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Abstract

This study aimed to investigate the responses of alfalfa (Medicago sativa L.) genotypes (Van/Denizli) to cold stress and to
evaluate the effects of exogenous salicylic acid (SA), magnesium oxide nanoparticles (MgO NPs) and their combination
(SA+MgO NPs) on these responses. Alfalfa genotypes were subjected to treatments with SA (1 and 2 mM), MgO NPs (5
and 20 ppm), and SA + MgO NPs, followed by exposure to cold stress at 10 °C and 4 °C for 14 days each. Changes in
biochemical parameters, scanning electron microscope (SEM) image analysis, and alterations in miRNA (miRNA156 and
miRNA173) gene expression levels were examined to assess the mitigating effects of the treatments on cold-induced dam-
age. The results indicate that under cold conditions, SA and MgO NPs singularly reduced lipid peroxidation (LPO) and
hydrogen peroxide (H,0,) contents while increasing proline content. The combination of 2 mM SA+20 ppm MgO NPs
exhibited the most significant alleviating effects against cold stress. Analysis of miRNA gene expression levels revealed
differential regulation patterns, with miR156 and miR173 showing distinct responses to temperature and treatment com-
binations. Our study underscores the potential of MgO NPs and SA as promising agents to enhance cold tolerance and
mitigate crop losses in agriculture. Future research endeavors exploring the efficacy of these substances across diverse
plant genotypes under cold stress conditions could offer valuable insights into developing strategies for enhancing cold
stress resilience and improving agricultural productivity.

Key Message
Salicylic acid and MgO NPs improved the resistance of M. sativa genotypes conditions cold stress enhancing antioxidant
enzyme activity, biochemical parameteres, miRNA gene expression and electronic scanning analysis.
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Introduction

Medicago sativa L., commonly referred to as lucerne or
alfalfa, is recognized as the preeminent forage crop within
scientific discourse. This botanical entity, classified within
the genus Medicago and situated in the Faboideae subfam-
ily of the Fabaceae family, garners the esteemed epithet of
the "queen of forage crops" (Hossain et al. 2020). With a
worldwide cultivation expanse encompassing an estimated
32 million hectares, representing 2.5% of arable land, alfalfa
emerges prominently for its nutritional abundance, minimal
fiber composition, elevated protein content, and superior
digestibility attributes. These characteristics collectively
render it an invaluable dietary choice for livestock (Radovié¢
et al. 2009).

Within the intricate tapestry of ecological relationships,
environmental variables assume a pivotal role in molding
plant development. Optimal environmental conditions are
indispensable for the robust proliferation of plants. None-
theless, exposure to adverse conditions can instigate stress,
thereby testing a plant's adaptive prowess and metabolic
pathways (Shao et al. 2008). Cold stress, delineated by tem-
peratures falling below the threshold conducive to optimal
growth, emerges as a noteworthy abiotic stressor, imposing
deleterious impacts on the morphology, physiology, and
metabolic dynamics of plants (McKersie et al. 1994; Maha-
jan and Tuteja 2005). During cold stress, plants encoun-
ter disturbances in their electron transport systems within
chloroplasts and mitochondria, culminating in the buildup
of reactive oxygen species (ROS) and subsequent oxidative
stress (Suzuki and Mittler 2006). ROS, such as hydrogen
peroxide (H,0,), impose deleterious effects on biological
molecules, leading to DNA damage, enzyme inactivation,
and lipid peroxidation (Navrot et al. 2007). To mitigate the
adverse impacts of cold stress, plants deploy adaptive mech-
anisms, which encompass the synthesis and accumulation
of osmolytes, such as proline, glycine, and soluble sugars
(Erucar 2006) Osmolytes play a critical role in upholding
osmotic equilibrium, safeguarding structural integrity, and
scavenging free radicals, consequently augmenting plant
resilience against cold stress (Tester and Davenport 2003).

Salicylic acid (SA) emerges as a crucial phytohormone
synthesized by plants, widely distributed throughout plant
tissues, albeit its precise transport mechanism remains
elusive. Research indicates that SA is translocated via the
phloem from externally applied sites to diverse plant organs.
Functioning as a signaling molecule of plant origin, SA and
its derivatives trigger the activation of defense-related genes,
enhancing plant resistance to various stressors and bolster-
ing their resilience. Its multifaceted effects range from regu-
lating cell growth and stomatal closure to modulating the
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expression of genes associated with senescence and fruit
yield (Raskin 1992).

The influence of salicylic acid (SA) on plants demon-
strates variability, contingent upon environmental factors,
application techniques, plant genetic makeup, and dos-
age. While lower concentrations of SA promote growth,
higher levels may impede it. In suboptimal environmental
conditions, endogenous SA levels might increase, whereas
external applications of SA can offer adaptive benefits by
mitigating stress (Bagautdinova et al. 2022).

The potential of nanotechnology in the 21st century is
undeniable, as it revolves around particles sized from 1 to
100 nanometers, encompassing various forms like nano-
crystals, nanowires, nanorods, and nanoparticles (Hulkoti
and Taranath 2014). Nanotechnology, a multidisciplinary
science, commands substantial attention across an array of
fields. Its applications span rapid disease detection, molecu-
lar therapies, pathogen control, biosensor development,
improved nutrient utilization in agriculture and plants, as
well as contributions to engineering, textiles, automotive
manufacturing, construction, industrial processes, space
exploration, and environmental sustainability (Mbonyiry-
ivuze et al. 2015).

In the realm of agriculture, the incorporation of nano-
technology offers compelling prospects to slash production
expenses, promote robust plant growth, and combat envi-
ronmental contamination by minimizing reliance on chemi-
cal inputs (Daghan 2017). Magnesium (Mg) stands out as a
paramount element, holding the rank of the 8th most abun-
dant constituent in the Earth's crust and securing its position
as the second most prevalent cation in plants (Senbayram
et al. 2015). Crucial for optimal plant growth, magnesium
plays indispensable roles in activating enzymes, facilitating
photosynthesis, and synthesizing proteins and nucleic acids
(Cowan 2002). Plants fortified with sufficient magnesium
demonstrate heightened resilience to diverse abiotic stresses
(Ahmed et al. 2023).

Magnesium oxide nanoparticles typically range in size
from 5 to 120 nm, providing a specific surface area of
25-50 m?/g. Distinguished by their diminutive dimensions,
pronounced ionic characteristics, and distinctive crystal
structure, magnesium oxide nanoparticles hold significant
promise for a wide array of applications (Bindhu et al.
2016). These nanoparticles are easily synthesized, non-
toxic, cost-effective, and exhibit antimicrobial properties,
in line with the tenets of green and sustainable agriculture.
In agricultural contexts, magnesium oxide nanoparticles
show low genotoxicity, biotoxicity, and phytotoxicity, while
concurrently stimulating seedling development, amplify-
ing plant growth, and conferring resilience against diverse
stressors. The application of magnesium oxide nanoparti-
cles via foliar spraying as nanofertilizers and enhancers of
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light absorption has been pivotal in bolstering the growth
and yield of numerous crops (Cai et al. 2018).

Stress induces intricate regulatory mechanisms in plants,
including the modulation of gene expression by microRNAs
(miRNAs), which may exhibit over or under-expression
or generate new miRNAs to counteract stressors. Recent
advancements in high-throughput sequencing technology
have facilitated the discovery of numerous miRNAs across
various plant species, shedding light on their roles in miti-
gating biotic and abiotic stresses such as drought, salinity,
cold, mechanical stress, and heavy metal toxicity. MiRNAs,
small single-stranded non-protein-coding RNA molecules
spanning 21-24 nucleotides, exert regulatory functions by
binding to target mRNAs, thereby modulating gene expres-
sion through mRNA degradation or repression. Emerging
studies emphasize the crucial role of miRNAs in plant stress
responses, enhancing the stability and reliability of current
miRNA gene editing techniques (Zhou et al. 2008; Zhong
et al. 2020).

An array of abiotic stress factors, comprising low and
high temperatures, drought, salinity, nutritional deficien-
cies, and metal elements, have been implicated in modifying
the expression patterns of miRNAs linked to the progres-
sion of plant growth across various plant species (Shri-
ram et al. 2016). Among the extensively studied miRNAs,
miR156 stands out as a prominent member, demonstrating
high conservation across plant species. Initially identified in
Arabidopsis, miR156, consisting of 20 nucleotides, targets
the SPL (SQUAMOSA promoter binding protein) and SBP
(SQUAMOSA promoter binding protein) gene families,
thereby regulating pivotal aspects of plant growth, repro-
duction, and development (Reinhart et al. 2002). In addition
to miRNAs, small regulatory RNAs include heterochro-
matic siRNAs (hc-siRNAs), repeat-associated siRNAs
(ra-siRNAs), natural sense-antisense transcript siRNAs,
trans-acting siRNAs (ta-siRNAs), and the recently discov-
ered Piwi-interacting RNAs.

The discovery of trans-acting siRNAs (ta-siRNAs) in
Arabidopsis has bridged the miRNA and siRNA pathways,
offering insights into their intricate regulatory networks. Ta-
siRNAs, initially elucidated through the study of RDR6 and
gene silencing suppressor (SGS3) genes, are triggered by
the cleavage of primary TAS transcripts targeted by miR-
NAs. Subsequently, aided by RDR6 and SGS3, the cleav-
age products undergo conversion into double-stranded RNA
(dsRNA), ultimately processed by DCL4 to yield ta-siRNAs.
Notably, Arabidopsis harbors four TAS gene families, with
miR 173 targeting TAS1a, TAS1b, and TAS1c, while TAS2
is solely targeted by miR173. The resultant ta-siRNAs regu-
late a wide array of genes, including the pentatricopeptide
repeat (PPR) genes, which constitute a significant protein
family in land plants. PPR proteins serve various molecular

functions and physiological roles in plant growth, devel-
opment, photosynthesis, and responses to environmental
stimuli (Peragine et al. 2004; Allen et al. 2005; Yoshikawa
et al. 2005).

