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Abstract: The Jasmonate ZIM-domain (JAZ) proteins act as repressors in the Jasmonate
(JAs) signaling pathway, and play a critical role in regulating plant growth, development,
and responses to biotic and abiotic stresses. In this study, bioinformatics methods were
employed to identify the JAZ gene family in the whole genome of alfalfa (Medicago sativa
cv. Zhongmu No. 1) and systematically analyze their gene characteristics, subcellular local-
ization, phylogenetic evolution, promoter cis-elements, expression patterns, and responses
to abiotic stress. A total of nine MsJAZ gene family members with complete TIFY and
Jas domains were identified; they were distributed unevenly across four chromosomes
and encoding proteins ranging from 94 aa (MsJAZ2) to 337 aa (MsJAZ7), with molecular
weights (MWs) from 19.33 to 38.03 kDa. Phylogenetic analysis showed that the MsJAZ gene
family could be classified into four clades (Clades I-1I, IV-V), which are closely related to
citrus. Most MsJAZ family members contain light-responsive, hormone-responsive, and
stress-responsive cis-elements. Subcellular localization results indicated that all MsJAZ
genes are expressed and function in the nucleus. The RT-qPCR results showed that MsJAZ
genes were primarily expressed in the leaves and petioles. Under salt and drought stress,
all MsJAZ genes exhibited varying degrees of response, with MsJAZ4 and MsJAZ7 show-
ing the most pronounced reactions. Meanwhile, under chromium (Cr) and MeJA stress,
both MsJAZ4 and MsJAZ9 exhibited strong responses. Subcellular localization results
showed that the MsJAZ4/7 protein was localized on the plasma membrane and nucleus.
The yeast adversity test showed that the MsJAZ4/7 gene was more sensitive to salt stress.
This study provides a foundation for future research on the function of the MsJAZ genes
and its regulatory mechanism, as well as for identifying candidate genes for alfalfa stress
tolerance breeding.
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1. Introduction

Alfalfa (Medicago sativa), a legume, is one of the first fodder crops to be domesticated
and has been cultivated in more than 80 countries [1]. It is excellent leguminous forage and
is known as the “queen of forages” because of its high forage yield and protein, vitamin,
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and mineral content [2]. Additionally, alfalfa possesses a strong root system character-
ized by intertwining and dense horizontal roots that create an underground protective
network. This feature enhances its suitability for soil and water conservation, windbreaks,
sand fixation, slope protection, and soil stabilization, thereby playing a significant role
in ecological management [3,4]. However, the changing global climate environment has
posed unprecedented challenges to alfalfa production, such as pests and diseases, drought,
and soil salinization. Consequently, the development of new varieties that are tolerant to
drought and salinity, as well as resistant to pests and diseases through molecular breeding,
has emerged as the most effective approach to address this challenge.

Phytohormones regulate various stages of plant growth and development and re-
sponse and adaptation to environmental factors, such as auxins (IAA), cytokinins, gib-
berellins (GA), ethylene (ETH), brassinosteroids (BR), jasmonates (JAs), salicylic acid (SA),
and strigolactones (SL) [5]. JA is an important phytohormone in plants which plays an
important role in regulating root growth, flowering, leaf senescence, fruit ripening, and
growth and development [6-8]. This research found that JA has been implicated in plant
responses to biotic stresses such as herbivory, pathogenic bacteria, and viral infection,
enhancing or reducing plant tolerance to various stresses [9]. Jasmonate isoleucine (JA-Ile)
is the most biologically active JA, and its co-receptor Skp1-Cullinl F-box (SCF) protein-
ubiquitin ligase complex SCFCOI1-JAZ senses JA-Ile in the nucleus to deregulate target
gene transcriptional repression [10]. Jasmonic acid biosynthesis occurs in chloroplasts
using cell membrane-released «-linolenic acid as a precursor. This process is catalyzed by
lipoxygenase (LOX) to produce 135-hydroperoxynolenic acid (13-HPOT). Subsequently,
13-HPOT is converted by propylene oxide synthase (AOS) and propylene oxide cyclase
(AOC) to 12-oxo-phytodienoic acid (OPDA). OPDA is translocated from chloroplasts to
the peroxisome, where it is catalytically reduced by reductase (OPR3) and converted to (+)-
7-is0-JA by three 3-oxidation reactions. (+)-7-iso-JA is then transported to the cytoplasm,
where it binds to isoleucine (Ile) by adenylyl-forming enzyme (JAR1) to form the highly
biologically active jasmonate—isoleucine complex (JA- Ile) [11]. JAZ proteins were nuclear
zinc-finger proteins containing mainly the TIFY (also known as ZIM) and Jas (also known
as CCT-2) structural domains [12]. The TIFY structural domain is the signature feature
of JAZ proteins and consists of approximately 50-70 amino acid residues. The domain
contains a conserved o-helix region (HePTc) that interacts with NINJA and TPL (TOP-
LESS) proteins and is sufficient to form larger and more complex JAZ signaling complexes,
enhancing regulation of downstream gene expression [13]. Meanwhile, the N-terminal
domain of JAZ proteins interacts with JA-responsive transcription factors (e.g., MYC family
members). When JAZ binds to MYC2, the transcriptional activation of MYC2 is inhibited,
suppressing the expression of jasmonate-responsive genes [14]. Upon degradation of JAZ,
these transcription factors are released, restoring their activity and enabling the jasmonate
signaling response.

JAs were phytohormones essential for plant development and environmental adap-
tation and are key regulators of responses to biotic and abiotic stresses [15]. Under stress
or endogenous stimuli, plants accumulate bioactive JA [16]. The overexpression of At-
JAZ1 in Arabidopsis thaliana enhances the plant’s resistance to the beet moth (Scrobipalpa
ocellatella) [17,18]. Overexpression of GsJAZ2 improves salinity stress tolerance in soy-
bean [19], and overexpression of CmJAZ1 in chrysanthemum can regulate the flowering
time of chrysanthemum [20]. OsJAZ1 has been identified as a negative regulator of drought
tolerance, primarily through its modulation of the JA and ABA signaling pathways [21].
The overexpression of the GsJAZ2 gene (Glycine max) significantly enhances the salt stress
tolerance of transgenic lines [22]. Meanwhile, the research has found that Phosphate Star-
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vation Response 1 (PHR1) interacts with the JASMONATE TIFY domain (JAZ) and MYC2,
regulating jasmonate signaling induced by phosphate deficiency in Arabidopsis thaliana [23].
However, little is known about the response of JAZ family genes to abiotic stress
in alfalfa. In this study, we identified JAZ gene family members in alfalfa by analyzing
the evolutionary relationships, gene structure, protein motifs, and cis-acting elements of
MsJAZ genes within the whole alfalfa genome. The expression patterns of the MsJAZ family
members were analyzed in root, stem, leaf, and petiole tissues and under salt, drought,
jasmonic acid (JA), and CrCl;e6H,0 stresses. The results of this study lay a foundation for
further understanding the functional verification of the MsJAZ gene family and provide a
reference for exploring the mechanism of JAZ genes under abiotic stress in the future.

2. Results
2.1. Genome-Wide Identification of the MsJAZs Family of Alfalfa

To identify all JAZ family members in alfalfa (Zhongmu No. 1), protein sequences
of 13 JAZ proteins in Arabidopsis were downloaded from TAIR as a query to search the
alfalfa genome (https:/ /figshare.com/articles/dataset/Medicago_sativa_genome_and_
annotationfiles /12623960, accessed on 20 October 2024). After removing identical and
incomplete gene sequences, a total of nine JAZ genes containing conserved structural
domains of TIFY and Jas-motif (also known as CCT-2) were identified. These members
were named MsJAZ1 to MsJAZ9 based on their location on the chromosome (Table 1).
The nucleic acid and protein sequences of the members of the MsJAZ gene family are
shown in Supplementary Table S1. MsJAZ protein sequences ranged in length from 94 aa
(MsJAZ2) to 327 aa (MsJAZ7), and the corresponding protein molecular weights (MW)
ranged from 19.33 to 38.03 kDa. The theoretical isoelectric point (pI) and instability index of
MsJAZ ranged from 7.1 to 10.01 and 42.33 to 78.77, respectively, with a GRAVY of (—0.622)
to (—0.15). The pls of the MsJAZ proteins were all greater than 7 and are presumed to
be basic proteins. The secondary structure analysis of MsJAZ proteins showed that the
proportions of x-helices, extended strands, and random coils ranged from 9.49% (MsJAZ3)
to 27.66% (MsJAZ2), 4.28% (MsJAZ1) to 12.77% (MsJAZ2), and 55.97% (MsJAZ2) to 89.53%
(MsJAZ1). The predicted subcellular localization showed that most of the MsJAZ proteins
were located in the nucleus, indicating that the JAZ family proteins mainly function in the
nucleus. The 3D structures of the MsJAZ proteins are shown in Figure S1. Gene Ontology
(GO) analysis revealed that all MsJAZ gene functions can be classified into biological
processes and molecular functions, details of which are shown in Figure 54 and Table S4.
The biological process category includes 10 terms, such as biological regulation, cellular
process, developmental process, multicellular biological process, reproductive process, and
response to stimuli. Molecular function categories include binding and transcriptional
regulatory activity, with two and eight MsJAZ genes assigned to binding and transcriptional
regulatory activity, respectively.

