Control (10°C, 4°C) 0 mM SA, 0 ppm MgO
_ ) 1 mM SA
SA (Salycyclic Acid) > M SA
MgO (Nanoparticle) ® pem MgO
20 ppm MgO

Determination of MsPLY3-3 and MsPLY5-1 Gene Expression Levels

In order to determine the changes in MsPLY3-3 and MsPLY5-1 gene expression levels in Denizli
and Van alfalfa varieties exposed to SA and MgO nanoparticle applications under cold stress (10 and
4°C), first RNA isolation, then cDNA synthesis and finally gRT-PCR procedures were carried out.
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Total RNA Isolation

Total RNA was isolated in accordance with the TRIzol reagent (Thermo Fisher Scientific)
protocol, following a series of carefully controlled steps. To begin, the centrifuge was set to cool at 4°C
in preparation for the procedure. Approximately 0.2 grams of plant tissue were precisely measured using
an analytical balance and then pulverized in liquid nitrogen with a mortar and pestle. Immediately after
homogenization, 1 mL of TRIzol reagent was added to the powdered sample to facilitate thorough cell
lysis. The mixture was left at room temperature for 5 minutes to allow the reagent to act. Next, 200 uL
of chloroform was introduced to the tube, followed by vigorous shaking, and the sample was allowed to
rest for 3 minutes. Centrifugation was then carried out at 12,000 rpm for 15 minutes to separate the
phases. The upper aqueous layer, containing RNA, was carefully transferred to new microcentrifuge
tubes. Then, 250 pL of isopropanol was added to each sample, and the tubes were incubated at room
temperature for 10 minutes. A second round of centrifugation was conducted at 12,000 rpm for 10
minutes. The supernatant was removed, and the resulting RNA pellet was rinsed with 1 mL of 70%
ethanol that had been chilled to —20°C, followed by centrifugation at 7,500 rpm for 5 minutes. After
discarding the ethanol, the pellet was left to air-dry until all residual ethanol had evaporated. The final
step involved dissolving the RNA pellet in 40 puL of nuclease-free water. The amount of RNA was
measured using a nanodrop device (Thermo Scientific Multiscan SkyHigh /A51119700). Finally, purity
was determined by calculating the Abs260/280 nm and Abs260/230 nm ratios.

cDNA Synthesis

cDNA synthesis from RNA obtained by RNA isolation was performed according to the
Thermoscientific RevertAid First Strand cDNA Synthesis Kit protocol using 6 pL. of RNA and stem-
loop primers, and the final volume was 20 pL. The reaction mixture contained 5X buffer, RNase
inhibitor, dNTPs, RevertAid reverse transcriptase (RT), RNase-free water, random primers, and RNA
samples in appropriate volumes, which were transferred into PCR tubes. The thermal cycling conditions
for the reaction were as follows: an initial incubation at 65°C for 5 minutes, followed by 25°C for 5
minutes, and then 42°C for 60 minutes. Upon completion of the reaction, 50 puL of ultrapure (dH20) was
added to each cDNA sample to finalize the synthesis. The resulting cDNA samples were subsequently
used for Real-Time PCR analysis.

Real Time PCR (RT-gPCR)

Quantitative Real-time PCR was performed on Applied Biosystems, StepOne PlusTM S/N:
720012158 using the protocol of the Solis Biodyne Hot Firepol Evagreen Real-Time gPCR Supermix,
5X kit. Following the manufacturer’s protocol, each 10 pL reaction mixture included 2 pL of Solis
BioDyne EvaGreen Supermix, 0.2 pL of each primer (forward and reverse), 2 uL of cDNA template,
and 5.6 puL of nuclease-free water. The reaction mixtures were transferred into 96-well PCR plates,
sealed with adhesive film, and placed in the RT-gPCR system. The thermal cycling conditions began
with an initial denaturation step at 95 °C for 12 minutes (one cycle), followed by 40 cycles consisting
of denaturation at 95 °C for 15 seconds, annealing at 58 °C for 20-30 seconds, and extension at 72 °C
for 20-30 seconds. The genes examined in this experiment MsPYL3-3, MsPYL5-1, and Mtactin along
with their corresponding primer sequences, are detailed in Table 2. The Mtactin gene was included as
the reference housekeeping gene. Gene expression was quantified using the 2"t method based on the
obtained RT-qPCR data.
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Table 2. Genes and primer sequences

Gene Forward Reverse
MsPLY3-3 TTCAACCCTACAACCGATGCAACC GCCGTGGGTGGTGGTGTTTG
MsPLY5-1 CAAGAGACAACCGCCTCCATCAC CACATCACCGTCGCCACCAAC
Mtactin TGACGGAGAATTAGGGTTCG CCTCCAATGGATCCTCGTTA