In this study, we explore the effects of exogenously
applied salicylic acid and magnesium oxide nanopar-
ticles on biochemical responses and the expression levels
of miRNA156 and miRNA173 genes in Van and Denizli
alfalfa genotypes under cold stress conditions. Our inves-
tigation seeks to elucidate nutritional requirements and
improve product quality in response to the challenges posed
by population growth and escalating production costs.

Materials and methods

Preparation of blackcurrant (Ribes nigrum) fruit
extracts

Blackcurrants (Ribes nigrum) were harvested from the
Atatiirk University Campus in Turkey. The fruits were
meticulously washed in tap water, followed by additional
rinses in distilled water (3—4 times). Subsequently, they
underwent freeze-drying at — 40 °C. A total of 10 g of dried
blackcurrant fruit were pulverized into a fine powder. This
powder was then combined with 100 ml of distilled water
and heated to 80 °C for one hour with continuous stirring.
Following the heating process, the mixture was allowed to
cool to room temperature. To isolate the extract, the cooled
mixture underwent centrifugation at 8500 rpm for 10 min-
utes. The resulting supernatant was then filtered using
Whatman filter paper to obtain a pure liquid extract of the
blackcurrant fruit.

Green synthesis of MgO NPs

Fort his, 2 g of magnesium nitrate (Mg(NO,),.6H,0) was
combined with 50 ml of blackcurrant fruit extract and stirred
for 30 minutes at room temperature. Subsequently, the mix-
ture was heated at 90 °C for 2 hours. Upon reaching this
temperature, the pH was adjusted to 11 using a 2 M NaOH
solution, resulting in a color change of the solution to dark
brown. Following cooling, the solution underwent centrifu-
gation (4 °C) twice for 20 minutes at 8500 rpm, followed by
multiple washes with deionized water. The resulting solid
MgO NPs were then dried in an oven at 60 °C overnight.
Finally, the dried MgO NPs were subjected to calcination
in a heating furnace (Thermolyne/Dubuque III) at 500 °C
for 3 hours. The resulting green synthesized MgO NPs were
utilized for further characterization and various applications
(Nijalingappa et al. 2019).
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Characterization of MgO NPs

The crystal structure and orientation of MgO NPs, syn-
thesized through the green method, were investigated
employing a Rigaku Miniflex diffractometer utilizing Cu
Ka radiation (1.5406 A). Morphological characterizations
of the nanoparticles were conducted using an FEI Quanta
scanning electron microscope (SEM). For detailed chemi-
cal composition analysis, an energy-dispersive X-ray spec-
troscopy (EDX) system was integrated with the SEM (FEI
INSPECT550). Furthermore, Fourier transform infrared
(FTIR) data spanning the range of 400-4000 cm ", provid-
ing insights into the functional groups present in the syn-
thesized metal oxide nanoparticles, were recorded using
a Spectrum One FT-IR Spectrometer with the KBr pellet
method.

Plant material and cold stress, SA, and MgO
NPs applications

The seeds of Van and Denizli genotypes of alfalfa (Medi-
cago sativa L.) used in the study were obtained from local
farmers. Before sowing, the seeds were strelized with 70%
ethyl alcohol for 10 min and 0.05% Tween® 20 and 20%
commercial bleach (with 3% hypochlorite) for 7 minutes,
respectively, and then washed thorouglywith deionized
water for several minutes. The germinated seeds were sown
in pots (54 cm length x 28 cm width) carefully covered with
soil (soil: perlite: peat (1:1:1). The seedlings were placed
in a climate-controlled growth chamber (Panasonic MLR-
352H-PE) with a temperature of 25 °C, 60% relative humid-
ity and a lighting period of 16/8 (day/night) with 15,000
lux illumination. Following the germination, the seedlings
were grown under the control conditions for 4 weeks (28
days). Following this stage, seedling leaves in each pot were
treated with one of the following: (1) salicylic acid (SA)
alone (1 or 2 mM in 0.1% Tween-20), (2) MgO nanoparti-
cles alone (5 or 20 ppm), or (3) various combinations of SA
and MgO nanoparticles (1 mM SA+5 ppm MgO NPs; | mM
SA+20 ppm MgO NPs; 2 mM SA+5 ppm MgO NPs; 2 mM
SA+20 ppm MgO NPs). The concentrations were selected
based on preliminary trials supported by existing literature.
Each solution was applied using a 100 mL atomizer until
complete leaf coverage (runoff) was achieved. The control
plants were treated with the same amount of distilled water
containing 0.1% Tween-20. To ensure thorough absorp-
tion of the applied compounds by the leaves, all the plants
were incubated in the same climate chamber for 24 hours
under conditions of 16/8 hour light/dark cycle, 60% humid-
ity, and 25 °C. Then, the ambient temperature was lowered
to 10 °C (16/8 hour light/dark cycle, 15,000 lux, and 40%
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humidity), and the seedlings were grown under these con-
ditions for an additional 14 days. At the end of this stage,
half of the pots from each treatment group were harvested
(with at least 3 pots per group), and the remaining pots were
treated again with the same applications of SA and MgO
NPs, along with their respective combinations, following
the procedure described earlier. Twenty-four hours after the
application, all pots were exposed to 4 °C conditions (16/8
hour light/dark cycle, 15,000 lux, and 40% humidity), and
the seedlings were grown under these conditions for another
14 days. Then, the plants were harvested. Plant samples har-
vested at both stages (10 °C and 4 °C) were transferred to a
deep freezer at — 80 °C until used in the experiments.

Determination of total soluble sugar content

Total soluble sugar content was determined by DNSA
(3,5-dinitrosalicylic acid) method. Plant samples (0.1 g)
were homogenized in a mortar using liquid nitrogen. Then
5 mL of 2.5 N HCI was added and homogenization was
completed. The samples were centrifuged at 15,000 rpm for
10 minutes and 2 mL of the supernatant was taken into a
glass tube. After adding 2 mL of DNSA to the tube, it were
incubated in a 90 °C water bath for 20 min and cooled in
an ice bath to stop the reaction. Aliquots of 100 pL were
taken from each sample including the blank sample, and the
absorbances was measured at 550 nm on a multiscan spec-
trophotometer (Thermo Scientific, Multiskan GO Micro-
plate Spectrophotometer).

Determination of H,0, content

The concentration of H,0, was determined according to the
previously described protocol (Sousa et al. 2013). Fort his,
fresh tissue (0.2 g) was homogenized using a mortar and
pestle, first with liquid nitrogen and then with 2 mL of potas-
sium phosphate buffer (50 mM, pH 6.5). The homogeniza-
tion was completed with 2 mL of 0.1% TCA (trichloroacetic
acid). After centrifugation at 15,000 rpm for 15 minutes at
4 °C, 1 mL of the supernatant was combined with 0.15 mL
of 5% Ti(SO,), and 0.3 mL of 19% NH,OH. The resulting
extract was centrifuged at 15,000 g for 15 minutes at 4 °C,
and the pellet was dissolved in 3 mL of 2 M H,SO,. The
absorbance of the mixture was measured at 415 nm on the
multiscan spectrophotometer. The absorbance values were
then correlated to micrograms of H,0, using a standard
graph prepared with pure H,0,.The results were expressed
as umol/g .
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Determination of lipid peroxidation level

The level of lipid peroxidation (LPO) was determined by
assessing the malondialdehyde (MDA) content (Dhindsa
and Matowe 1981). Plant samples (0.2 g) were ground in
mortar using liquid nitrogen. Homogenization was achieved
by adding 2 mL of 0.1% TCA and then centrifuging at
15,000 rpm (4 °C) for 15 minutes. The supernatants (0.5
mL) was mixed with 1 mL of 1% TBA (thiobarbituric acid).
This mixture exposed to incubation in a water bath at 95
°C for 30 minutes and was then promptly cooled to room
temperature on an ice bath. The samples were subjected to
centrifugation once again at 3000 rpm for 5 minutes, and
the absorbance of the resulting supernatant was measured
at 440, 532, and 600 nm using a microplate reader. The cal-
culations were performed based on the formula specified
by (Hodges et al. 1999), and the results were expressed as
pmol/g .

MDA (nmol/mL)
_ [1(A532 — 4600) — [(A440 — 4600) x (0.057D]I] 6 (N
N 15700

Determination of proline content

The proline content was determined according to (Ahmad
et al. 2012) with slight modifications. Firstly, 0.4 g of plant
leaves were finely ground using liquid nitrogen in a por-
celain mortar. Subsequently, 7.5 mL of 3% sulfosalicylic
acid was added to the samples and homogenized again.
After centrifugation at 12,000 rpm for 10 minutes, 2 mL of
the resulting supernatant was carefully transferred to clean
glass tubes. Then, 1 ml of acetic acid and 1 mL of acid nin-
hydrin were sequentially added to the tubes. The samples
were then incubated in a 100 °C water bath for 1 hour. After
incubation, the tubes were rapidly cooled in an ice bath.
Next, 4 mL of toluene was added to each cooled tube, fol-
lowed by thoroughly mixing. The absorbance of the toluene

Table 1 mtr-miR156a, mtr-miR173-5p, and U6 primer sequences
mtr-miR156a
Stem Loop

GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACTGTGCT

ACCGGGGTGACAGAAGAGAGAG
CCAGTGCAGGGTCCGAGGTA

Forward (5'-3")
Reverse (3'-5")
mtr-miR173-5p

Stem Loop GTCGTATCCAGTGCAGGGTCCGAGG

TATTCGCACTGGATACGACGTGATT

Forward (5'-3") ACCGGTTCGCTTGCAGAGAGA

Reverse (3'-5) CCAGTGCAGGGTCCGAGGTA
Reference U6
Forward (5'-3") ATTTGAACATACAGGA

Reverse (3'-5") CGATAAAATTGGACCATTTCTG

phase in the tubes was measured using a spectrophotometer
at a wavelength of 520 nm.

