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Abstract

In this study, Alfalfa (Medicago sativa L.) was used as the experimental material to sys-
tematically identify members of the AP2/ERF transcription factor family in its genome
and to elucidate the response patterns and potential regulatory networks of this family
under drought stress. A total of 756 AP2/ERF genes were identified and classified into
four subfamilies: AP2, ERF, DREB, and RAV, among which the DREB and ERF subfami-
lies exhibited significant expansion. Evolutionary analysis indicated that whole-genome
duplication (WGD)/segmental duplication was the primary driving force underlying the
expansion of this family. Under graded drought treatments, multiple AP2/ERF genes were
significantly upregulated, with MsERF210 showing continuously increasing expression
as drought intensity escalated. WGCNA revealed that MsERF210 was highly positively
correlated with antioxidant-related modules, including “Glutathione metabolism,” “Peroxi-
some,” and “Ascorbate and aldarate metabolism.” Further analysis showed that several
antioxidant genes, such as SOD, GST, ALDH, and IDH, were significantly upregulated
under drought stress, and their promoter regions were predicted to be bound by MsERF210.
Physiological indicator measurements demonstrated that drought stress led to increased
accumulation of H2O2 and MDA, along with elevated contents of AsA, DHA, GSH, and
GSSG, while SOD activity initially increased and then decreased. qRT-PCR validated the
expression trends of key genes, confirming the reliability of the transcriptome data. In
summary, this study reveals the evolutionary characteristics of the AP2/ERF family in
alfalfa and identifies MsERF210 as a key regulator that may enhance alfalfa’s adaptability
to drought stress by modulating the antioxidant defense system and redox homeostasis.
These findings provide important candidate gene resources and a theoretical basis for
breeding new drought-resistant alfalfa varieties.
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1. Introduction
Drought stress is one of the most severe abiotic stresses that limit crop growth, de-

velopment, and yield formation, posing a serious threat to agricultural production and
ecosystem stability [1]. Because plants are sessile and unable to escape drought, they
have evolved a complex and elaborate regulatory network for drought response over
long-term evolution, encompassing stress signal perception, hormone signal transduction,
transcriptional regulation, osmotic adjustment, and antioxidant defense [2,3]. Among these,
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transcription factors (TFs), as key regulators of gene expression, can recognize and bind to
specific cis-acting elements in the promoter regions of downstream target genes, thereby
regulating the expression of a large set of stress-responsive genes and playing a central
role in plant adaptation to drought environments [4]. To date, the TF families most closely
associated with plant drought responses include bZIP, AP2/ERF, NAC, MYB, and WRKY.
These TFs enhance plant tolerance to drought stress by modulating ABA signaling, ethylene
signaling, osmolyte biosynthesis, ROS scavenging, and the expression of cytoprotective
proteins [5–9].

The AP2/ERF (APETALA2/ethylene-responsive factor) superfamily is a class of TFs
that are both plant-specific and ubiquitously present in plants. Members typically contain
one or two conserved AP2 DNA-binding domains of approximately 60 amino acids [10].
Based on domain composition and sequence features, the AP2/ERF superfamily is gen-
erally divided into the AP2, DREB, ERF, RAV, and Soloists (a few unclassified factors)
subfamilies [10,11]. The AP2/ERF family usually exists as a multi-copy gene family in
plants; for example, Arabidopsis thaliana contains 148 AP2/ERF superfamily members [11],
rice (Oryza sativa) contains 164 [12], and Populus trichocarpa contains 210 [13]. Extensive
studies have demonstrated that ERF transcription factors participate in the regulation of
plant drought resistance through multiple pathways. For instance, Quan et al. found that
overexpression of TSRF1, an ERF subfamily member, improved the drought tolerance of
transgenic rice. ERF1 activates the expression of SDR, a key enzyme in ABA biosynthesis;
promotes the accumulation of ABA, proline, and soluble sugars; and induces the expression
of genes related to MYB, MYC, proline synthesis, and photosynthesis, suggesting that ERF
may regulate drought response through an ABA-dependent pathway [14]. Maruyama et al.
overexpressed DREB1A in A. thaliana and observed alterations in the activities of starch-
degrading enzymes, sucrose-metabolizing enzymes, and sugar alcohol synthases, leading
to changes in the contents of monosaccharides, disaccharides, and trisaccharides, thereby
enhancing plant drought resistance [15]. Moreover, overexpression of ERF improves plant
tolerance to drought and salt stress by boosting antioxidant capacity [16]. Collectively, these
findings indicate that ERF transcription factors participate in plant drought stress responses
by modulating multiple processes, including hormone signaling, osmolyte synthesis, and
antioxidant defense.