Table 1. Information on MsJAZ proteins in alfalfa.

. Subcellular
Gene Protein Instabilit MW x- Extended  Random N
Name Gene ID Chr Length Index y (kDa) pl GRAVY Helix Strand Coil Localization
(aa) (%) (%) (%) Cell-PLoc
MsJAZ1 ~ MsG0180001147.01.T01 1 327 4546 34.29 945 —0.15 9.79 428 85.93 Cel%\lmuif:s;ane'
MsJAZ2  MsG0280007019.01.T05 2 94 72.83 10.76 1001 —0.622 27.66 12.77 59.57 Nucleus.
MsJAZ3 ~ MsG0280007633.01.T0O1 2 294 48.97 31.03 7.1 —0.217 9.49 4.75 85.76 Ce]kmuifgsga“e'
MsJAZ4  MsG0280008436.01.T01 2 250 44.96 27.15 883  —0.443 124 7.2 80.4 Nucleus.
MsJAZ5 ~ MsG0280008590.01.T01 2 208 67.64 22.36 8.41 —042 9,62 529 85.1 Nucleus.
MsJAZ6  MsG0680032555.01.T01 6 209 78.77 2241 852  —0.409 11 6.7 823 Nucleus.
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Table 1. Cont.

i Subcellular
Gene Protein Instabilit MW - Extended  Random P,
Name Gene ID Chr Length Index Y (kDa) Pl GRAVY Helix Strand Coil Localization
(aa) (%) (%) (%) Cell-PLoc
MsJAZ7 ~ MsG0880042776.01.T01 8 337 4433 38.03 8.34 —0.436 12.46 5.04 82.49 Nucleus.
MsJAZ8  MsG0880047288.01.T01 8 235 4871 25.91 8.34 —0.722 16.17 5.11 78.72 Nucleus.
MsJAZ9  MsG0880047330.01.T01 8 178 58.06 19.33 8.97 —0.433 9.55 5.06 85.39 Nucleus.

Note: aa—number of amino acids sequence; MW—theoretical molecular weight of proteins; pI—theoretical
isoelectric point of proteins; GRAVY—grand average of hydropathicity.

2.2. Phylogenetic Analysis of MsJAZ Proteins in Alfalfa

Studying the evolutionary relationships between species can help to understand the
evolutionary relationships between species. To investigate the evolutionary relationships of
JAZ proteins, a phylogenetic tree was constructed using JAZ family members from M. sativa,
Arabidopsis, Zea mays, and Oryza sativa. As shown in Figure 1, a total of 56 JAZ proteins
were classified into five clades (I, II, III, IV, and V) based on the similarity of the full-length
sequences. Except for clade III, the other four clades contain JAZ proteins from all four
species, indicating that JAZ proteins are highly conserved. Clade I consisted of 3 AtJAZs
and 2 MsJAZs. Clade II consisted of 4 AtJAZs, 2 MsJAZs, 1 OsJAZ, and 2 ZmJAZs. Clade III
had 5 ZmJAZs and 2 OsJAZs, but MsJAZ proteins were not identified in the same clade.
Clade IV contained 3 AtJAZs, 2 MsJAZs, 2 OsJAZs, and 3 ZmJAZs. Clade V consisted of
3 AtJAZs, 3 MsJAZs, 6 OsJAZs, and 13 ZmJAZs. In addition, we found large differences
in the number of genes in the JAZ gene family between the species and considerable
interspecies variation in the JAZ gene family.
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Figure 1. Phylogenetic tree analysis of JAZ proteins in Arabidopsis, M. sativa, Oryza sativa, and
Zea mays. The phylogenetic tree was constructed using JAZ protein sequences by the maximum
likelihood estimate (ML) in MEGA 11 with 1000 bootstrap replicates. The red crosses, purple stars,
black diamonds, and blue triangles represent the Arabidopsis, M. sativa, Oryza sativa, and Zea mays
JAZ proteins, respectively.
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2.3. Functional Domains, Conserved Motifs, and Gene Structure Analysis of MsJAZ Genes

The JAZ family is a subfamily of the TIFY family of proteins that all contain the Jas-
motif structural domain, which has the amino acid sequence SLX2FX2KRX2RX5PY and
is involved in JA signaling. Further analysis of gene structure and conserved structural
domains in MsJAZ is shown in Figure 2. Firstly, phylogenetic analysis of nine MsJAZs’
protein sequences was performed to classify MsJAZ proteins into three subfamilies (I, II,
and III), distributed on chromosomes one, two, six, and eight (Figure 2E). All nine MsJAZ
members of alfalfa contain conserved TIFY and Jas-motif functional domains (Figure 2B),
with the TIFY structural domain preceding Jas-motif. Among them, MsJAZ7 contains
two TIFY and Jas-motif functional domains. The 3D structures of the MsJAZ proteins are

shown in Figure S1.
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Figure 2. Analysis of the conserved domains, motifs, and gene structure of MsJAZs. (A) Phylogenetic
tree of the MsJAZ gene family. (B) Functional domains distribution of MsJAZs. The colored rectan-
gles represent the protein-conserved domains. (C) Motifs of MsJAZ proteins. Different motifs are
annotated by boxes of different colors and numbered 1-10. (D) The exon—intron structure of MsJAZ
genes. (E) Chromosome of MsJAZ genes. The untranslated regions (UTRs) are indicated by green
boxes. Yellow boxes represent exons, and black lines represent introns.

To better understand the conserved structure of the MsJAZ protein, the distribution of
conserved motifs was identified and visualized using the MEME program and TBtools-II
software, respectively. A total of 10 conserved motifs were identified in alfalfa MsJAZ
proteins. The sequence information for each motif is provided in Supplementary Table 52
and Figure S2. As shown in Figure 2C, a total of 10 conserved motifs were identified in
alfalfa MsJAZ proteins. The results showed that all nine MsJAZs contained motif 1 and
motif 2. In addition, MsJAZ5/6 and MsJAZ4/7 proteins had the same number and type of
motifs, and they were close to each other on the phylogenetic tree, indicating a high degree
of homology (Figure 2A).

The structure of a gene determines the function of a protein, and therefore, gene
structure plays an important role in the regulation of gene expression. By analyzing the
structure of MsJAZ genes, we found that all members of the MsJAZ gene family have
introns and exons, but the number of them varies greatly (Figure 2D). For example, MsJAZ6
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contains seven introns and eight exons, whereas MsJAZ7 contains only one intron and
two exons. In addition, MsJAZ1/2/3/5 all contain two UTRs, MsJAZ4 and MsJAZ7 contain
one UTR, and MsJAZ6/8/9 do not have a UTR structure.

2.4. Analysis of Cis-Acting Elements in the MsJAZ Gene Promoters

Analysis of promoter cis-elements can provide ideas for tissue-specific expression of
genes and stress response patterns. We used Plant Care to analyze cis-acting elements in the
promoters of MsJAZ members. Figure 3 displays the results, which showed that the MsJAZ
genes had a total of 27 different types of cis-acting elements grouped into three groups
(Supplementary Table S3). These elements were found to play a major role in growth,
phytohormone response, light response, and stress response. Light-responsive elements
included the main ABRE, CGTCA-motif, AAGAA-motif, as-1, MYC, ERE, TGA-element,
TGACG-motif, and TCA-element; phytohormone-responsive elements included the ABRE,
CGTCA-motif, AAGAA-motif, as-1, MYC, ERE, TGA-element, TGACG-motif, and TCA-
element; and stress-responsive elements comprised G-box, W box, ARE, MBS, WUN-motif,
DRE core, LTR, STRE, and WRES3.
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Figure 3. Distribution of cis-acting elements in the promoter region of MsJAZ genes in alfalfa.
(A) TBtools was utilized for the visualization of homeotic elements in the promoter of MsJAZs,
encompassing their position, type, and number. (B) The present study will examine the num-
ber of different components in the light signaling response, phytohormone response, and stress-
related components.



Int. J. Mol. Sci. 2025, 26, 4684

7 of 20

2.5. Analysis of the Chromosomal Localization and Collinearity of MsJAZ Genes

Alfalfa genome annotation determined that MsJAZ genes are distributed only on
chromosomes 1, 2, 6, and 8. As shown in Figure 4A, the nine MsIAZ genes were un-
evenly distributed on chromosomes 1, 2, 6, and 8 of alfalfa. Chromosomes 1 and 6 each
contained one MsJAZ gene, chromosomes 2 contained four MsJAZ genes, and chromo-
somes 8 contained three MsJAZ genes. Meanwhile, to further investigate the evolutionary
mechanism and homology of the MsJAZ gene family, we analyzed tandem and segmental
duplication events. We found that MsJAZ4/MsJAZ7, MsJAZ5/MsJAZ6, Ms|AZ7/MsJAZ9,
MSsJAZ5/MsJAZ8, and MsJAZ4/MsJAZ9 were segmental duplications (Table 2). In addition,
we analyzed the covariance of the JAZ genes in alfalfa, Arabidopsis, maize, and Medicago
truncatula. Notably, the covariance was closer between alfalfa and Medicago truncatula than
between alfalfa and Arabidopsis or maize, suggesting that alfalfa and Medicago truncatula
have a high degree of homology.