RESULTS AND DISCUSSION

Fold Change in MsPLY3-3 and MsPLY5-1 Gene Levels in Leaf Samples of Denizli and Van
Varieties

In the MsPYL3-3 gene, while it was down-regulated by 5 ppm MgO (0.9) in the 10 °C Denizli
variety with 25 °C and cold controls (1, 1.99), it was up-regulated by 1 mM SA (2.74), 2 mM SA (4.64),
20 ppm MgO (2.52). In the 4 °C Denizli variety with 25 °C and cold controls (1, 2.05), 1 mM SA (2.81),
2 mM SA (5.32), 5 ppm MgO (2.23) and 20 ppm MgO (3.23) it was up-regulated (Figure 1). In the 10
°C Van variety, 2 mM SA (1.12) was up-regulated, while 1 mM SA (0.41), 5 ppm MgO (0.54) and 20
ppm MgO (0.73) were down-regulated compared to 25 °C and cold controls (1, 0.89). In the 4 °C Van
variety, 5 ppm MgO (0.64) and 20 ppm MgO (0.89) were down-regulated compared to 25 °C and cold
controls (1, 1.69), while 1 mM SA (3.33) and 2 mM SA (1.75) were up-regulated (Figure 2).

In the MsPYL5-1 gene, 1ImM SA (3.79), 2mM SA (3.55), 5 ppm MgO (3.9) and 20 ppm MgO
(3.62) were up-regulated in the 10 °C Denizli variety compared to cold controls (3.44). In the 4 °C
Denizli variety, ImM SA (5.09), 2 mM SA (4.61) were up-regulated, while 5 ppm MgO (2.72) and 20
ppm MgO (3.87) were down-regulated compared to cold controls (4.56) (Figure 3). In the 10 °C Van
variety, ImM SA (0.51), 2 mM SA (0.22), 5 ppm MgO (0.79) and 20 ppm MgO (0.64) were down-
regulated with 25 °C and cold controls (1, 1.26). In the 4 °C Van variety, 1ImM SA (1.95), 2 mM SA
(1.59), 5 ppm MgO (1.41) and 20 ppm MgO (1.47) were up-regulated with 25 °C and cold controls (1,

1.33) (Figure 4).
Control (25°C) S
Cold Control

4

1 mM 5A
3

2 mM SA
5 ppm MgO 2
20 ppm MgO 1

Denizli 10°C Denizli 4°C
MsPYL3-3

Figure 1. Heat map of MsPYL3-3 gene level fold change obtained by 2447 method for the
Denizli variety. The color scale indicates fold changes in gene expression.
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Figure 2. Heat map of MsPYL3-3 gene-level fold change obtained by the 244" method for the Van
variety. The color scale indicates fold changes in gene expression.

Control (25°C)
Cold Control
1 mM SA

2mM 54

5 ppm MgO

20 ppm MgO

Denizli 10°C  Denizli 4°C

Figure 3. Heat map of MsPYL5-1 gene level fold change obtained by 2447 method for Denizli variety.
Color scale shows fold changes in gene expression.

Journal of Agriculture 2025; 8 (2) 65-75 https://dergipark.org.tr/tr/pub/ja 70



https://dergipark.org.tr/tr/pub/ja

AKCAY et al. JOURNAL OF AGRICULTURE

Determination of Cold Tolerance in Local Alfalfa (M. sativa L.) Cultivars Grown in Tiirkiye under In Vitro Conditions through
MsPYL3-3 and MsPYL5-1 Genes

Control (25°C)
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Figure 4. Heat map of MsPYL5-1 gene level fold change obtained by 24T method for Van variety.
Color scale shows fold changes in gene expression.

The results demonstrate that the expression patterns of MsPLY3-3 and MsPLY5-1 vary notably
under cold stress, depending on the alfalfa variety and the treatment applied. This variation suggests that
different alfalfa genotypes may possess unique mechanisms to eliminate low temperature stress. Both
genes were generally upregulated in response to cold in the two studied varieties; however, the Denizli
variety exhibited a stronger transcriptional response at both 10°C and 4°C compared to the Van variety
(Fig. 1, 2, 3, 4). This enhanced gene expression indicates that Denizli may have a more efficient
regulatory mechanism contributing to greater cold tolerance. In support of this idea, Ren et al (2022)
reported that the VaPYL4 gene from Vitis amurensis also increased resistance to cold stress when
overexpressed in Arabidopsis thaliana. This highlights the broader role of PYL family genes in stress
resilience across plant species. Similarly, Nian et al. (2021) identified several PYL genes in Medicago
sativa L., most of which were upregulated in response to 4°C cold treatment. Their study found that
MsPLY3-3 was particularly induced under long-term cold exposure, while MsPYL5-1 showed increased
expression only during short-term stress and was suppressed with extended exposure. These
observations emphasize that gene activation is affected not only by temperature severity but also by the
duration of the stress period.