SEM analysis (Image acquisition with
scanning electron microscope)

Plant samples were kept in 0.025 M buffer (pH 6.8) at room
temperature for 1 hour. Then they were kept in fixative buf-
fer (pH 6.8) at room temperature (25 °C) for 2 hours and
then 0.025 M buffer (pH 6.8) was kept on ice for 1 hour.
After washing 3 times with dH,0O, they were kept in dis-
tilled water for 30 minutes. Starting with 10% ethyl alcohol
(C,HsOH), they were kept in 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90% and 100% ethyl alcohol concentrations
for 15 min each at room temperature, respectively (Fowke
1995) Imaging was performed with a Quante FEG 250 scan-
ning electron microscope.

RNA isolation and Real time PCR

In order to determine the changes in mtr-miR156a and mtr-
miR173-5p gene expression levels in Van and Denizli alfalfa
cultivars exposed to cold, SA and MgO NPs treatments,
first total RNA isolation, then cDNA synthesis and finally
RT-qPCR were performed. RNA isolation was performed
from frozen leaves (0.2 g) using a commercial kit (PureLink
RNA/Invitrogen by Thermo Fisher Scientific) according
to a protocol, and the RNA quantity was measured using a
nanodrop device (Thermo Scientific Multiscan SkyHigh /
AS51119700). Finally, the purity was determined by calcu-
lating Abs260/280 nm and Abs260/230 nm ratios. cDNA
synthesis from the RNA obtained through RNA isolation
was carried out according to the protocol of the Thermosci-
entific RevertAid First Strand cDNA Synthesis Kit using 6
pL of RNA and stem loop primers, with a final volume of 20
pL. 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 qPCR
Supermix, 5X kit. The RT-qPCR conditions consisted of an
initial denaturation at 95 °C for 12 minutes, followed by
denaturation at 95 °C for 15 seconds (40 cycles), annealing
at 5872 °C for 30 seconds (40 cycles), and finally, exten-
sion and elongation. The reference U6, mtr-miR156a and
mtr-miR173-5p forward and reverse primer sets used in the
reaction protocol were designed using the NCBI database
and the primers used are given in Table 1. below. Each sam-
ple was run in 3 replicates and the Ct values and fold values
obtained as a result of the Real-Time PCR reaction were
calculated by the (2"24¢t) method.

@ Springer
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Statistical analysis

The data obtained with the post-reaction were analyzed
using the SPSS 26.0 package program. The Kolmogorov-
Smirnov test was used to determine whether the data were
normally distributed. Analysis of variance was performed
with the two-way ANOVA test, and P < 0.05 confidence
level was determined using Duncan's multiple comparison
test.

Results
SEM, FT-IR, and XRD analyses of MgO NPs

The structural phase of MgO NPs was determined by X-ray
diffraction spectra. (Fig. 1) shows the XRD spectrum of
MgO NPs synthesized by the green method. As shown in
the figure, the diffraction peaks observed at 26 = 36.631,
42451, 61.841, 74.111 and 78.041 are associated with the
[111], [200], [220], [311] and [222] planes, respectively,
in good agreement with the literature. The XRD spectrum
(Fig. 1a) provides insights into the crystalline structure of
the CaO NPs. The peaks at specific angles (17.98°, 31.71°,
34.13°, and 50.75°) indicate the presence of Ca(OH), units,
offering valuable information about the crystallographic
composition of the synthesized nanoparticles. This analy-
sis contributes to the overall understanding of the material's
structure. The d-range values of the peaks (from JCPDS
data) were found to be almost equal to the measured d-range
values (from the Bragg equation). The lattice parameters of
the crystal structure are a=b=c=0.4211 nm. Moreover, no
peaks of other impurities were observed, which is a strong
indication of the high purity of the synthesized nanopar-
ticles. At the same time, the strong and sharp diffraction
peaks are evidence of good crystallization of MgO NPs.

The Fourier transform infrared spectrum of MgO NPs
synthesized using the environmentally friendly green
method is shown in (Fig. 1A). The peaks at low frequen-
cies of 652 and 836 cm ™! are associated with the vibrational
mode of the metal-oxygen bond of MgO (Ansari et al. 2018).
The corresponding band is observed at 1409 cm ™! and, as is
known, chemical absorption of atmospheric carbon dioxide
causes the formation of this group. The bands detected at
2902 and 2977 cm ™! are due to C—H stretching modes. The
band observed at 3676 cm ™! is due to hydroxyl groups or
defects in low coordination sites. The observation of bands
related to H,O and CO, groups in Fourier Transform Infra-
red Spectrometry is attributed to the chemical absorption of
these molecules by magnesium oxide when exposed to the
atmosphere.

SEM image with a magnification of 5 pm to determine
the morphology of the synthesized MgO NPs is given in Fig.
2. It is noticeable from this FESEM image that the average
particle size varies between 100—120 nm. The EDX graph
in the FESEM image in Fig. 2 shows that the stoichiometric
ratio of Mg to O is approximately one.

Total soluble sugar content findings

The results from leaves of plants exposed to 10 °C and 4
°C for 14 days were analyzed through two comparisons:
(1) cold stress controls (10 °C and 4 °C) versus the 25 °C
control group, and (2) treatments applied under cold stress
versus their respective temperature controls (10 °C or 4
°C). In the Van genotype, the 10 °C cold control showed a
0.89 mg/g increase in soluble sugar content relative to the
25 °C control, while the 4 °C cold control demonstrated a
more pronounced increase of 1.14 mg/g. Among the cold-
stress treatments, the combination of 2 mM SA+20 ppm
MgO NPs yielded the highest soluble sugar accumulation:
2.386 mg/g at 10 °C and 1.781 mg/g at 4 °C compared to

Fig.1 A XRD spectrum of MgO (200)
NPs synthesized by green method. a
B FTIR spectrum of synthesized
MgO nanoparticles
o
o
8
(220) £
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Fig.2 SEM image and EDX
spectrum of synthesized MgO
nanoparticles

their respective cold controls. The Denizli genotype demon-
strated similar trends, with its 10 °C cold control showing a
0.995 mg/g increase in soluble sugar content relative to the
25 °C control, while the 4 °C cold control displayed a greater
accumulation of 1.212 mg/g. Among cold stress treatments,
the 2 mM SA+20 ppm MgO NPs combination produced
the maximum increase at 10 °C (2.680 mg/g), whereas at
4 °C, the 1 mM SA treatment showed the highest elevation
(1.901 mg/g) compared to respective temperature controls.
Comparative analysis revealed that the Denizli genotype
consistently accumulated higher soluble sugar content than
the Van genotype across both cold stress conditions (Fig. 3).

H,0, content findings

The H:0: content in the Van genotype showed distinct
temperature-dependent patterns, ranging from 0.319 to
1.291umol/g FW at 10 °C and 0.482 to 1.054 umol/g FW at
4 °C. Compared to the 25 °C control, the 10 °C cold control
displayed a 1.291 pmol/g FW, whereas the 4 °C treatment
showed 0.831umol/g FW. Among cold stress treatments,
the 2 mM SA+ 20 ppm MgO NPs combination most effec-
tively mitigated H>0O: accumulation, reducing levels to
1.291 pmol/g FW at 10 °C and 0.831 pmol/g FW at 4 °C

relative to their respective cold controls. The Denizli geno-
type exhibited more pronounced H20: accumulation, with
concentrations ranging from 0.469 to 1.191umol/g FW at
10 °C and 0.486 to 0.955 umol/g FW at 4 °C. Notably, the
10 °C cold control showed a 1.191 pmol/g FW compared to
the optimal temperature control, while the 4 °C treatment
increased to 0.783 pmol/g FW. Treatment efficacy differed
between temperatures: 20 ppm MgO NPs alone produced
the maximal reduction at 10 °C, whereas the 2 mM SA+5
ppm MgO NPs combination was most effective at 4 °C. Col-
lectively, both genotypes demonstrated significant attenua-
tion of cold-induced H20: accumulation following SA and
MgO NPs application (Fig. 4). The Van genotype showed
greater responsiveness to combined treatments, while Deni-
zli exhibited stronger responses to single-component appli-
cations, revealing genotype-specific mitigation patterns.

Lipid peroxidation content findings

The Van genotype exhibited differential malondialdehyde
(MDA) accumulation under cold stress, with the 10 °C
treatment reaching 0.87 umol/g FW relative to the 25 °C
control, while the 4 °C treatment demonstrated 0.77 pumol/g
FW. Under 10 °C stress, the most effective MDA mitigation
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Fig. 3 Total soluble sugar content A 3
in leaves of two alfalfa (Medicago
sativa L.) genotypes: (A) Van and
(B) Denizli. Treatment codes:
1: 25 °C Control, 2: 10 °C Cold 2,5 1
Control, 3: 4 °C Cold Control, 4:
1 mM SA, 5: 2 mM SA, 6: 5 ppm
MgO NPs, 7: 20 ppm MgO NPs, 2
8: 1 mM SA+5 ppm MgO NPs, 9:
1 mM SA+20 ppm MgO NPs, 10:
2 mM SA+5 ppm MgO NPs, 11: 15
2 mM SA+20 ppm MgO NPs. ¢ g
Values with different superscript
letters in the same column indicate de
. . 1-
significant differences e
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was achieved by combined SA and MgO NP treatments,
with 2 mM SA+5 ppm MgO NPs and 2 mM SA+20 ppm
MgO NPs reducing concentrations to 0.408 umol/g FW
and 0.436 pumol/g FW, respectively, compared to the cold
control. In contrast, the Denizli genotype displayed greater
cold-induced oxidative damage, as evidenced by MDA lev-
els of 0.902 pmol/g FW at 10 °C and 1.063 umol/g FW at
4 °C relative to controls. The 2 mM SA+ 20 ppm MgO NP
treatment proved most effective at 10 °C, yielding 0.106
pmol/g FW, while at 4 °C, 2 mM SA+5 ppm MgO NPs pro-
duced 0.483 pmol/g FW in MDA content (Fig. 5). Notably,
the Denizli genotype showed approximately 1.2-2.7-fold
higher cold-induced MDA accumulation compared to Van,
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suggesting greater inherent sensitivity to low-temperature
oxidative stress. These genotype-specific responses high-
light the importance of tailored stress mitigation strategies
in Medicago sativa cultivars.
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Proline content findings