B Arabidopsis thali At-1 At-2 At-3 At-4 At-5

Medicago sativa Xg

Ms-chrl  Ms-chr2  Ms-chr3 Ms-chr4  Ms-chr5

Ms-chré

Zea mays 74 =
Zm-1 Zm-2 Zm-3 Zm-4 Zm-5 Zm-6 Zm-7 Zm-8 Zm-9

Ms-Chrl  Ms-Chr2 Ms-Chr3 Ms-Chr4  Ms-Chr5 Ms-Chr6  Ms-Chr7 Ms-Chr8
Medicago sativa \ 1 \“ + - - + 1 1 l 7‘
Medicago truncatula c ¥ > ¢

Mt-1 Mt-2 Mt-3 Mt-4 Mt-5 Mt-6 Mt-7 Mt-8

Figure 4. Chromosomal distribution and collinearity analysis of MsJAZ genes. (A) Chromosomal
localization and intrachromosomal relationships in alfalfa. The black lines represent the MsJAZ
collinearity genes. (B) Collinearity analysis of JAZ genes in alfalfa, Arabidopsis, Zea mays, and
Medicago truncatula; the grey lines in the background represent collinear blocks between alfalfa and
Arabidopsis/Zea mays /Medicago truncatula, and the red lines represent collinear JAZ gene pairs.

Table 2. The divergence between MsJAZ gene pairs in alfalfa.

Paralogous Pairs Ka Ks Ka/Ks  Duplicate Date (Mya) Duplicate Type
MSJAZ4/Ms]AZ7 0.64 1.38 0.46 113.49 segmental
MSsJAZ5/Ms]AZ6 0.02 0.04 0.47 3.15 segmental
MSsJAZ7/Ms]JAZ9 0.61 2.20 0.28 180.37 segmental
MSJAZ5/MsJAZS8 0.39 0.58 0.68 47.87 segmental
MSsJAZ4/Ms]AZ9 0.32 0.80 0.40 65.24 segmental

Note: For each gene pair, the Ks value was translated into divergence time in millions of years based
on a rate of 6.1 x 1077 substitutions per site per year. The divergence time (T) was calculated as
T=Ks/(2 x 6.1 x 107%) x 107 Mya.
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2.6. Expression Patterns of MsJAZ Genes in Different Tissues

To further investigate the expression patterns of MsJAZ genes in alfalfa, RT-qPCR
analysis was performed to examine the expression levels of these genes in different tissues,
including roots, stems, leaves, and petioles (Figure 5A). The results revealed that the ex-
pression profiles of MsJAZ genes could be categorized into three distinct types based on
their expression patterns (Figure 5A). The first type, which includes MsJAZ1/3/7/9, exhib-
ited the highest expression levels in stems. The second type, comprising MsJAZ1/2/7/8/9,
showed predominant expression in leaves (Figure 5A). The third type, represented by
MsJAZ1/4/7/8/9, displayed the highest expression levels in young stems and relatively high
expression in mature leaves (Figure 5A). In summary, the majority of MsJAZ1/4/9 genes
were predominantly expressed in stems, leaves, and petioles, suggesting their potential
role in regulating the growth and development of alfalfa (Figure 5). Additionally, correla-
tion analysis revealed that the expression patterns of most MsJAZ genes were positively
correlated. However, only a few MsJAZ genes exhibited a significant direct correlation
(Figure 5B).
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Figure 5. Expression analyses of Ms]JAZ genes across six alfalfa tissues. (A) A heat map illustrating
the differential expression of MsJAZ genes in four tissues. R: roots, S: stems, L: leaf, P: petiole.
The values represent log-transformed expression levels, with green and red indicating low and
high expression, respectively. (B) A correlation heat map depicting expression patterns across
the four tissues. Correlations are represented by blue and red colors, signifying negative and
positive correlations, respectively. Significance was analyzed by analysis of variance (ANOVA). The
values represent log, fold change expression levels, with green and red indicating low and high
expression, respectively.

2.7. Expression Patterns of MisJAZ Genes in Response to Abiotic Stress

To explore the potential roles of MsJAZ genes in response to various abiotic stresses,
their expression profiles in alfalfa leaves under salt and drought treatment were analyzed
using RT-qPCR. The results show that the relative expression levels of all MsJAZs were
significantly unregulated, although the response time and the extent of up-regulation
varied (Figure 6). Under salt treatment, the expression levels of MsJAZ4/7/9 peaked at 1 h;
the expression levels of MsJAZ1/3/5/6 reached their maximum at 3 h, with fold changes
of 2.18, 4.24, 4.84, and 3.74 compared to 0 h, respectively, and the expression levels of
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MsJAZ2 and MsJAZS8 peaked at 6 h (Figure 6A). Under drought treatment, all MsJAZs
except MsJAZS reached their maximum expression at 12 h. MsJAZ4, MsJAZ5, and Ms]AZ7
showed a more pronounced response to drought, with expression levels 30.72, 3.97, and
10.97 times higher than those at 0 h, respectively (Figure 6B). Overall, MsJAZ4 and MsJAZ7
exhibit a highly pronounced response to both salt and drought treatment.
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The relative expression levels of MsJAZ genes under abiotic stress at 0 (CK), 1, 3, 6, and 12 h.

(A) Relative expression levels of MsJAZ genes after salt treatment. (B) Relative expression levels of

MsJAZ genes after drought treatment. The data are presented as the mean =+ SE of three independent

biological replicates and three technical replicates. The horizontal line above the columns represents

the standard deviation. Letters indicate significant differences (p < 0.05).
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2.8. Expression Profile of MsJAZ Genes in Response to Chromium and MeJA

The proliferation of industrial activity has resulted in an escalation in chromium
(Cr) contamination of the environment. It is imperative to acknowledge the significance
of chromium (Cr) pollution as a significant source of heavy metal stress, which must be
addressed as a primary concern among the various abiotic stresses that have been identified.
To investigate the potential role of MsJAZ genes in response to heavy metal and hormone
stress, we employed RT-qPCR to analyze their expression profiles in alfalfa leaves under
chromium and jasmonic acid treatment. The results show that the relative expression
levels of most MsJAZ genes were significantly up-regulated, but the response times and
extents of up-regulation varied (Figure 7). Under chromium treatment, the expression
levels of MsJAZ3/4/5/6/7/9 peaked at 12 h (Figure 7A). Under jasmonic acid treatment,
the expression levels of MsJAZ5 and MsJAZS increased with the duration of treatment,
while MsJAZ3/4/5/6/7/8/9 reached their maximum expression at 12 h (Figure 7B). MsJAZ4
expression peaked at 3 h of chromium and jasmonic acid treatment, while MsJAZ7 and
MsJAZ9 peaked at 12 h. Overall, the responses of MsJAZ4 and MsJAZ9 to chromium and
jasmonic acid treatment were relatively pronounced.

A B
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400 - : MsIAZA4 P
%6 | 6.00
3. 5.00
n 143 (MsJAZA2 2.00 l : MsJAZA7 4.00
1.00 ;33
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Figure 7. The relative expression levels of MsJAZ genes under abiotic stress at 0 (CK), 1, 3, 6, and 12 h.
(A) Relative expression levels of MsJAZ genes after chromium treatment. (B) Relative expression
levels of MsJAZ genes after jasmonic acid treatment. Red indicates an upward adjustment; black
represents a downward adjustment.

2.9. MsJAZ Protein Interaction Network Prediction and Subcellular Localization

To provide further evidence for the function of the MsJAZ protein, the online STRING
database was utilized to predict its function. The results of this analysis indicated that
MsJAZ2, MsJAZ4, MsJAZ8, and MsJAZ9 interacted with each other, except for MsJAZ3,
which did not interact with MsJAZ9 (Figure S3). Furthermore, the MsJAZ proteins were
found to interact with the repressors of the jasmonate response (TIFY and JAZ), the negative
regulator of the jasmonate response (AFPH?2), the transcription factor bHLH13, and the
GATA transcription factor 25 (Figure S3).
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Studies of the subcellular localization of proteins are useful for the elucidation of
their functions. Members of the JAZ family, such as the phytohormone jasmonates, are
characterized by the presence of the TIFY and CCT_2 structural domains and are localized
in nuclear structures. To further validate the accuracy of the subcellular localization predic-
tions, the researchers selected the MsJAZ4 and MsJAZ7 genes, which are highly responsive
to abiotic stresses, for the detection of transient expression in tobacco (Figure 8). In to-
bacco leaves injected with the control vector pPCAMBIA1300-GFP, green fluorescence was
observed throughout the cells. However, in tobacco leaves injected with the pCAMBIA1300-
Ms]JA4/7-GFP fusion vector, fluorescence was observed at both the plasma membrane and
the nucleus. In addition, co-localization with the plasma membrane and NLS-mCherry
markers showed that green and red fluorescence could merge. This suggests that MsJAZ4
and MsJAZ7 proteins were localized to the nucleus and cell membrane.