Evaluation of exogenous treatments revealed that SA applications at both 1 mM and 2 mM
concentrations influenced gene expression levels in a variety- and temperature-dependent manner. In
the Denizli cultivar, treatment with 2 mM SA induced the highest expression of the MsPLY3-3 gene,
whereas 1 mM SA triggered the most significant upregulation of MsPYL5-1 (Fig. 1, 3). These results
highlight the potential role of SA in developing defense mechanisms against environmental stress factors
in plants. Supporting this, Zhao et al. (2020) demonstrated that during seed germination in Arabidopsis
thaliana, the expression of several PYL family genes, particularly PYL11 and PYL12, was elevated in
response to external ABA treatment, influencing both germination and seedling growth. Based on this,
it is plausible that SA may function similarly to plant hormones, enhancing gene expression and
contributing to cold stress resistance during early growth phases. As for MgO nanoparticle applications
(5 and 20 ppm), MsPLY3-3 gene expression tended to decrease under both temperature conditions in the
Van variety (Fig. 2). In contrast, MSPYL5-1 was upregulated under 10°C cold stress (Fig. 4) but showed
reduced expression at 4°C in the Denizli variety (Fig. 3). Overall, both MsPLY3-3 and MsPYL5-1 showed
increased expression at 10°C (Fig. 1, 2, 3, 4). These findings emphasize not only the genotype-specific
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nature of stress responses but also the importance of temperature and concentration in determining the
regulatory impact of nanoparticle treatments on gene expression.

The MsPYL3-3 and MsPYL5-1 genes are integral to plant cold stress adaptation, functioning
within regulatory networks that respond to environmental stimuli. These genes are part of the
PYR/PYL/RCAR family, which encodes receptors for abscisic acid (ABA) a central phytohormone
known to coordinate plant responses to abiotic stress (Zhang et al., 2012; Sun et al., 2022). Data from
this study indicate that the expression of these genes triggers a cascade of adaptive processes, including
regulation of genes associated with cold stress and cellular mechanisms that facilitate acclimation to low
temperatures. When plants encounter cold environments, they initiate a series of molecular and
physiological changes. One of the most critical responses involves the increased expression of Cold-
Responsive (COR) genes and C-repeat Binding Factors (CBFs) (Miura et al., 2011; Vijayakumar et al.,
2016). These gene families contribute to enhanced freezing tolerance by regulating transcription factors
within the CBF pathway and activating downstream COR genes, helping to stabilize internal cellular
conditions during stress (Zhao et al., 2016; Hong & Ryu, 2023). Additionally, research has confirmed
that upregulation of PYL genes is linked to improved cold resistance. This is believed to occur through
their role in modulating stress response pathways, including those that influence stomatal closure and
transcriptional regulation during adverse conditions (Seki et al., 2002; Zhang et al., 2012).

The significance of MsPYL3-3 and MsPYL5-1 is highlighted by the crucial need to understand
how plants cope with the cold stress, especially in crops exposed to low temperatures during vital
developmental phases. Studies involving comparative transcriptome analysis have revealed that genes
related to cold tolerance show varied expression patterns across different plant varieties or genotypes.
This variation implies that certain PYL genes, including those from the MsPYL family, might play key
roles in the mechanisms plants use to endure cold conditions (Hall et al., 2008; Cofer et al., 2018).
Furthermore, research has underscored the importance of tightly controlled gene regulation to counteract
cold stress, particularly through the interactions between reactive oxygen species (ROS) signaling
pathways and cold-responsive genes (Yu et al., 2014; Liu et al., 2022). These previous findings serve as
a valuable framework supporting the aims of this study.

CONCLUSION

This research explored how the phytohormone Salycylic acid and magnesium oxide nanoparticles
influence the expression of MsPYL3-3 and MsPYL5-1 genes in two alfalfa varieties (Denizli and Van)
subjected to cold stress at 10°C and 4°C. The findings proved that cold stress generally led to an
upregulation of these genes in both varieties, with Denizli showing a notably stronger response.
Additionally, treatment with SA and MgO nanoparticles under cold conditions further amplified gene
expression, again with a greater effect observed in the Denizli variety. Overall, the study demonstrates
that both SA and MgO nanoparticles modulate PYL gene expression during cold stress, with variations
dependent on the specific cultivar. These results point toward the potential use of SA and nanoparticle
applications as effective methods to boost cold tolerance in plants. Future research focusing on the
regulatory mechanisms of these genes and cultivar-specific reactions could offer important insights for
enhancing crop resilience to environmental stress.
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