Both genotypes exhibited substantial cold-induced proline
accumulation, with treatment-enhanced responses. In the
Van genotype, proline concentrations reached 3.146 pg/g
FWat10°Cand 4.471 pg/g FW at 4 °Crelative to 25 °C con-
trols. The 2 mM SA+20 ppm MgO nanoparticle treatment
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Fig.4 H,0, content in leaves A
of two alfalfa (Medicago sativa

L.) genotypes: (A) Van and (B)

Denizli. Treatment codes: 1: 25 °C 1.2 1
Control, 2: 10 °C Cold Control, 3:
4 °C Cold Control, 4: 1 mM SA, 5:
2 mM SA, 6: 5 ppm MgO NPs, 7:
20 ppm MgO NPs, 8: 1 mM SA+5
ppm MgO NPs, 9: 1 mM SA+20
ppm MgO NPs, 10: 2 mM SA+5
ppm MgO NPs, 11: 2 mM SA+20
ppm MgO NPs. ¢ Values with
different superscript letters in the
same column indicate significant
differences
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elicited maximal proline accumulation, yielding 7.300 pg/g
FW and 6.500 pg/g FW at 10 °C and 4 °C, respectively,
compared to temperature-matched controls. The Denizli
genotype showed more pronounced cold-stress responses,
with proline levels reaching 3.040 pg/g FW at 10 °C and
3.751 ug/g FW at 4 °C. The same SA+MgO NP combina-
tion demonstrated consistent efficacy, enhancing proline
concentrations to 5.065 pug/g FW and 5.260 pg/g FW under
10 °C and 4 °C stress, respectively (Fig. 6). Notably, while
absolute proline accumulation was higher in Van, Denizli
exhibited greater relative increases from baseline levels.
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SEM analysis findings

SEM analysis was conducted to examine the intracellular
structures within the leaves of Van and Denizli genotypes
treated with SA and MgO NPs under cold stress conditions.
The results are presented in (Fig. 7). Observations of SEM
images of the Van genotype revealed globular structures in
10 °C control 4 °C control, 10 °C 2 mM SA treatments How-
ever, upon treatment with 25 °C control and 2 mM SA+5
ppm MgO NPs, spherical structures became more promi-
nent, accompanied by noticeable stomatal apertures (Fig.
7A, F). The application of 4 °C 20 ppm MgO NPs resulted
in the observation of membrane-like structures, while a
combination of 2 mM SA and 5 ppm MgO NPs exhibited
very fine fibrous structures. In the Denizli variety, fibrous
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Fig.5 MDA content in leaves
of two alfalfa (Medicago sativa
L.) genotypes: (A) Van and (B)
Denizli. Treatment codes: 1: 25 °C
Control, 2: 10 °C Cold Control, 3: 1
4 °C Cold Control, 4: 1 mM SA, 5:
2 mM SA, 6: 5 ppm MgO NPs, 7:
20 ppm MgO NPs, 8: 1 mM SA+5 0.8 -
ppm MgO NPs, 9: 1 mM SA+20
ppm MgO NPs, 10: 2 mM SA+5
ppm MgO NPs, 11: 2 mM SA+20 cdef
ppm MgO NPs. ¢ Values with 0.6 1 L
different superscript letters in the
same column indicate significant
differences 0.4
0,2
0 1
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structures were evident in both the 25 °C and 10 °C control
treatments, with pronounced stomatal openings observed on
25 °C Control and 10 °C 2 mM SA application (Fig. 7a, d).
Dense spherical structures were observed with the combina-
tion of 2 mM SA+20 ppm MgO NPs. SEM images of the
Van genotype at 25 °C, 10 °C and 4 °C control depicted
globular structures, transitioning to spherical structures with
4 °C 20 ppm MgO NPs application. Combination treatment
of 10 °C 2 mM SA+20 ppm MgO NPs. exhibited compact
fibrous structures, and 2 mM SA with 20 ppm MgO NPs
demonstrated small stomatal openings in Denizli genotype
(Fig. 7f). Stomatal openings of both Van and Denizli geno-
types were closed at 10 °C and 4 °C controls (Fig. 7B, b).
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Evaluation of mtr-miR156a and mtr-miR173-
5p gene expression altered by RT-qpcr

The gene expression patterns of mtr-miR156a and mtr-
miR173-5p exhibited variations under cold stress conditions
and treatments in both Van and Denizli genotypes. Com-
parisons between the 10 °C and 4 °C cold controls and the
25 °C control within each genotype group revealed distinct
trends. In the Van genotype, there was a decrease in mtr-
miR156a gene expression level under 10 °C cold control
(0,424) and an increase under 4 °C cold control (1,775).
Conversely, in the Denizli genotype, there was a significant
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Fig.6 Proline content in leaves A
of two alfalfa (Medicago sativa

L.) genotypes: (A) Van and (B) 9
Denizli. Treatment codes:1: 25 °C

Control, 2: 10 °C Cold Control, 3: 8 1
4 °C Cold Control, 4: 1 mM SA, 5:

2 mM SA, 6: 5 ppm MgO NPs, 7: 7
20 ppm MgO NPs, 8: 1 mM SA+5

ppm MgO NPs, 9: | mM SA+20 6
ppm MgO NPs, 10: 2 mM SA+5

ppm MgO NPs, 11: 2 mM SA+20 5

ppm MgO NPs. *f Values with
different superscript letters in the
same column indicate significant
differences
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decrease in mtr-miR156a gene expression level under both
10 °C and 4 °C cold controls (0,245-0,076).

Upon analyzing treatments in the Van genotype under
10 °C cold stress, it was observed that mtr-miR156a gene
expression generally increased, with the highest fold
increase (1.723) observed in the 2 mM SA + 20 ppm MgO
NPs combination treatment. Similarly, in the Van genotype
under 4 °C cold stress, treatments with 5 ppm MgO NPs and
1 mM SA + 5 ppm MgO NPs combination led to decreased
gene expression levels (1,526-0,753), while other treatments
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a
& a
de cd b
i cd ¢ cd
g cd
£ de
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generally increased mtr-miR 156a gene expression. Notably,
the 2 mM SA + 20 ppm MgO NPs combination treatment
exhibited the strongest increase (5.375-fold change). In
the Denizli genotype, both 10 °C and 4 °C cold treatments
showed an overall increase in mtr-miR 156a gene expression
compared to cold controls alone. The 2 mM SA + 20 ppm
MgO NPs combination exhibited the highest increases in
mtr-miR156a gene expression, with a 6.330-fold change at
10 °C and a 3.521-fold change at 4 °C (Fig. 8).
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Fig. 7 1) Van genotype 10 °C and 4 °C SEM images A: 25 °C Control
B: 10 °C Control C: 4 °C Control D: 10 °C 2 mM SA E: 4 °C 20 ppm
MgO NPs F: 10 °C 2 mM SA+5 ppm MgO NPs 2) Denizli genotype

When comparing the Denizli genotype with the 25 °C
control within their respective groups, the mtr-miR173-5p
gene expression in the Van genotype showed a 1.506-fold
change under the 10 °C cold control and a 0.821-fold change
under the 4 °C cold control. In contrast, the Denizli geno-
type exhibited an increase in mtr-miR173-5p gene expres-
sion at both 10 °C and 4 °C cold controls, with 3.508-fold
change and 4.130-fold change, respectively. Upon compar-
ing the treatments in the Van genotype at 10 °C and 4 °C
cold stress with the cold controls alone, a general decrease
in gene expression levels was observed. At 10 °C, the lowest
decrease in expression level was observed in the 2 mM SA +
20 ppm MgO NPs combination treatment, with a fold change
of 0.273, while at 4 °C, the lowest decrease in expression
level was observed in the 1 mM SA + 5 ppm MgO NPs com-
bination treatment, with a fold change of 0.616. Similarly,
when comparing the treatments in the Denizli genotype at
10 °C and 4 °C cold stress with the cold controls alone, a
general decline in gene expression levels was observed. At
10 °C, the lowest decrease in expression level was observed
in the 2 mM SA + 20 ppm MgO NPs combination treatment,
with a fold change of 0.316. At 4 °C, the lowest decrease in
gene expression level was noted in the | mM SA treatment,
with a fold change of 0.601 (Fig. 9).
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10 °C and 4 °C SEM images a: 25 °C Control b: 10 °C Control ¢: 4 °C
Control d: 10 °C 2 mM SA e: 4 °C 20 ppm MgO NPs f: 10 °C 2 mM
SA+20 ppm MgO NPs

Discussion

During prolonged exposure to cold stress, plants elevate
the levels of water-soluble carbohydrates to bolster their
tolerance. Intracellular carbohydrate accumulation con-
tributes to cold tolerance by depressing the freezing point
within cells (Smirnoff 1995). In this study, both cultivars
of alfalfa (Van and Denizli) exhibited elevated total soluble
sugar levels under the cold stress treatments at 10 °C and
4 °C alone, relative to the control. Furthermore, consider-
ing the cold stress treatments conducted at 10 °C and 4 °C
on both Van and Denizli genotypes, it was observed that
the total soluble sugar content increased more markedly,
particularly in response to the combined application of high
concentrations of SA and MgO nanoparticles (Fig. 3). These
results are consistent with previous studies reporting simi-
lar trends across various plant species. For instance, wheat
plants (Triticum aestivum L.) exhibited enhanced carbohy-
drate accumulation at cold stress. Additionally, the applica-
tion of MgO nanoparticles to black chickpea plants resulted
in increased carbohydrate content in both roots and shoots.
Similarly, nine species of medicinal plants, including Stevia
rebaudiana Bertoni, exhibited elevated carbohydrate levels
under low temperature conditions (Javadian et al. 2010;
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Fig. 8 Fold change heat map at mtr-miR156a gene level obtained by
2-44CT method. Colour scale indicates fold changes in gene expression.
a:Van genotype b: Denizli genotype A: 10 °C B: 4 °C

D

Hajihashemi et al. 2018; Sharma et al. 2022). Additionally,
under cold stress conditions (4 °C), the exogenous applica-
tion of salicylic acid to Vitis riparia X V. labrusca seedlings
led to an increase in soluble sugar content (Li and Wang
2021). Our study revealed that both cultivars of alfalfa
responded to cold stress (10 °C and 4 °C) with a significant
increase in total soluble sugar content. This increase was
more pronounced with the combined application of SA and
MgO NPs, suggesting a synergistic effect.