Fluorescence NLS-mCherry Bright field

pCAMBIA1300-MsJAZ7-GFP pCAMBIA1300-MsJAZ4-GFP pCAMBIA1300-GFP PCAMBIA1300-MsJAZ7-GFP  pCAMBIA1300-MsJAZ4-GFP pCAMBIA1300-GFP

Figure 8. The subcellular localization of the MsJAZ4 /7 protein. pCAMBIA1300-MsJAZ4/7-GFP
protein fusions transiently expressed in tobacco leaf cells. Excitation light wavelength: GFP field:
488 nm, Pm-rk field: 587 nm, NLS-m Cherry: 587 nm. Scale bar: 50 um.
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2.10. Functional Validation of the MsJAZ Gene in Yeast

To identify the function of the MsJAZ gene, the CDS sequence of the MsJAZ4/7 gene
was cloned using pYES2-MsJAZ4/7-F/R as a primer and then ligated into the pYES2
vector by the homologous arm recombination method using the ClonExpress MultiS One
Step Cloning Kit from Novozymes Biologics. It was then ligated into the pYES2 vector
by the homology arm recombination method. The correctly verified positive clones were
incubated in liquid medium SD/-Ura containing 2% galactose with shaking and then
coated on solid SG/-Ura medium containing 200 mM mannitol and 200 mM NaCl in a
gradient of 10, 107!, 1072 and 103, respectively. The results showed that MsJAZ4 and
MSsJAZ7 genes were more sensitive to drought and salt stress (Figure 9).

A 200mM Mannitol B 200mM NaCl

10 1011021073 10 107102 103

[ N W ) . & INVSCI+pYES2

INVSC1+PYES2-MsJAZ7

L XX W3 [NVSCI+pYES2 "3 0] INVSCI1+pYES2

INVSC1+pYES2-MsJAZ4

Figure 9. Growth images of pYES2 and pYES2-MsJAZ4/7 yeast strains on SG/-Ura solid medium
containing 200 mM mannitol and 200 mM NaCl. (A) 200 mM mannitol; (B) 200 mM NaClL

3. Discussion

Jasmonic-L-isoleucine (JA-Ile) is an important signal molecule. JAZ proteins have
been identified as inhibitors of the JA pathway, which regulates relevant physiological
activities including anthocyanin accumulation, plant defense responses [24], flowering
time regulation [25], stamen development, and cold stress responses by inhibiting JA-
responsive TF expression [26]. Due to the continuous development of biotechnology,
JAZ proteins have been identified in Arabidopsis, tomato [27], maize [28], soybean [29],
wheat [30], rice [31], and Camellia species [32]. However, to date, the JAZ proteins in
alfalfa, in particular, have been the subject of less research. Therefore, in this study, the
JAZ gene family of alfalfa (Zhong clover I) was comprehensively identified, and the gene
structure, functional properties, promoter cis-elements, expression pattern, abiotic stress,
and subcellular location were thoroughly investigated to lay a foundation for gene function
studies of MsJAZs.

Structural domains are regions of a protein molecule with a specific structure and
function and are the basic functional units of proteins [33]. Previous studies have shown
that the JAZ proteins have conserved structural domains in both the TIFY and CCT_2 (also
known as Jas) domains. A total of nine JAZ genes have been identified in the genome
of alfalfa (Zhong clover I). These genes have been named MsJAZ1-MsJAZ9. The number
of JAZ genes in alfalfa was lower than in Arabidopsis (n = 13) [34] and Camellia sinensis
(n =13) [35], rice (n = 15) [36], maize (n = 16) [28], bread wheat (n = 14) [37], and soybean
(n = 33), and there were the same number of tomato (n = 9) [12] JAZ genes. MsJAZ proteins
differed in length, molecular weight (MW), and theoretical isoelectric point (PI). Through
subcellular localization prediction, we found that most of the MsJAZ proteins were located
in the nucleus. Based on the results of the GO analysis, all MsJAZ genes were found
to be involved in various biological processes and molecular functions, suggesting their
significant role in the growth and development of alfalfa.
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Phylogenetic analysis indicates that the nine MsJAZ proteins can be divided into
four subfamilies based on their evolutionary relationships with Arabidopsis JAZ proteins.
The prominent clustering of specific JAZ proteins from alfalfa and Arabidopsis within the
same branch suggests that alfalfa is genetically more closely related to Arabidopsis than to
maize or rice. Genes with high homology were likely to share similar functions, allowing
predictions of gene functions based on homology with other species and phylogenetic
analyses. AtJAZ1 and OsJAZ9 have been identified as regulators of salt stress, suggest-
ing that MsJAZ proteins, which exhibit high homology with AtJAZ1 and OsJAZ9 in the
phylogenetic tree, may also play a role in salt stress regulation. All MsJAZ genes contain
both TIFY and JAS domains, with their positions aligning with previous studies based on
NCBI-CDD results. Most of the MsJAZ proteins share similar 3D structures, suggesting
that they may have similar functions. The structure of exons and introns affects protein
function, gene expression, and regulation. Gene structure analysis revealed that MsJAZ
genes share similar motifs and intron/exon arrangements, suggesting that genes within
the same subfamily may have subfamily-specific functions.

In this study, the MsJAZ genes were found to be dispersed across diverse chromosomes
of alfalfa. Notably, their distribution pattern was non-uniform, a characteristic shared with
the majority of species [38]. Gene duplication is the primary mechanism for the generation
of new genes and ultimately new biological functions [39] and is critical for plant evolution
and adaptation, standing as one of the pivotal forces propelling genome evolution and
species genetics [40]. It not only augments gene families by incorporating new members
but also enriches their functional repertoires, significantly fueling the genetic advancement
of assorted organisms. In plants, the expansion of gene families predominantly stems from
two main sources: segmental duplication and tandem duplication [41]. Within the MsJAZ
genes family, the occurrence of segmental duplication events was noted, signifying that
gene duplication acts as a catalyst for the proliferation of MsJAZ gene family constituents
as well. On the other hand, both Ka/Ks of the MsJAZ genes were less than one, suggesting
that the MsJAZ genes may have been under purifying selection during their evolution.
Simultaneously, this reflects the central position and functional constraints of the MsJAZ
genes in the jasmonate pathway. This evolutionary conservatism ensures that plants
maintain a stable defense response in complex environments, while at the same time
balancing the need for conservatism and adaptability through the expansion of gene
families (multicopy) and flexibility in the regulation of expression. Prior investigations have
revealed that gene pairs with pronounced homology within a gene family tend to display
collinearity, thereby conferring upon them analogous biological traits and expression
modalities. In the current study, it was ascertained that MsJAZ exhibited collinearity
with both alfalfa and Arabidopsis, hinting at the potential for shared functions, albeit
necessitating further in-depth exploration. Intriguingly, a greater number of collinear
gene pairs were detected between alfalfa samples compared to those between Arabidopsis,
suggesting a closer genetic relationship and laying a solid groundwork for predicting the
expression and function of MsJAZ genes (Figure 4B).

The study of gene tissue specificity is a critical step in understanding life processes
and tissue functions [42]. In this research, we observed that all MsJAZ genes in alfalfa
exhibited tissue-specific expression patterns (Figure 5A), similar to findings in Mentha
canadensis [43] and Petunia progenitors [44]. Most MsJAZ genes were expressed in both
leaves and petioles, suggesting their potential roles in vegetative growth. Notably, MsJAZ1,
MsJAZ7, and MsJAZ9 were expressed in stems, leaves, and petioles (Figure 5A), while
MsJAZ3 showed no detectable expression in these tissues (Figure 5A). Interestingly, MsJAZ2
was exclusively expressed in leaves. In summary, the predominant expression of most
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MsJAZ genes in leaves and petioles led us to hypothesize that these genes may be involved
in the reproductive growth and development of alfalfa.

Drought and salt stress are among the most prevalent abiotic challenges faced by
plants [45]. To cope with these adversities, plants have developed adaptive mechanisms
that involve the induction of stress-related gene expression. These genes play a critical
role in modulating physiological responses, thereby enhancing the plant’s tolerance to
such stresses [46,47]. The JAZ genes have been found to play a role in regulating plant
tolerance in response to both abiotic and biotic stresses. In this study, nine MsJAZ members
exhibited a positive response to salt stress (Figure 6A), indicating that the MsJAZ genes
may play a regulatory role in osmotic stress. Except for MsJAZ2, the expression levels of all
MSsJAZ genes were significantly up regulated under drought stress (Figure 6B), suggesting
a positive response to drought conditions. Our detailed analysis revealed that MsJAZ4,
MSsJAZ7, and MsJAZ9 were significantly up regulated under both drought and salt stress
(Figure 6), consistent with the predicted results of promoter regulatory elements. Notably,
MsJAZ4 and MsJAZ7 displayed similar expression patterns under salt and drought stress,
likely due to their close phylogenetic relationship in the evolutionary tree. This study found
that overexpression of GsJAZ?2 [22] and MdJAZ?2 [48] in Arabidopsis thaliana significantly
enhanced tolerance to salt and alkali stress. Similarly, OsJAZ1 plays a role in regulating
drought resistance in rice, partly through the ABA and JA pathways. For example, rice
plants overexpressing OsJAZ1 exhibited greater sensitivity to drought stress during both
the seedling and reproductive stages compared to the wild-type Zhonghua 11 (ZH11). In
contrast, jazl T-DNA insertion mutant plants showed higher drought tolerance than WT
plants [21]. Furthermore, PnfAZ1 has been shown to promote plant growth under salt
stress by mediating the abscisic acid signaling pathway [49]. Based on these findings, we
hypothesize that the MsJAZ genes may be involved in regulating osmotic stress induced by
drought and salt conditions.

Chromium (Cr) is a naturally occurring heavy metal [50]. Although plants and animals
require trace amounts of Cr, at higher concentrations it remains a major environmental
pollutant. However, with industrialization, pollution by the heavy metal chromium is
becoming a serious environmental problem throughout the world. Delayed seed germina-
tion, inhibition of plant growth, photosynthetic damage, chlorosis and necrosis of leaves,
low seed yield, and finally plant death are the effects of the heavy metal Cr on plants [51].
Heavy metals affect endogenous levels of jasmonates, and jasmonates regulate different
plants under heavy metal stress [52]. In this study, the expression levels of MsJAZ4/7/9 were
significantly up regulated under Cd stress. The results of this study support the hypothesis
that heavy metal conditions activate JAZ gene expression. It was found that endogenous
JA accumulation increased in pepper plants under Cd stress [53] and that JA improved
the effects of Cr-mediated phytotoxicity on gas exchange and photosynthetic pigments on
plant growth [54]. The expression patterns of MsJAZ4/7 and MsJAZ5/6 in jasmonic acid
treatment exhibited a high degree of similarity, suggesting a potential correlation with their
position in the same branch of the evolutionary tree (Figure 7B). Jasmonates (JAs) play a
crucial role in plant responses to both biotic and abiotic stresses, serving as a key regulator
in plant defense mechanisms. As a signaling molecule, JA orchestrates the plant’s reactions
to various stresses by inducing the expression of resistance genes and enhancing stress
tolerance. In this study, under jasmonate treatment, the expression level of MsJAZ genes
was significantly increased, indicating a positive response of JAZ genes to jasmonate.
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4. Materials and Methods
4.1. JAZ Gene Identification in Alfalfa

The protein sequences of 13 Arabidopsis JAZ genes were downloaded from TAIR.
The reference genome in alfalfa (Zhongmu No. 1) and annotation files (https:/ /figshare.
com/articles/dataset/Medicago_sativa_genome_and_annotation_files/12623960, accessed
on 20 October 2024) were used in this study. Firstly, 13 AtJAZ protein sequences were
used to perform a BLAST search against the alfalfa protein sequences used TBtools-II
software, with the threshold of E-value < 1 x 10~°. Furthermore, the Hidden Markov
Model (HMM) profiles of PF06200 and PF09425 were used as a query to search against the
alfalfa protein database using the simple HMM search in TBtools [55]. Subsequently, the
BLAST and HMMER search results were merged, and redundancies were removed man-
ually. Then, the InterPro (https://www.ebi.ac.uk/interpro/search/sequence/, accessed
on 22 October 2024) function was used to confirm whether the candidate MsJAZs had the
conserved TIFY and Jas-motif. We deleted the gene without the typical functional domain.

4.2. Basic Analysis of MsJAZ Proteins

We analyzed the protein length (aa), instability index, molecular weight (MW), iso-
electric point (pI), and grand average of hydropathicity (GRAVY) of MsJAZ proteins using
the ProtParam ExPASy online website (https://web.expasy.org/protparam/, accessed on
25 October 2024). The SOPMA (https:/ /npsa-prabi.ibcp.fr/cgi-bin/secpred_sopma.pl,
accessed on 28 October 2024) was used to analyze the secondary structure of MsJAZ pro-
teins. The Plant-mPLo (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/, accessed on
5 November 2024) was used to predict MsJAZ proteins subcellular localization [56]. We
used the AlphaFold database to analyze the three-dimensional (3D) structure of MsJAZ
proteins [57].

4.3. Phylogenetic Analysis

The phylogenetic tree of 56 JAZ protein sequences, including 9 MsJAZs from alfalfa,
13 AtJAZs from Arabidopsis, 12 OsJAZs from Oryza sativa, and 22 ZmJAZs from Zea
mays, was constructed using MEGA 11 software with maximum likelihood estimate (ML),
bootstrap values of 1000 times, and other parameters set by default [58].

4.4. Functional Domain, Conserved Motifs and Gene Structure Analysis

The InterPro (https://www.ebi.ac.uk/interpro/, accessed on 7 November 2024) online
website was used to analyze the functional domains of MsJAZ proteins. We used the MEME
(https:/ /meme-suite.org/meme/tools/meme, accessed on 10 November 2024) to analyze
conserved motifs and set the maximum number of predicted patterns to 10, and the
screening threshold was E < 1 x 10710 [59]. The gene structure was analyzed using the
alfalfa genome annotation files and visualized with TBtools.

4.5. Promoter Cis-Acting Element Prediction

The 2 kb genomic DNA sequence upstream of the start codon (ATG) of each Ms-
JAZ gene was extracted from the alfalfa genome annotation files using TBtools. The
cis-regulatory elements in the promoter sequences of MsJAZ genes were analyzed by
PlantCare (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on
12 November 2024) [60]. Arabidopsis was used as a model plant for the query, and the
STRING online website (http://cn.string-db.org/, accessed on 15 November 2024) was
used to analyze the protein—protein interactions of MsJAZs.
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4.6. Chromosome Location, Gene Duplication, and Collinearity Analysis

The genomic data for Arabidopsis and maize were downloaded from the Ensem-
blPlants database (https:/ /plants.ensembl.org/index.html, accessed on 15 November 2024).
Chromosome distribution of MsJAZ genes was analyzed and localized using TBtools-II
software (https://github.com/CJ-Chen/TBtools, accessed on 17 November 2024). The
multiple collinear scanning toolkit (MCScanX) was utilized to analyze the collinear blocks
of JAZ genes across alfalfa, Arabidopsis, Zea mays, and Medicago truncatula and visualized
by TBtools. Synonymous (Ka) and non-synonymous (Ks) substitutions and Ka/Ks ratios
were calculated by the Simple Ka/Ks Calculator (NG) [61].

4.7. Plant Materials and Stress Treatments

Alfalfa (Zhongmu No. 1) seeds were sterilized with 75% ethanol for 30 sec and 50%
sodium hypochlorite for 5-6 min, then rinsed 10 times with distilled water and incubated
on wet filter paper in Petri dishes at 25 °C. After 3 days of growth in Petri dishes, alfalfa
seedlings were transferred to a plastic container (25 cm x 18 cm x 14 cm) with Hoagland
nutrient solution for hydroponics under controlled conditions: temperature 24 =1 °C, 16 h
of light, 8 h of darkness, and 60% relative humidity. After 30 days of growth, the seedlings
were exposed to nutrient solutions supplemented with 20% PEG-6000, 200 mM NaCl,
100 uM JA [62], or 300 pM CrCl;e6H,0O for different treatments. The seedlings cultured
with a normal nutrient solution without adding any substance served as the control. The
leaf samples from the control and treatment groups of alfalfa were collected at five time
points of 0, 1, 3, 6, and 12 h for gene expression analysis. The roots, stems, leaves, and
petioles of the untreated seedlings were collected for gene expression analysis in different
tissues. All samples were rapidly frozen in liquid nitrogen and stored at —80 °C for further
RNA extraction.

4.8. RNA Extraction and Quantitative Real Time PCR (RT-qPCR) Analysis

Total RNA was extracted from the samples using the RNA Extraction Kit (Promega,
Shanghai, China) according to the instructions. A total of 1 ug RNA was used for reverse
transcription, and RT-qPCR was carried out according to the method provided by ChamQ
Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). The MsActin gene [63]
was used as an internal reference gene, and all primers used in this study are listed in
Supplementary Table S6. All primer concentrations were 10 pug/mL. The RT-qPCR reaction
system was 20 pL, containing 2 uL of cDNA, 0.6 uL of forward and reverse primers, 10 pL
of ChamQ Universal SYBR enzyme, and 6.8 puL of ddH,O (no RNA enzyme water). The
reaction procedure was 3 min at 95 °C; 10 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C for
40 cycles; 15 s at 95 °C, 1 min at 60 °C, and 5 s at 95 °C. Each treatment for RT-qPCR
consisted of three independent biological replicates and three technical replicates. We
normalized the expression values of the root tissue at 0 h and evaluated the relative
expression values of other tissues at different time points. The relative expression of genes
was calculated by 2—AACT [64].

4.9. Subcellular Localization of MsJAZ Proteins

Based on the results of the MsJAZ genes’ response to abiotic stress, MsJAZ was selected
for amplification, and the primers are shown in Supplementary Table S5. After PCR product
recovery and purification, the CDS clones were inserted into the BamH1 and Sacl cloning
sites in the pCAMBIA-1300-GFP vector (NovoPro, Shanghai, China). The recombinant
vector was separately transformed into Agrobacterium tumefaciens GV3101. To validate
the transient expression of MsJAZ in tobacco, Agrobacterium with mCherry and pm-
rk strains carrying the recombinant vectors were injected into tobacco leaves grown for
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one month. After incubating in the dark for 48 h, the leaf epidermal cells were used for
microscopic (Leica SP8, Wetzlar, Germany) observation and image acquisition by the laser
confocal method.