Abiotic stress factors including cold stress in plants
induce the production of ROS, such as H.0., ultimately
leading to oxidative stress (Mittler et al. 2004). For instance,
it was observed that the level of H,O, increased in the
leaves of wheat (Triticum aestivum) under cold stress con-
ditions (5/2 °C), while its levels decreased upon applica-
tion of exogenous sodium nitroprusside (SNP). Similarly,
although arsenic stress alone led to an increase in H.O:
levels, the application of MgO nanoparticles reduced this

a mtr-miR173-5p
Cold Control
1mM SA 2.0
2mM SA
5 ppm MgO 15
20 ppm MgO
1 mM SA + 5 ppm MgO 10
1 mM SA + 20 ppm MgO
2 mM SA + 5 ppm MgO
0.5
2 mM SA + 20 ppm MgO
A B
b mtr-miR173-5p
4
3
2

-

Cold Control
1mM SA

2 mM SA -
5 ppm MgO
20 ppm MgO
1 mM SA + 5 ppm MgO
1 mM SA + 20 ppm MgO
2 mM SA + 5 ppm MgO
2 mM SA + 20 ppm MgO

A B

Fig. 9 Fold change heat map mtr-miR173-5p gene level obtained by
2784CT method. Colour scale indicates fold changes in gene expression.
a:Van genotype b: Denizli genotype A: 10 °C B: 4 °C

accumulation; a comparable reduction was also observed in
Hibiscus sabdariffa under stress conditions following MgO
nanoparticle treatment. Likewise, in winter wheat exposed
to cold stress, H>O: levels increased, but this rise was miti-
gated by the application of SA (Esim et al. 2012; Kiapour
et al. 2020; Ahmed et al. 2021). Our investigation revealed
an increase in H,O, levels in both cultivars at 10 °C and 4
°C compared to the control. Interestingly, in both Van and
Denizli cultivars, all treatments combined with cold stress
led to a decrease in H,0, levels at 10 °C. However, at 4
°C, the combination of a low dose of SA with both low and
high doses of MgO NPs resulted in an increase in H,O, lev-
els. Conversely, applications of SA, MgO NPs, and high
concentrations of SA and MgO NPs combinations actively
contributed to enhancing cold tolerance by significantly
reducing H,0O, levels, thereby mitigating the increase in
reactive oxygen species (Fig. 4).

MDA is the final product of lipid peroxidation, and
assessing MDA levels under stress conditions serves as a
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marker for detecting irreversible membrane damage. Accu-
mulation of MDA indicates compromised integrity of cell
membranes (Balestrasse et al. 2010). The reduced concen-
tration of MDA observed under stress conditions indicates a
correspondingly lower degree of damage to the plant. Loss
of cell membrane integrity is recognized as one of the pri-
mary physiological responses to cold stress. However, cold
stress often leads to fluctuations in MDA levels, typically
resulting in increased MDA accumulation in wheat plants
as an indicator of lipid peroxidation and oxidative damage
(Esim et al. 2012). An increase in MDA content has been
reported under cold stress in both susceptible and resistant
barley cultivars (Mutlu et al. 2016), as well as under salt
stress in two Pistacia vera L. species (Gharibiyan et al.
2023). Conversely, the application of SA was found to miti-
gate this effect by reducing MDA accumulation. Similarly,
the increased MDA content in chickpea (Cicer arietinum L.)
genotypes under cold stress (4 °C) has shown a decrease
with NPs application (Mohammadi et al. 2013). Our obser-
vations revealed an increase in MDA content in both cul-
tivars at temperatures of 10 °C and 4 °C compared to the
control representing cold stress conditions alone. However
application of SA and MgO NPs in combination with the
cold stress generally mitigated the increase in MDA content
across both Van and Denizli cultivars at both temperatures.
However, the application of low doses of SA at 10 °C in
both cultivars might have been insufficient to counteract the
effects of cold stress when combined with MgO NPs, lead-
ing to an increase in MDA content. At 4 °C, MDA content
increased when low concentrations of MgO NPs were com-
bined with low concentrations of SA in the Van variety, and
when high concentrations of MgO NPs were combined with
low concentrations of SA in the Denizli variety. Notably,
combinations of high concentrations of SA and MgO NPs
significantly decreased MDA content and inhibited lipid
peroxidation. This effect may be attributed to the stimula-
tion of antioxidant enzyme systems by SA and MgO NPs,
which facilitate the removal of free radicals responsible for
the increase in MDA content (Fig. 5).

Proline serves as a critical component synthesized by
organisms as a defense mechanism during stressful situa-
tions (Kaur et al. 2011). Several studies have reported an
accumulation of proline in plants subjected to cold stress,
highlighting its role in stress adaptation mechanisms. For
instance, both cabbage and wheat leaves exhibit elevated
levels of proline at lower temperatures (Atici et al. 2003).
Similarly, it was reported that cold-tolerant cultivars of
different walnut (Juglans regia L.) cultivars exhibited the
highest proline content (Aslamarz et al. 2011). Additionally,
exogenous application of SA under cold stress conditions
has been shown to enhance proline accumulation in various
plant species, contributing to improved cold tolerance. For
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instance, SA treatment at 4 °C increased proline levels in
bean plants (Soliman et al. 2018), while 0.1 mM SA applied
at temperatures ranging from 2 °C to—4 °C promoted proline
accumulation and enhanced frost tolerance in wheat (Wang
et al. 2022). We observed an elevation in proline concentra-
tion across all treatments and cultivars at temperatures of 10
°C and 4 °C compared to both the control subjected to cold
stress alone and the control (Fig. 6). Furthermore, in both
Van and Denizli varieties, the combination treatments of SA
and MgO NPs demonstrated a more pronounced and statis-
tically significant increase in proline content. This enhance-
ment in proline content can be attributed to the antioxidant
properties of SA and MgO NPs, which facilitate the removal
of reactive oxygen species and protect membranes (Fig. 6).

miRNAs play pivotal roles in regulating gene expression
(Bartel 2009). Currently, research has identified numerous
studies investigating plant responses to diverse stresses,
particularly elucidating the sensitivity of miRNAs to these
stressors (Wei et al. 2009). The miR156 family targets the
Squamosa Promoter Binding Protein-Like (SPL) genes,
which encode various plant-specific transcription factors.
The expression of miR156 and its target genes is closely
linked to critical developmental processes and stress tol-
erance (Zhou and Tang 2019). Exogenous application of
ZnO NPs to wheat leaves exhibited distinct transcriptional
responses. At a toxic dose of 10 mg/L ZnO NPs, miR156
was down-regulated, whereas at a toxic dose of 50 mg/L,
miR156 was induced. The overexpression of miR156 at
phytotoxic levels of ZnO NPs resulted in the suppression of
spike/grain development, achieved through the down-reg-
ulation of remobilization-related genes such as NAM and
SUT (Niazi et al. 2023). Elevated expression of miR156 in
alfalfa (Medicago sativa L.) enhances forage yield, delays
flowering, and promotes increases in both root length and
trichome density (Aung et al. 2015). miR156a exhibits up-
regulation in response to 16 °C cold stress in Arabidopsis
(Lee et al., 2010). A study investigating the identification
of microRNA genes responsive to iron (Fe) deficiency in
Arabidopsis, and their role in such conditions, revealed
dynamic expression patterns of miR173. Initially, miR173
expression in shoots was up-regulated followed by down-
regulation, indicating its responsiveness to Fe deficiency
(Kong and Yang 2010). In Arabidopsis plants, the expres-
sion levels of miR173 were found to be down-regulated
under conditions of sulfur (S) deficiency and excess cad-
mium (Cd) (Barciszewska-Pacak et al. 2015).

In this study, the expression of the mtr-miR156a and
mtr-miR173-5p microRNA genes was examined in the Van
and Denizli genotypes under cold stress at 10 °C and 4 °C
(Fig. 8, 9). The results obtained in this study demonstrate
that the response of these microRNAs varies across different
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genotypes and cold stress conditions, suggesting their sig-
nificant role in regulating cold tolerance in plants.

In the Van genotype, the expression of mtr-miR156a
decreased under 10 °C cold stress compared to the control
(Fig. 8), which is consistent with previous studies that sug-
gest miR156 expression is downregulated under low tem-
peratures (Xie et al. 2006). However, under 4 °C cold stress,
the expression of mtr-miR156a was upregulated, suggesting
a positive regulation of this microRNA at mild cold stress
levels. This could indicate that miR156 helps plants adapt
to moderate cold stress. Treatment with 2 mM SA + 20 ppm
MgO NPs combination at both 10 °C and 4 °C induced the
highest expression levels of mtr-miR156a. At 10 °C, the fold
increase was 1.723, and at 4 °C, the fold increase was 5.375.
This suggests that SA and MgO NPs have a synergistic effect
in enhancing cold tolerance by modulating the expression of
miR156. This finding is in line with previous studies, where
SA was shown to modulate cold stress responses (Zhang et
al. 2014) and NPs were found to improve stress tolerance in
plants (Zhao et al. 2017).

In the Denizli genotype, the expression of mtr-miR156a
was generally downregulated under both 10 °C and 4 °C
cold stress conditions compared to the control (Fig. 8). This
result is consistent with previous reports suggesting that
miR 156 expression is negatively regulated under cold stress
conditions (Xie et al. 2006). However, the treatment with
2 mM SA + 20 ppm MgO NPs combination led to signifi-
cant upregulation of mtr-miR156a, with fold increases of
6,33 (10 °C) and 3,521 (4 °C). This demonstrates that the
combined application of SA and MgO NPs can effectively
modulate miR156 expression, suggesting a role in enhanc-
ing cold stress tolerance. This is supported by the findings of
Zhang et al. (2014) and Stief et al. (2014), who highlighted
the importance of miR156 in regulating plant responses to
environmental stresses, including cold.

These findings highlight the complex regulation of
microRNA expression in response to cold stress across dif-
ferent genotypes. In the case of miR156, the expression
patterns were genotype-dependent, with the Van genotype
showing upregulation under 4 °C and downregulation under
10 °C, while the Denizli genotype exhibited a more con-
sistent downregulation under both cold stress conditions.
The treatment with SA and MgO NPs showed a positive
effect on miR156 expression in both genotypes, supporting
the idea that these treatments may enhance cold tolerance
through modulation of this microRNA.

The expression of mtr-miR173-5p was also analyzed
under cold stress conditions. In the Van genotype, expres-
sion levels increased 1.506-fold under 10 °C cold stress
but decreased 0.821-fold under 4 °C. In contrast, the
Denizli genotype exhibited a consistent upregulation of
mtr-miR173-5p, with 3.508-fold and 4.130-fold increases

observed at 10 °C and 4 °C, respectively, compared to the
control (Fig. 9). This suggests that miR 173 might play a role
in promoting cold tolerance through its increased expres-
sion in response to cold stress, as previously reported by
(Mao et al. 2018), who identified miR173 as a key player
in cold stress tolerance. When comparing treatments to
cold controls, in the Van genotype, the lowest decrease
in mtr-miR173-5p expression was observed in the 2 mM
SA + 20 ppm MgO NPs combination at 10 °C, with a fold
change of 0.273. At 4 °C, the lowest expression decrease
was recorded in 1 mM SA + 5 ppm MgO NPs combination
with 0.616 fold change. In Denizli genotype, 2 mM SA +
20 ppm MgO NPs combination at 10 °C caused a decrease
with 0.316 fold change, while | mM SA application at 4 °C
caused a decrease with 0.601 fold change. For miR173, both
genotypes showed increased expression under cold stress,
with the Denizli genotype exhibiting a more pronounced
response. The results indicate that miR173 may be involved
in promoting cold tolerance, as observed in previous stud-
ies. The treatment with SA and MgO NPs also influenced
the expression of miR173, although the effects were more
variable depending on the genotype and treatment combina-
tion. These findings suggest that miR173 may be associated
with cold tolerance, and that genotype differences signifi-
cantly influence the response to cold stress. Additionally,
the combination of SA and MgO nanoparticles has been
observed to modulate miR173 expression, potentially play-
ing a role in regulating cold stress responses.

Conclusion

This study highlights the synergistic effects of SA and MgO
NPs on the cold stress tolerance in the two alfalfa genotypes,
Van and Denizli. Our findings indicate that both SA and
MgO NPs play a crucial role in enhancing cold tolerance by
modulating several physiological and molecular responses,
particularly under prolonged cold stress conditions. Both
genotypes demonstrated increased total soluble sugar con-
tent under the cold stress, with a more pronounced accumu-
lation in response to the combined treatment of SA and MgO
NPs. This suggests that these treatments may help lower the
freezing point within plant cells, contributing to cold toler-
ance. Moreover, the reduction in oxidative damage, as indi-
cated by lower H,0, and MDA levels, supports the notion
that SA and MgO NPs effectively mitigate oxidative stress
by stimulating antioxidant defenses. In addition to the phys-
iological changes, the expression of stress-related miRNAs,
such as miR156 and miR173, was significantly affected by
the combined treatments. The genotype-specific regulation
of miRNAs observed in this study further underscores the
complexity of the molecular responses to cold stress and the
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potential for using SA and MgO NPs to enhance stress resil-
ience through targeted gene regulation. These findings may
have broader implications for improving the cold tolerance
of other crops, especially in regions where low temperatures
adversely affect agricultural productivity. Further research
is needed to explore the underlying molecular mechanisms
and the wider applicability of these treatments across vari-
ous plant species.

Author contributions MA: Resource, materials, data collection and
processing, analysis and interpretation, writing. BY: Materials, data
collection and processing, analysis and interpretation. SBK: Materials.
DI: Data collection and processing. AS: Writing, critical reviews. 1B:
Supervision, Concept, resource, writing, critical reviews.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). We are greatly
thankful to Erzurum Technical University Scientific Research Projects
Coordination for funding the research work project no. 2022/001.

Data availability Data will be made available on request.

Declaration

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Ahmad P, John R, Sarwat M, Umar S (2012) Responses of proline,
lipid peroxidation and antioxidative enzymes in two varieties of
Pisum sativum L. under salt stress. International Journal of Plant
Production, 2(4), 353-366. https://doi.org/10.5897/jmpr11.1449

Ahmed N, Zhang B, Bozdar B, Chachar S, Rai M, Li J, Tu P (2023)
The power of magnesium: unlocking the potential for increased
yield, quality, and stress tolerance of horticultural crops. Frontiers
in Plant Science 14:1285512. https://doi.org/10.3389/fpls.2023.1
285512

Ahmed T, Noman M, Manzoor N, Shahid M, Hussaini KM, Rizwan M,
Li B (2021) Green magnesium oxide nanoparticles-based modu-
lation of cellular oxidative repair mechanisms to reduce arsenic
uptake and translocation in rice (Oryza sativa L.) plants. Envi-
ronmental pollution, 288, 117785. https://doi.org/10.1016/j.env
pol.2021.117785

@ Springer

Allen E, Xie Z, Gustafson AM, Carrington JC (2005) microRNA-
directed phasing during trans-acting siRNA biogenesis in plants.
Cell 121(2):207-221. https://doi.org/10.1016/.cell.2005.04.004

Ansari A, Ali A, Asif M (2018) Microwave-assisted MgO NP cata-
lyzed one-pot multicomponent synthesis of polysubstituted ste-
roidal pyridines. New Journal of Chemistry 42(1):184—197. https
://doi.org/10.1039/c7nj03742b

Aslamarz AA, Vahdati K, Hassani D, Rahemi M, Mohammadi N, Les-
lie C (2011) Cold hardiness and its relationship with proline con-
tent in Persian walnut. European Journal of Horticultural Science,
76(3), 84-90. https://doi.org/10.1079/ejhs.2011/2593885

Atici O, Demir Y, Kocacaliskan T (2003) Effects of low temperature
on winter wheat and cabbage leaves. Biologia plantarum 46:603—
606. https://doi.org/10.1023/a:1024832132042

Aung B, Gruber MY, Amyot L, Omari K, Bertrand A, Hannoufa A
(2015) Micro RNA 156 as a promising tool for alfalfa improve-
ment. Plant biotechnology journal 13(6):779-790. https://doi.org
/10.1111/pbi.12308

Bagautdinova ZZ, Omelyanchuk N, Tyapkin AV, Kovrizhnykh VV,
Lavrekha VV, Zemlyanskaya EV (2022) Salicylic acid in root
growth and development. International Journal of Molecular Sci-
ences 23(4):2228. https://doi.org/10.3390/ijms23042228

BaiY, Wang X, Wang X, Dai Q, Zhan X, Gong H, Guo J (2024) Effects
of combined application of selenium and various plant hormones
on the cold stress tolerance of tomato plants. Plant and Soil, 1-19.
https://doi.org/10.1007/s11104-024-06534-9

Balestrasse KB, Tomaro ML, Batlle A, Noriega GO (2010) The role
of 5-aminolevulinic acid in the response to cold stress in soybean
plants. Phytochemistry 71(17-18):2038-2045. https://doi.org/10.
1016/j.phytochem.2010.07.012

Barciszewska-Pacak M, Milanowska K, Knop K, Bielewicz D, Nuc
P, Plewka P, Szweykowska-Kulinska Z (2015) Arabidopsis
microRNA expression regulation in a wide range of abiotic stress
responses. Frontiers in plant science 6:410. https://doi.org/10.33
89/1pls.2015.00410

Bartel DP (2009) MicroRNAs: target recognition and regulatory func-
tions. cell, 136(2), 215-233. https://doi.org/10.1016/j.cell.2009.0
1.002

Bindhu MR, Umadevi M, Micheal MK, Arasu MV, Al-Dhabi NA
(2016) Structural, morphological and optical properties of MgO
nanoparticles for antibacterial applications. Materials Letters
166:19-22. https://doi.org/10.1016/j.matlet.2015.12.020

CaiL, Liu M, Liu Z, Yang H, Sun X, Chen J, Ding W (2018) MgONPs
can boost plant growth: evidence from increased seedling growth,
morpho-physiological activities, and Mg uptake in tobacco (Nico-
tiana tabacum L.). Molecules, 23(12), 3375. https://doi.org/10.33
90/molecules23123375

Cowan JA (2002) Structural and catalytic chemistry of magnesium-
dependent enzymes. Biometals 15:225-235. https://doi.org/10.1
023/a:1016022730880

Daghan H (2017) Nano fertilizers. Turkish Journal of Agricultural
Research 4(2):197-203

de Sousa A, Teixeira J, Regueiras MT, Azenha M, Silva F, Fidalgo F
(2013) Metalaxyl-induced changes in the antioxidant metabolism
of Solanum nigrum L. suspension cells. Pesticide biochemistry
and physiology, 107(2), 235-243. https://doi.org/10.1016/j.pestb
p.2013.07.006