4.10. Functional Validation of the MsJAZ Protein

The CDS clone of MsJAZ4/7 was inserted into the BamH1 and EcoR1 cloning sites
of the PYES2 vector to verify the potential function of the MsJAZ4/7 gene. Following the
transformation of the recombinant vectors into Saccharomyces cerevisiae INVSC1, the
positive monoclines were shaken in 2% glucose liquid medium (SD-U) until OD 1.2-1.4,
centrifuged, and the organisms were collected. After adjusting OD to 1.0 in the subsequent
1:1, 1:10, 1:100, and 1:1000 cycles, the organisms were then incubated in 2% galactose
liquid medium SD-U for 8-12 h. After adjusting the OD to 1.0, plates were spotted onto
a solid medium containing 200 mM NaCl and 200 mM mannitol at 10, 10~1, 1072, and
10~3 gradients; strain growth was observed, and photographs were taken to record results.

4.11. Statistical Analysis

Origin 2024 software was used to test the differences between groups through one-
way analysis of variance (ANOVA). Tukey’s multiple range tests were used to assess the
significant differences; p < 0.05 indicates significance. Data were expressed as mean or
mean = standard deviation (SD).

5. Conclusions

In conclusion, a total of nine JAZ family proteins located on four different chromo-
somes have been identified from the alfalfa (Zhongmu No. 1) genome. Phylogenetic
analyses showed that these nine proteins could be classified into five groups (clade I-V),
which were supported by their exon/intron structures, motifs, and structural domains.
All MsJAZ proteins have nuclear TIFY and Jas-motif structural domains. RT-qPCR results
showed tissue-specific expression of all MsJAZs, with MsJAZ4 and MsJAZ7 showing the
strongest response to salt and drought. Meanwhile, MsJAZ4, MsJAZ7, and MsJAZ9 re-
sponded positively to chromium and MeJA, suggesting that they may have functions. This
study provides a basis for further research into the functions and regulatory mechanisms
of MsJAZs.
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/ /www.mdpi.com/article/10.3390/ijms26104684/s1.

Author Contributions: X.L.: Conceptualization, Methodology, Software, Investigation, Data Cura-
tion, Writing—Original Draft, Writing—Review and Editing, Visualization, Validation, Supervision,
Resources, Formal Analysis; A.B.: Conceptualization, Data Curation, Writing—Review and Editing;
H.Y.: Conceptualization, Validation, Software, Data Curation; Y.L.: Methodology, Software, Formal
Analysis; A.A.: Validation, Writing—Review and Editing; L.Z. (Longkao Zhu) and M.T.: Methodol-
ogy, Software; X.Z. and Q.S.: Investigation, Formal Analysis; L.Z. (Lijing Zhang): Conceptualization,
Validation, Writing—Review and Editing, Supervision, Project Administration, Funding Acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Key Research and Development Program of
China (2023YFF1001504).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All of the datasets supporting the results of this article are included
within the article and Supplementary Materials.


https://www.mdpi.com/article/10.3390/ijms26104684/s1
https://www.mdpi.com/article/10.3390/ijms26104684/s1

Int. J. Mol. Sci. 2025, 26, 4684 18 of 20

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

References

1.  Wang, Z.; Sakiroglu, M. The Origin, Evolution, and Genetic Diversity of Alfalfa. In The Alfalfa Genome. Compendium of Plant
Genomes; Yu, L.X., Kole, C., Eds.; Springer: Cham, Switzerland, 2021. [CrossRef]

2. Wang, T.; Zhang, W.H. Priorities for the development of alfalfa pasture in northern China. Fundam. Res. 2022, 3, 225-228.
[CrossRef] [PubMed]

3.  Mao, Z];Bi, Y.L; Geng, M.M.; An, N. Pull-out characteristics of herbaceous roots of alfalfa on the loess in different growth stages
and their impacts on slope stability. Soil Tillage Res. 2023, 225, 105542. [CrossRef]

4. Yang, Q.; Zhang, C.; Liu, P; Jiang, J. The role of root morphology and pulling direction in pullout resistance of alfalfa roots. Front.
Plant Sci. 2021, 12, 580825. [CrossRef]

5. Eiji, N.; Van Wees, S.C.M. Plant hormone functions and interactions in biological systems. Plant J. 2021, 105, 287-289. [CrossRef]

6. Liu, B;Seong, K.; Pang, S.; Song, J.; Gao, H.; Wang, C.; Zhai, J.; Zhang, Y.; Gao, S.; Li, X.; et al. Functional specificity, diversity, and
redundancy of Arabidopsis JAZ family repressors in jasmonate and COI1-regulated growth, development, and defense. New
Phytol. 2021, 231, 1525-1545. [CrossRef]

7. Ziosi, V.; Bonghi, C.; Bregoli, A.M.; Trainotti, L.; Biondi, S.; Sutthiwal, S.; Kondo, S.; Costa, G.; Torrigiani, P. Jasmonate-induced
transcriptional changes suggest a negative interference with the ripening syndrome in peach fruit. J. Exp. Bot. 2008, 59, 563-573.
[CrossRef] [PubMed]

8.  Gimenez-Ibanez, S.; Boter, M.; Solano, R. Novel players fine-tune plant trade-offs. Essays Biochem. 2015, 58, 83-100. [CrossRef]

9. Caarls, L.; Pieterse CM, ].; Van Wees, S.C.M. How salicylic acid takes transcriptional control over jasmonic acid signaling. Front.
Plant Sci. 2015, 6, 170. [CrossRef]

10. Li,M,; Yu, G,; Cao, C,; Liu, P. Metabolism, signaling, and transport of jasmonates. Plant Commun. 2021, 2, 100231. [CrossRef]

11.  Gfeller, A.; Dubugnon, L.; Liechti, R.; Farmer, E.E. Jasmonate biochemical pathway. Sci. Signal 2010, 3, cm3. [CrossRef]

12.  Song, H.Y,; Duan, Z.H.; Wang, Z.; Li, Y.; Wang, Y.Y,; Li, C.M.; Mao, W.M.; Que, Q.M.; Chen, X.Y.; Li, P. Genome-wide identification,
expression pattern and subcellular localization analysis of the JAZ gene family in Toona ciliata. Ind. Crops Prod. 2022, 178, 114582.
[CrossRef]

13. Chini, A.; Fonseca, S.; Fernandez, G.; Adie, B.; Chico, ].M.; Lorenzo, O.; Garcfa-Casado, G.; Lépez-Vidriero, I.; Lozano, EM.;
Ponce, M.R; et al. The JAZ family of repressors is the missing link in jasmonate signaling. Nature 2007, 448, 666—671. [CrossRef]
[PubMed]

14. Fernadndez-Calvo, P.; Chini, A.; Fernandez-Barbero, G.; Chico, ].M.; Gimenez-Ibanez, S.; Geerinck, J.; Eeckhout, D.; Schweizer,
F; Godoy, M.; Franco-Zorrilla, ].M.; et al. The Arabidopsis bHLH transcription factors MYC3 and MYC4 are targets of JAZ
repressors and act additively with MYC2 in the activation of jasmonate responses. Plant Cell 2011, 23, 701-715. [CrossRef]

15.  Zhao, X.Q.; He, Y.Q,; Liu, Y.X.; Wang, Z.F; Zhao, J. JAZ proteins: Key regulators of plant growth and stress response. Crop J. 2024,
12, 1505-1516. [CrossRef]

16. Suza, W.P; Rowe, M.L.; Hamberg, M.; Staswick, PE. A tomato enzyme synthesizes (+)-7-iso-jasmonoyl-L-isoleucine in wounded
leaves. Planta 2010, 231, 717-728. [CrossRef]

17.  Chung, H.S.; Koo, A.].; Gao, X.; Jayanty, S.; Thines, B.; Jones, A.D.; Howe, G.A. Regulation and function of Arabidopsis
JASMONATE ZIM-domain genes in response to wounding and herbivory. Plant Physiol. 2008, 146, 952-964. [CrossRef]

18. Oblessuc, P.R.; Obulareddy, N.; DeMott, L.; Matiolli, C.C.; Thompson, B.K.; Melotto, M. JAZ4 is involved in plant defense, growth,
and development in Arabidopsis. Plant ]. 2020, 101, 371-383. [CrossRef]

19. Zhu, D.; Cai, H.; Luo, X,; Bai, X.; Deyholos, M.K.; Chen, Q.; Chen, C.; Ji, W.; Zhu, Y. Over-expression of a novel JAZ family
gene from Glycine soja, increases salt and alkali stress tolerance. Biochem. Biophys. Res. Commun. 2012, 426, 273-279. [CrossRef]
[PubMed]

20. Guan, Y,; Ding, L.; Jiang, J.; Shentu, Y.; Zhao, W.; Zhao, K.; Zhang, X.; Song, A.; Chen, S.; Chen, F. Overexpression of the
CmJAZ1-like gene delays flowering in Chrysanthemum morifolium. Hortic. Res. 2021, 8, 87. [CrossRef]

21. Fu,J; Wu, H;Ma, S,; Xiang, D.; Liu, R.; Xiong, L. OsJAZ1 Attenuates Drought Resistance by Regulating JA and ABA Signaling in
Rice. Front. Plant Sci. 2017, 8, 2108. [CrossRef]