Dhindsa RS, Matowe W (1981) Drought tolerance in two mosses: cor-
related with enzymatic defence against lipid peroxidation. Jour-
nal of experimental botany 32(1):79-91. https://doi.org/10.1093/
jxb/32.1.79

Erugar S (2006) Phenolic substance profile and antioxidant activity of
some herbal teas examination, Master's Thesis, Istanbul Techni-
cal University, Science and Technology Institute, Department of
Food Engineering, 84, Istanbul.


https://doi.org/10.1016/j.cell.2005.04.004
https://doi.org/10.1039/c7nj03742b
https://doi.org/10.1039/c7nj03742b
https://doi.org/10.1079/ejhs.2011/2593885
https://doi.org/10.1023/a:1024832132042
https://doi.org/10.1111/pbi.12308
https://doi.org/10.1111/pbi.12308
https://doi.org/10.3390/ijms23042228
https://doi.org/10.1007/s11104-024-06534-9
https://doi.org/10.1007/s11104-024-06534-9
https://doi.org/10.1016/j.phytochem.2010.07.012
https://doi.org/10.1016/j.phytochem.2010.07.012
https://doi.org/10.3389/fpls.2015.00410
https://doi.org/10.3389/fpls.2015.00410
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.matlet.2015.12.020
https://doi.org/10.3390/molecules23123375
https://doi.org/10.3390/molecules23123375
https://doi.org/10.1023/a:1016022730880
https://doi.org/10.1023/a:1016022730880
https://doi.org/10.1016/j.pestbp.2013.07.006
https://doi.org/10.1016/j.pestbp.2013.07.006
https://doi.org/10.1093/jxb/32.1.79
https://doi.org/10.1093/jxb/32.1.79
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5897/jmpr11.1449
https://doi.org/10.3389/fpls.2023.1285512
https://doi.org/10.3389/fpls.2023.1285512
https://doi.org/10.1016/j.envpol.2021.117785
https://doi.org/10.1016/j.envpol.2021.117785

Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 161:64

Page 17 of 18 64

Esim N, Atici O, Mutlu S (2012) Effects of exogenous nitric oxide in
wheat seedlings under chilling stress. Toxicology and Industrial
Health 30(3):268-274. https://doi.org/10.1177/07482337124574
44

Fowke LC (1995) Transmission and scanning electron microscopy for
plant protoplasts, cultured cells and tissues. In Plant Cell, Tissue
and Organ Culture: Fundamental Methods (pp. 229-238). Berlin,
Heidelberg: Springer Berlin Heidelberg. https://doi.org/10.1007/
978-3-642-79048-5_18

Gharibiyan P, Roozban MR, Rahemi M, Vahdati K (2023) Exog-
enous salicylic acid improves growth and physiological status
of two Pistacia species under salinity stress. Erwerbs-Obstbau
65(5):1441-1452. https://doi.org/10.1007/s10341-023-00841-8

Hajihashemi S, Noedoost F, Geuns JM, Djalovic I, Siddique KH
(2018) Effect of cold stress on photosynthetic traits, carbohy-
drates, morphology, and anatomy in nine cultivars of Stevia
rebaudiana. Frontiers in plant science 9:1430. https://doi.org/10
.3389/1pls.2018.01430

Hodges DM, DeLong JM, Forney CF, Prange RK (1999) Improving
the thiobarbituric acid-reactive-substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and
other interfering compounds. Planta 207:604—611. https://doi.or
2/10.1007/s004250050524

Hossain A, Farooq M, El Sabagh A, Hasanuzzaman M, Erman M,
Islam T (2020) Morphological, Physiobiochemical and Molecu-
lar Adaptability of Legumes of Fabaceae to Drought Stress, with
Special Reference to Medicago Sativa L. The Plant Family Faba-
ceae: Biology and Physiological Responses to Environmental
Stresses, 289-317. https://doi.org/10.1007/978-981-15-4752-2
11

Hulkoti NI, Taranath TC (2014) Biosynthesis of nanoparticles using
microbes—a review. Colloids and surfaces B: Biointerfaces
121:474-483. https://doi.org/10.1016/j.colsurfb.2014.05.027

Jalili I, Ebadi A, Askari MA, KalatehJari S, Aazami MA (2023) Foliar
application of putrescine, salicylic acid, and ascorbic acid miti-
gates frost stress damage in Vitis vinifera cv.‘Giziluzum’. BMC
Plant Biology, 23(1), 135. https://doi.org/10.1186/512870-023-0
4126-w

Javadian N, Karimzadeh G, Mahfoozi S, Ghanati F (2010) Cold-
induced changes of enzymes, proline, carbohydrates, and chloro-
phyll in wheat. Russian Journal of Plant Physiology 57:540-547.
https://doi.org/10.1134/s1021443710040126

Kaur G, Kumar S, Thakur P, Malik JA, Bhandhari K, Sharma KD,
Nayyar H (2011) Involvement of proline in response of chickpea
(Cicer arietinum L.) to chilling stress at reproductive stage. Sci-
entia Horticulturae, 128(3), 174-181. https://doi.org/10.1016/j.sc
ienta.2011.01.037

Kiapour H, Moaveni P, Sani B, Rajabzadeh F, Mozafari H (2020)
Investigating the effect of magnesium and iron oxide nanoparti-
cles on the levels of enzymatic and non-enzymatic antioxidants in
roselle. Journal of Medicinal plants and By-product 9(1):19-31. h
ttps://doi.org/10.1016/j.scienta.2020.109537

Kong WW, Yang ZM (2010) Identification of iron-deficiency respon-
sive microRNA genes and cis-elements in Arabidopsis. Plant
Physiology and Biochemistry 48(2-3):153—159. https://doi.org/
10.1016/j.plaphy.2009.12.008

Lee H, Yoo SJ, Lee JH, Kim W, Yoo SK, Fitzgerald H, Ahn JH (2010)
Genetic framework for flowering-time regulation by ambient
temperature-responsive miRNAs in Arabidopsis. Nucleic acids
research 38(9):3081-3093. https://doi.org/10.1093/nar/gkp1240

Li B, Wang W (2021) Salicylic acid induces tolerance of Vitisripariax
V. labrusca to chilling stress by altered photosynthetic, anti-
oxidant mechanisms and expression of cold stress responsive
genes. Plant Signaling & Behavior, 16(11), 1973711. https://doi.o
rg/10.1080/15592324.2021.1973711

Mabhajan S, Tuteja N (2005) Cold, salinity and drought stresses: an
overview. Archives of biochemistry and biophysics 444(2):139—
158. https://doi.org/10.1016/j.abb.2005.10.018

Mao Z, Yang F, Liu D (2018) The role of miR173 in cold stress toler-
ance in Arabidopsis. Frontiers in Plant Science 9:1052

Mbonyiryivuze A, Zongo S, Diallo A, Bertrand S, Minani E, Yadav
LL, Maaza M (2015). Titanium dioxide nanoparticles biosynthe-
sis for dye sensitized solar cells application. https://doi.org/10.77
63/ijmmm.2014.v2.97

Mckersie BD, Leshem YAY, Mckersie BD, Leshem YAY (1994) Chill-
ing stress. Stress and stress coping in cultivated plants, 79-103. h
ttps://doi.org/10.1007/978-94-017-3093-8 4

Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004)
Reactive oxygen gene network of plants. Trends in plant science
9(10):490—498. https://doi.org/10.1016/j.tplants.2004.08.009

Mohammadi R, Maali-Amiri R, Abbasi A (2013) Effect of TiO,
nanoparticles on chickpea response to cold stress. Biological
trace element research 152:403—410. https://doi.org/10.1007/s12
011-013-9631-x

Mutlu S, Atic1 O, Nalbantoglu B, Mete E (2016) Exogenous salicylic
acid alleviates cold damage by regulating antioxidative system
in two barley (Hordeum vulgare L.) cultivars. Frontiers in Life
Science, 9(2), 99-109. https://doi.org/10.1080/21553769.2015.1
115430

Navrot N, Rouhier N, Gelhaye E, Jacquot JP (2007) Reactive oxygen
species generation and antioxidant systems in plant mitochondria.
Physiologia Plantarum 129(1):185-195. https://doi.org/10.1111/j
.1399-3054.2006.00777.x

Niazi A, Iranbakhsh A, Esmaeel Zadeh M, Ebadi M, Oraghi Ardebili
Z (2023) Zinc oxide nanoparticles (ZnONPs) influenced seed
development, grain quality, and remobilization by affecting the
transcription of microRNA 171 (miR171), miR156, NAM, and
SUT genes in wheat (7riticum aestivum): a biological advantage
and risk assessment study. Protoplasma 260(3):839-851. https://d
0i.org/10.1007/s00709-022-01817-3

Nijalingappa TB, Veeraiah MK, Basavaraj RB, Darshan GP, Sharma
SC, Nagabhushana H (2019) Antimicrobial properties of green
synthesis of MgO micro architectures via Limonia acidissima fruit
extract. Biocatalysis and agricultural biotechnology 18:100991. h
ttps://doi.org/10.1016/j.bcab.2019.01.029

Peragine A, Yoshikawa M, Wu G, Albrecht HL, Poethig RS (2004)
SGS3 and SGS2/SDE1/RDR6 are required for juvenile develop-
ment and the production of trans-acting siRNAs in Arabidopsis.
Genes & development 18(19):2368-2379. https://doi.org/10.110
1/gad.1231804

Radovi¢ J, Sokolovi¢ D, Markovi¢ JIBAH (2009) Alfalfa-most impor-
tant perennial forage legume in animal husbandry. Biotechnology
in Animal Husbandry, 25(5-6-1), 465-475. https://doi.org/10.229
8/bah0906465r

Raskin I (1992) Role of salicylic acid in plants. Annual review of plant
biology 43(1):439—463. https://doi.org/10.1146/annurev.arplant.4
3.1.439

Reinhart BJ, Weinstein EG, Rhoades MW, Bartel B, Bartel DP (2002)
MicroRNAs in plants. Genes & development 16(13):1616—1626.
https://doi.org/10.1101/gad.1004402