22.  Zhao, C;Pan, X; Yu, Y;; Zhu, Y.; Kong, EJ.; Sun, X.; Wang, EF. Overexpression of a TIFY family gene, GsJAZ2, exhibits enhanced
tolerance to alkaline stress in soybean. Mol. Breed. 2020, 40, 33. [CrossRef]

23. He, K,; Du, J; Han, X;; Li, H.; Kui, M.; Zhang, J.; Huang, Z.; Fu, Q.; Jiang, Y.; Hu, Y. PHOSPHATE STARVATION RESPONSE1
(PHR1) interacts with JASMONATE ZIM-DOMAIN (JAZ) and MYC2 to modulate phosphate deficiency-induced jasmonate
signaling in Arabidopsis. Plant Cell 2023, 35, 2132-2156. [CrossRef]

24. Major, L.T,; Guo, Q.; Zhai, J.; Kapali, G.; Kramer, D.M.; Howe, G.A. A Phytochrome B-Independent Pathway Restricts Growth at

High Levels of Jasmonate Defense. Plant Physiol. 2020, 183, 733-749. [CrossRef] [PubMed]


https://doi.org/10.1007/978-3-030-74466-3_3
https://doi.org/10.1016/j.fmre.2022.04.017
https://www.ncbi.nlm.nih.gov/pubmed/38932918
https://doi.org/10.1016/j.still.2022.105542
https://doi.org/10.3389/fpls.2021.580825
https://doi.org/10.1111/tpj.15151
https://doi.org/10.1111/nph.17477
https://doi.org/10.1093/jxb/erm331
https://www.ncbi.nlm.nih.gov/pubmed/18252703
https://doi.org/10.1042/bse0580083
https://doi.org/10.3389/fpls.2015.00170
https://doi.org/10.1016/j.xplc.2021.100231
https://doi.org/10.1126/scisignal.3109cm3
https://doi.org/10.1016/j.indcrop.2022.114582
https://doi.org/10.1038/nature06006
https://www.ncbi.nlm.nih.gov/pubmed/17637675
https://doi.org/10.1105/tpc.110.080788
https://doi.org/10.1016/j.cj.2024.11.001
https://doi.org/10.1007/s00425-009-1080-6
https://doi.org/10.1104/pp.107.115691
https://doi.org/10.1111/tpj.14548
https://doi.org/10.1016/j.bbrc.2012.08.086
https://www.ncbi.nlm.nih.gov/pubmed/22943855
https://doi.org/10.1038/s41438-021-00525-y
https://doi.org/10.3389/fpls.2017.02108
https://doi.org/10.1007/s11032-020-01113-z
https://doi.org/10.1093/plcell/koad057
https://doi.org/10.1104/pp.19.01335
https://www.ncbi.nlm.nih.gov/pubmed/32245790

Int. J. Mol. Sci. 2025, 26, 4684 19 of 20

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Hanan, A.; Basit, A.; Nazir, T.; Majeed, M.Z.; Qiu, D. Anti-insect activity of a partially purified protein derived from the
entomopathogenic fungus Lecanicillium lecanii (Zimmermann) and its putative role in a tomato defense mechanism against green
peach aphid. J. Invertebr. Pathol. 2020, 170, 107282. [CrossRef]

An, ].P; Wang, X.F,; Zhang, X.W.; You, C.X.; Hao, Y.J. Apple B-box protein BBX37 regulates jasmonic acid mediated cold tolerance
through the JAZ-BBX37-ICE1-CBF pathway and undergoes MIEL1-mediated ubiquitination and degradation. New Phytol. 2021,
229,2707-2729. [CrossRef]

Sun, Y; Liu, C; Liu, Z; Zhao, T,; Jiang, J.; Li, J.; Xu, X.; Yang, H. Genome-Wide Identification, Characterization and Expression
Analysis of the JAZ Gene Family in Resistance to Gray Leaf Spots in Tomato. Int. . Mol. Sci. 2021, 22, 9974. [CrossRef] [PubMed]
Han, Y.; Luthe, D. Identification and evolution analysis of the JAZ gene family in maize. BMC Genom. 2021, 22, 256. [CrossRef]
[PubMed]

Zhang, B.; Zheng, H.; Wu, H.; Wang, C.; Liang, Z. Recent genome-wide replication promoted expansion and functional
differentiation of the JAZs in soybeans. Int. ]. Biol. Macromol. 2023, 238, 124064. [CrossRef]

Zhai, Z.; Che, Y.; Geng, S.; Liu, S.; Zhang, S.; Cui, D.; Deng, Z.; Fu, M,; Li, Y.; Zou, X.; et al. Comprehensive comparative analysis
of the JAZ gene family in common wheat (Triticum aestivum) and its d-subgenome donor aegilops tauschii. Plants 2024, 13, 1259.
[CrossRef]

Bisht, N.; Anshu, A.; Singh, P.C.; Chauhan, P.S. Comprehensive analysis of OsJAZ gene family deciphers rhizobacteria-mediated
nutrient stress modulation in rice. Int. J. Biol. Macromol. 2023, 253, 126832. [CrossRef]

Shen, J.; Zou, Z.; Xing, H.; Duan, Y.; Zhu, X.; Ma, Y.; Wang, Y.; Fang, W. Genome-Wide Analysis Reveals Stress and Hormone
Responsive Patterns of JAZ Family Genes in Camellia Sinensis. Int. J. Mol. Sci. 2020, 31, 2433. [CrossRef] [PubMed]

Aziz, M.F; Caetano-Anollés, G. Evolution of networks of protein domain organization. Sci. Rep. 2021, 11, 12075. [CrossRef]
Thireault, C.; Shyu, C.; Yoshida, Y.; St Aubin, B.; Campos, M.L.; Howe, G.A. Repression of jasmonate signaling by a non-TIFY JAZ
protein in Arabidopsis. Plant |. 2015, 82, 669—-679. [CrossRef]

Zheng, Y.; Chen, X.; Wang, P; Sun, Y.; Yue, C.; Ye, N. Genome-wide and expression pattern analysis of JAZ family involved in
stress responses and postharvest processing treatments in Camellia sinensis. Sci. Rep. 2020, 10, 2792. [CrossRef]

Ye, H,; Du, H;; Tang, N.; Li, X.; Xiong, L. Identification and expression profiling analysis of TIFY family genes involved in stress
and phytohormone responses in rice. Plant Mol. Biol. 2009, 71, 291-305. [CrossRef]

Wang, Y.; Qiao, L.; Bai, J.; Wang, P.; Duan, W.; Yuan, S.; Yuan, G.; Zhang, F.; Zhang, L.; Zhao, C. Genome-wide characterization of
JASMONATE-ZIM DOMAIN transcription repressors in wheat (Triticum aestivum L.). BMC Genom. 2017, 18, 152. [CrossRef]
[PubMed]

Yang, S.; Zhu, C.; Chen, J.; Zhao, J.; Hu, Z,; Liu, S.; Zhou, Y. Identification and Expression Profile Analysis of the OSCA Gene
Family Related to Abiotic and Biotic Stress Response in Cucumber. Biology 2022, 11, 1134. [CrossRef]

Qu, JJ.; Liu, L.L.; Guo, Z.X,; Li, X.D.; Pan, EY.; Sun, D.Y; Ling, Y. The ubiquitous position effect, synergistic effect of recent
generated tandem duplicated genes in grapevine, and their co-response and overactivity to biotic stress. Fruit Res. 2023, 3, 16.
[CrossRef]

Magadum, S.; Banerjee, U.; Murugan, P.; Gangapur, D.; Ravikesavan, R. Gene duplication as a major force in evolution. J. Genet.
2013, 92, 155-161. [CrossRef]

Lawton-Rauh, A. Evolutionary dynamics of duplicated genes in plants. Mol. Phylogenetics Evol. 2003, 29, 396—409. [CrossRef]
Hwang, PI.; Wu, H.B.; Wang, C.D.; Lin, B.L.; Chen, C.T; Yuan, S.; Wu, G.; Li, K.C. Tissue-specific gene expression templates for
accurate molecular characterization of the normal physiological states of multiple human tissues with implication in development
and cancer studies. BMC Genom. 2011, 12, 439. [CrossRef]

Xu, D.B.; Ma, Y.N.; Qin, T.F; Tang, W.L.; Qi, X W.; Wang, X,; Liu, R.C.; Fang, H.L.; Chen, Z.Q.; Liang, C.Y,; et al. Transcriptome-
wide identification and characterization of the JAZ gene family in (Mentha canadensis L). Int. ]. Mol. Sci. 2021, 22, 8859. [CrossRef]
[PubMed]

Tian, S.; Liu, S.; Wang, Y.; Wang, K.; Yin, C.; Yue, Y.; Hu, H. Genome-Wide Identification and Characterization of JAZ Protein
Family in Two Petunia Progenitors. Plants 2019, 8, 203. [CrossRef]

Bhardwaj, A.; Devi, P; Chaudhary, S.; Rani, A.; Nayyar, H. ‘omics” approaches in developing combined drought and heat
tolerance in food crops. Plant Cell Rep. 2021, 41, 699-739. [CrossRef] [PubMed]

Nawaz Sun, J.; Shabbir, S.; Khattak, W.A.; Ren, G.; Nie, X.; Bo, Y.; Javed, Q.; Du, D.; Sonne, C. A review of plants strategies to
resist biotic and abiotic environmental stressors. Sci. Total Environ. 2023, 900, 165832. [CrossRef] [PubMed]

Chini, A.; Ben-Romdhane, W.; Hassairi, A.; Aboul-Soud, M.A.M. Identification of TIFY /JAZ family genes in Solanum lycopersicum
and their regulation in response to abiotic stresses. PLoS ONE 2017, 12, e0177381. [CrossRef]

An, X.H.; Hao, YJ.; Li, EM.; Xu, K.; Cheng, C.G. Functional identification of apple MdJAZ2 in Arabidopsis with reduced
JA-sensitivity and increased stress tolerance. Plant Cell Rep. 2017, 36, 255-265. [CrossRef]

Liu, S.; Zhang, P;; Li, C.; Xia, G. The moss jasmonate ZIM-domain protein PnJAZ1 confers salinity tolerance via crosstalk with the
abscisic acid signalling pathway. Plant Sci. 2019, 280, 1-11. [CrossRef]


https://doi.org/10.1016/j.jip.2019.107282
https://doi.org/10.1111/nph.17050
https://doi.org/10.3390/ijms22189974
https://www.ncbi.nlm.nih.gov/pubmed/34576142
https://doi.org/10.1186/s12864-021-07522-4
https://www.ncbi.nlm.nih.gov/pubmed/33838665
https://doi.org/10.1016/j.ijbiomac.2023.124064
https://doi.org/10.3390/plants13091259
https://doi.org/10.1016/j.ijbiomac.2023.126832
https://doi.org/10.3390/ijms21072433
https://www.ncbi.nlm.nih.gov/pubmed/32244526
https://doi.org/10.1038/s41598-021-90498-8
https://doi.org/10.1111/tpj.12841
https://doi.org/10.1038/s41598-020-59675-z
https://doi.org/10.1007/s11103-009-9524-8
https://doi.org/10.1186/s12864-017-3582-0
https://www.ncbi.nlm.nih.gov/pubmed/28193162
https://doi.org/10.3390/biology11081134
https://doi.org/10.48130/FruRes-2023-0016
https://doi.org/10.1007/s12041-013-0212-8
https://doi.org/10.1016/j.ympev.2003.07.004
https://doi.org/10.1186/1471-2164-12-439
https://doi.org/10.3390/ijms22168859
https://www.ncbi.nlm.nih.gov/pubmed/34445565
https://doi.org/10.3390/plants8070203
https://doi.org/10.1007/s00299-021-02742-0
https://www.ncbi.nlm.nih.gov/pubmed/34223931
https://doi.org/10.1016/j.scitotenv.2023.165832
https://www.ncbi.nlm.nih.gov/pubmed/37524179
https://doi.org/10.1371/journal.pone.0177381
https://doi.org/10.1007/s00299-016-2077-9
https://doi.org/10.1016/j.plantsci.2018.11.004

Int. J. Mol. Sci. 2025, 26, 4684 20 of 20

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sharma, P; Tripathi, S.; Chaturvedi, P.; Chaurasia, D.; Chandra, R. Newly isolated Bacillus sp. PS-6 assisted phytoremediation of
heavy metals using Phragmites communis: Potential application in wastewater treatment. Bioresour. Technol. 2021, 320, 124353.
[CrossRef]

Amin, H.; Arain, B.A.; Amin, F; Surhio, M. A. Phytotoxicity of Chromium on Germination, Growth and Biochemical Attributes of
Hibiscus esculentus L. Am. ]. Plant Sci. 2013, 4, 2431-2439. [CrossRef]

Ojuederie, O.B.; Babalola, O.O. Microbial and Plant-Assisted Bioremediation of Heavy Metal Polluted Environments: A Review.
Int. ]. Environ. Res. Public Health 2017, 14, 1504. [CrossRef] [PubMed]

Yan, Z.; Zhang, W.; Chen, J.; Li, X. Methyl jasmonate alleviates cadmium toxicity in solanum nigrum by regulating metal uptake
and antioxidative capacity. Biol. Plant. 2015, 59, 373-381. [CrossRef]

Kamran, M.; Wang, D.; Alhaithloul, H.AS.; Alghanem, S.M.; Aftab, T.; Xie, K.; Lu, Y.; Shi, C.; Sun, J.; Gu, W.; et al. Jasmonic
acid-mediated enhanced regulation of oxidative, glyoxalase defense system and reduced chromium uptake contributes to
alleviation of chromium (VI) toxicity in choysum (Brassica parachinensis L.). Ecotoxicol. Environ. Saf. 2021, 15, 111758. [CrossRef]
Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194-1202. [CrossRef]

Chou, K.C.; Shen, H.B. Plant-mPLoc: A Top-Down Strategy to Augment the Power for Predicting Plant Protein Subcellular
Localization. PLoS ONE 2010, 5, e11335. [CrossRef] [PubMed]

El Khoury, G.; Azzam, W.; Rebehmed, J. PyProtif: A PyMol plugin to retrieve and visualize protein motifs for structural studies.
Amino Acids 2023, 55, 1429-1436. [CrossRef]

Yan, L.; Pape, T.; Meusemann, K.; Kutty, S.N.; Meier, R.; Bayless, K.M.; Zhang, D. Monophyletic blowflies revealed by phyloge-
nomics. BMC Biol. 2021, 19, 230. [CrossRef]

Bailey, T.L.; Boden, M.; Buske, F.A ; Frith, M.; Grant, C.E.; Clementi, L.; Ren, J.; Li, W.W.; Noble, W.S. MEME SUITE: Tools for
motif discovery and searching. Nucleic Acids Res. 2009, 37, W202-W208. [CrossRef]

Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van de Peer, Y.; Rouzé, P.; Rombauts, S. PlantCARE, a database of
plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 2002, 30,
325-327. [CrossRef]

Li, L.L.; Xiao, Y.; Wang, X.; He, Z.H.; Lv, YW.; Hu, X.S. The Ka /Ks and 7a /7is Ratios under Different Models of Gametophytic
and Sporophytic Selection. Genome Biol. Evol. 2023, 15, evad151. [CrossRef]

Luo, D.; Zhou, Q.; Wu, Y.G,; Chai, X.T,; Liu, W.X.; Wang, Y.R.; Liu, Z.P. Full-length transcript sequencing and comparative
transcriptomic analysis to evaluate the contribution of osmotic and ionic stress components towards salinity tolerance in the roots
of cultivated alfalfa (Medicago sativa L.). BMIC Plant Biol. 2019, 19, 32. [CrossRef] [PubMed]

Li, S.X; Liu, J.L.; An, Y.R,; Cao, YM,; Liu, Y.S.; Zhang, J.; Geng, ].C.; Hu, TM.; Yang, P.Z. MsPIP2; 2, a novel aquaporin gene from
Medicago sativa, confers salt tolerance in transgenic Arabidopsis. Environ. Exp. Bot. 2019, 165, 39-52. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.biortech.2020.124353
https://doi.org/10.4236/ajps.2013.412302
https://doi.org/10.3390/ijerph14121504
https://www.ncbi.nlm.nih.gov/pubmed/29207531
https://doi.org/10.1007/s10535-015-0491-4
https://doi.org/10.1016/j.ecoenv.2020.111758
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1371/journal.pone.0011335
https://www.ncbi.nlm.nih.gov/pubmed/20596258
https://doi.org/10.1007/s00726-023-03323-z
https://doi.org/10.1186/s12915-021-01156-4
https://doi.org/10.1093/nar/gkp335
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1093/gbe/evad151
https://doi.org/10.1186/s12870-019-1630-4
https://www.ncbi.nlm.nih.gov/pubmed/30665358
https://doi.org/10.1016/j.envexpbot.2019.05.020
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	Genome-Wide Identification of the MsJAZs Family of Alfalfa 
	Phylogenetic Analysis of MsJAZ Proteins in Alfalfa 
	Functional Domains, Conserved Motifs, and Gene Structure Analysis of MsJAZ Genes 
	Analysis of Cis-Acting Elements in the MsJAZ Gene Promoters 
	Analysis of the Chromosomal Localization and Collinearity of MsJAZ Genes 
	Expression Patterns of MsJAZ Genes in Different Tissues 
	Expression Patterns of MsJAZ Genes in Response to Abiotic Stress 
	Expression Profile of MsJAZ Genes in Response to Chromium and MeJA 
	MsJAZ Protein Interaction Network Prediction and Subcellular Localization 
	Functional Validation of the MsJAZ Gene in Yeast 

	Discussion 
	Materials and Methods 
	JAZ Gene Identification in Alfalfa 
	Basic Analysis of MsJAZ Proteins 
	Phylogenetic Analysis 
	Functional Domain, Conserved Motifs and Gene Structure Analysis 
	Promoter Cis-Acting Element Prediction 
	Chromosome Location, Gene Duplication, and Collinearity Analysis 
	Plant Materials and Stress Treatments 
	RNA Extraction and Quantitative Real Time PCR (RT-qPCR) Analysis 
	Subcellular Localization of MsJAZ Proteins 
	Functional Validation of the MsJAZ Protein 
	Statistical Analysis 

	Conclusions 
	References