Senbayram M, Gransee A, Wahle V, Thiel H (2015) Role of magne-
sium fertilisers in agriculture: plant—soil continuum. Crop and
Pasture Science 66(12):1219-1229. https://doi.org/10.1071/cpl
5104

Shao HB, Chu LY, Jaleel CA, Zhao CX (2008) Water-deficit stress-
induced anatomical changes in higher plants. Comptes rendus
biologies 331(3):215-225. https://doi.org/10.1016/j.crvi.2008.0
1.002

Sharma P, Gautam A, Kumar V, Guleria P (2022) MgO nanoparticles
priming promoted the growth of black chickpea. Journal of

@ Springer


https://doi.org/10.1016/j.abb.2005.10.018
https://doi.org/10.7763/ijmmm.2014.v2.97
https://doi.org/10.7763/ijmmm.2014.v2.97
https://doi.org/10.1007/978-94-017-3093-8_4
https://doi.org/10.1007/978-94-017-3093-8_4
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1007/s12011-013-9631-x
https://doi.org/10.1007/s12011-013-9631-x
https://doi.org/10.1080/21553769.2015.1115430
https://doi.org/10.1080/21553769.2015.1115430
https://doi.org/10.1111/j.1399-3054.2006.00777.x
https://doi.org/10.1111/j.1399-3054.2006.00777.x
https://doi.org/10.1007/s00709-022-01817-3
https://doi.org/10.1007/s00709-022-01817-3
https://doi.org/10.1016/j.bcab.2019.01.029
https://doi.org/10.1016/j.bcab.2019.01.029
https://doi.org/10.1101/gad.1231804
https://doi.org/10.1101/gad.1231804
https://doi.org/10.2298/bah0906465r
https://doi.org/10.2298/bah0906465r
https://doi.org/10.1146/annurev.arplant.43.1.439
https://doi.org/10.1146/annurev.arplant.43.1.439
https://doi.org/10.1101/gad.1004402
https://doi.org/10.1101/gad.1004402
https://doi.org/10.1071/cp15104
https://doi.org/10.1071/cp15104
https://doi.org/10.1016/j.crvi.2008.01.002
https://doi.org/10.1016/j.crvi.2008.01.002
https://doi.org/10.1177/0748233712457444
https://doi.org/10.1177/0748233712457444
https://doi.org/10.1007/978-3-642-79048-5_18
https://doi.org/10.1007/978-3-642-79048-5_18
https://doi.org/10.1007/s10341-023-00841-8
https://doi.org/10.3389/fpls.2018.01430
https://doi.org/10.3389/fpls.2018.01430
https://doi.org/10.1007/s004250050524
https://doi.org/10.1007/s004250050524
https://doi.org/10.1007/978-981-15-4752-2_11
https://doi.org/10.1007/978-981-15-4752-2_11
https://doi.org/10.1016/j.colsurfb.2014.05.027
https://doi.org/10.1186/s12870-023-04126-w
https://doi.org/10.1186/s12870-023-04126-w
https://doi.org/10.1134/s1021443710040126
https://doi.org/10.1134/s1021443710040126
https://doi.org/10.1016/j.scienta.2011.01.037
https://doi.org/10.1016/j.scienta.2011.01.037
https://doi.org/10.1016/j.scienta.2020.109537
https://doi.org/10.1016/j.scienta.2020.109537
https://doi.org/10.1016/j.plaphy.2009.12.008
https://doi.org/10.1016/j.plaphy.2009.12.008
https://doi.org/10.1093/nar/gkp1240
https://doi.org/10.1080/15592324.2021.1973711
https://doi.org/10.1080/15592324.2021.1973711

64 Page 18 of 18

Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 161:64

Agriculture and Food Research 10:100435. https://doi.org/10.10
16/j.jafr.2022.100435

Shriram V, Kumar V, Devarumath RM, Khare TS, Wani SH (2016)
MicroRNAs as potential targets for abiotic stress tolerance in
plants. Frontiers in Plant Science 7:817. https://doi.org/10.3389
/fpls.2016.00817

Smirnoff N (1995) Antioxidant systems and plant response to the
environment. Environment and plant metabolism: Flexibility and
acclimation, 243-317.

Soliman MH, Alayafi AA, El Kelish AA, Abu-Elsaoud AM (2018)
Acetylsalicylic acid enhance tolerance of Phaseolus vulgaris L.
to chilling stress, improving photosynthesis, antioxidants and
expression of cold stress responsive genes. Botanical studies
59:1-17. https://doi.org/10.1186/s40529-018-0222-1

Stief A, Altmann S, Hoffmann K, Pant BD, Scheible WR, Baurle 1
(2014) Arabidopsis miR 156 regulates tolerance to recurring envi-
ronmental stress through SPL transcription factors. The Plant Cell
26(4):1792-1807. https://doi.org/10.1105/tpc.114.123851

Suzuki N, Mittler R (2006) Reactive oxygen species and temperature
stresses: a delicate balance between signaling and destruction.
Physiologia plantarum 126(1):45-51. https://doi.org/10.1111/j.0
031-9317.2005.00582.x

Tester M, Davenport R (2003) Na™ tolerance and Na* transport in
higher plants. Annals of botany 91(5):503-527. https://doi.org/1
0.1093/aob/mcg058

Wang W, Wang X, Lv Z, Khanzada A, Huang M, Cai J, Jiang D (2022)
Effects of cold and salicylic acid priming on free proline and
sucrose accumulation in winter wheat under freezing stress. Jour-
nal of Plant Growth Regulation 41(6):2171-2184. https://doi.org/
10.1007/s00344-021-10412-4

Wei L, Zhang D, Xiang F, Zhang Z (2009) Differentially expressed
miRNAs potentially involved in the regulation of defense

@ Springer

mechanism to drought stress in maize seedlings. International
Journal of Plant Sciences 170(8):979-989. https://doi.org/10.10
86/605122

Xie K, Wu C, Xiong L (2006) Genomic organization, differential
expression, and interaction of SQUAMOSA promoter-binding-
like transcription factors and microRNA156 in rice. Plant physi-
ology 142(1):280-293. https://doi.org/10.1104/pp.106.084475

Yoshikawa M, Peragine A, Park MY, Poethig RS (2005) A pathway
for the biogenesis of trans-acting siRNAs in Arabidopsis. Genes
& development 19(18):2164-2175. https://doi.org/10.1101/gad.1
352605

Zhang Z, Wang L, Xu J (2014) High concentration of salicylic acid
induces a negative regulatory effect on cold-induced gene expres-
sion in Arabidopsis. Plant Physiology 166(2):843-856

Zhao X, Li S, Zhang L (2017) Nanoparticles in plant stress tolerance:
An overview. Frontiers in Plant Science 8:736

Zhong M, Huang F, Luo R (2020) The effect of cadmium on the
microRNAome, degradome and transcriptome of rice seedlings.
Plant Growth Regululation 90:15-27. https://doi.org/10.1007/s10
725-019-00547-6

Zhou M, Tang W (2019) MicroRNA 156 amplifies transcription factor-
associated cold stress tolerance in plant cells. Molecular Genetics
and Genomics 294:379-393. https://doi.org/10.1007/s00438-01
8-1516-4

Zhou ZS, Huang SQ, Yang ZM (2008) Bioinformatic identification
and expression analysis of new microRNAs from Medicago trun-
catula. Biochemical and biophysical research communications
374(3):538-542. https://doi.org/10.1016/j.bbrc.2008.07.083

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1086/605122
https://doi.org/10.1086/605122
https://doi.org/10.1104/pp.106.084475
https://doi.org/10.1101/gad.1352605
https://doi.org/10.1101/gad.1352605
https://doi.org/10.1007/s10725-019-00547-6
https://doi.org/10.1007/s10725-019-00547-6
https://doi.org/10.1007/s00438-018-1516-4
https://doi.org/10.1007/s00438-018-1516-4
https://doi.org/10.1016/j.bbrc.2008.07.083
https://doi.org/10.1016/j.jafr.2022.100435
https://doi.org/10.1016/j.jafr.2022.100435
https://doi.org/10.3389/fpls.2016.00817
https://doi.org/10.3389/fpls.2016.00817
https://doi.org/10.1186/s40529-018-0222-1
https://doi.org/10.1105/tpc.114.123851
https://doi.org/10.1111/j.0031-9317.2005.00582.x
https://doi.org/10.1111/j.0031-9317.2005.00582.x
https://doi.org/10.1093/aob/mcg058
https://doi.org/10.1093/aob/mcg058
https://doi.org/10.1007/s00344-021-10412-4
https://doi.org/10.1007/s00344-021-10412-4

	﻿Synergistic effects of salicylic acid and magnesium oxide nanoparticles on cold stress and miRNA expression in alfalfa (﻿Medicago sativa﻿ L.) genotypes
	﻿Abstract
	﻿Key Message
	﻿Introduction
	﻿Materials and methods
	﻿Preparation of blackcurrant (﻿Ribes nigrum﻿) fruit extracts

	﻿Green synthesis of MgO NPs
	﻿Characterization of MgO NPs
	﻿Plant material and cold stress, SA, and MgO NPs applications
	﻿Determination of total soluble sugar content
	﻿Determination of H﻿2﻿O﻿2﻿ content
	﻿Determination of lipid peroxidation level
	﻿Determination of proline content
	﻿SEM analysis (Image acquisition with scanning electron microscope)
	﻿RNA isolation and Real time PCR
	﻿Statistical analysis
	﻿Results
	﻿SEM, FT-IR, and XRD analyses of MgO NPs

	﻿Total soluble sugar content findings
	﻿H﻿2﻿O﻿2﻿ content findings
	﻿Lipid peroxidation content findings
	﻿Proline content findings
	﻿SEM analysis findings
	﻿Evaluation of mtr-miR156a and mtr-miR173-5p gene expression altered by RT-qpcr
	﻿Discussion
	﻿Conclusion
	﻿References