Alfalfa (Medicago sativa L.) is a perennial leguminous forage widely cultivated around
the world. Owing to its high biomass yield, excellent nutritional quality, good palatability,
and strong nitrogen-fixing ability, it is known as the “king of forages” [17]. With the rapid
development of animal husbandry in China, the domestic demand for high-quality alfalfa is
growing rapidly; therefore, elucidating the mechanisms by which alfalfa withstands abiotic
stress and mining key functional genes have become pressing research priorities [18–21].
To date, several studies have performed preliminary identification of the AP2/ERF family
in Medicago species. For example, Shu et al. identified 123 AP2/ERF members in the
genome of the diploid model species M. truncatula, covering four subfamilies: ERF, DREB,
AP2 and RAV [22]; Qiu et al. identified 110 members in the genome of the tetraploid
alfalfa cultivar “Xinjiang Daye” and classified them into three subfamilies: DREB, ERF, and
AP2 [23]. Notably, Xinjiang Daye alfalfa is an autotetraploid; so, the gene family size in
a tetraploid genome would be expected to be substantially larger than that in the diploid
M. truncatula. However, the numbers reported in these studies are remarkably similar,
and the criteria for subfamily classification and the nomenclature system are also inconsis-
tent. This discrepancy may arise from differences in genome assembly version, annotation
pipeline, domain screening threshold, or redundancy removal strategy, suggesting that
current identification of the alfalfa AP2/ERF family still lacks a standardized pipeline
and systematic comparison. In addition, Chen et al. found that alfalfa ERF8 and ERF11
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improved the tolerance of transgenic tobacco and rice to salt stress [24]; Jin et al. identified
17 AP2/ERF genes whose expression responded to salt, drought, and cold stresses, implying
that the AP2/ERF family may participate in alfalfa’s adaptation to diverse environmental
stresses [25]. These studies demonstrate that AP2/ERF transcription factors play important
roles in the stress responses of alfalfa. Nevertheless, systematic genome-wide identifica-
tion of the alfalfa AP2/ERF gene family, its expression response patterns under drought
stress, and its potential downstream regulatory networks remain poorly characterized.
In particular, whether AP2/ERF participates in ROS scavenging and redox homeostasis
maintenance by regulating antioxidant-related gene modules is still unclear. To address
this gap, the present study used Xinjiang Daye alfalfa as the experimental material to
systematically identify members of its AP2/ERF gene family. By integrating transcriptome
data under graded drought treatments, we screened for ERF candidate genes with pro-
nounced drought responsiveness, identified co-expression modules and key functional
pathways significantly associated with them, and finally examined the AP2/ERF-mediated
antioxidant defense mechanism in conjunction with physiological and biochemical indices
including H2O2, MDA, SOD, AsA, DHA, GSH, and GSSG. This study will contribute to
understanding the molecular basis of alfalfa ERF transcription factors in drought stress
responses and provide a theoretical foundation and candidate gene resources for molecular
breeding of drought-resistant alfalfa and the creation of superior germplasm.

2. Materials and Methods
2.1. Plant Materials

In this study, Xinjiang Daye alfalfa was used as the experimental material for drought
simulation experiments. The experimental conditions were as follows: Four soil moisture
treatment gradients were designed: adequate water supply (80–85% of field capacity, CK),
mild water stress (60–65% of field capacity, D1), moderate water stress (40–45% of field
capacity, D2), and severe water stress (20–25% of field capacity, D3). Six pots were set up per
treatment as replicates. On the 14th day of drought stress, robust leaves from each treatment
were collected for physiological indicator measurement and qRT-PCR quantification.

2.2. Bioinformatic Analysis of Gene Families
2.2.1. Data Sources and Transcriptome Expression Quantification

The alfalfa genome and its annotation files were downloaded from the FigShare
database (https://doi.org/10.6084/m9.figshare.12327602, (accessed on 25 February 2026)).
Genome data for Arabidopsis thaliana and M. truncatula were obtained from the TAIR
database (https://www.arabidopsis.org/, (accessed on 25 February 2026)) and Ensembl
Plants (https://plants.ensembl.org/, (accessed on 25 February 2026)), respectively. The
transcriptome data used in this study were derived from previous experiments conducted
by our research group [26], with three biological replicates per treatment and experimental
conditions consistent with the drought treatments described above. Expression quantifi-
cation was performed as follows: Clean reads were aligned to the Xinjiang Daye alfalfa
reference genome using Hisat2 (v2.2.1) [27]. Gene alignment counts were calculated using
featureCounts (v2.0.3) [28], and FPKM values for each gene were computed based on
read coverage.

2.2.2. Identification of the MsAP2/ERF Gene Family

AP2/ERF gene sequences of A. thaliana were downloaded from the TAIR database
(https://www.arabidopsis.org/, (accessed on 16 March 2026)). Blastp 2.17.0 was used to
search against the alfalfa genome with an E-value threshold of 1 × 10−5. Additionally,
the Pfam model file (PF00847) for the ERF family was obtained from the Pfam database
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(https://pfam.xfam.org/, (accessed on 16 March 2026)). Hmmsearch v3.3.2 was performed
against the Xinjiang Daye alfalfa genome with an E-value threshold of 1e-5 to screen for
sequences containing the AP2 conserved domain. The retrieved sequences were used to
construct an alfalfa-specific Pfam model, followed by another round of Hmmsearch. Finally,
the results from Blastp and Hmmsearch were merged, redundant sequences were removed,
and domain annotation was performed using NCBI-CDD and InterPro online tools (https://
www.ebi.ac.uk/interpro/, (accessed on 17 March 2026)). Sequences containing a complete
AP2 domain were defined as ERF candidate members. Furthermore, the PlantTFDB
database (https://planttfdb.gao-lab.org/, (accessed on 24 March 2026)) was used to verify
whether the candidate genes belonged to the ERF family, and SMART (https://smart.
embl.de/, (accessed on 24 March 2026)) was employed to validate the integrity of the AP2
domain. In addition, ERF family members of M. truncatula were also identified using the
same methodology.

2.2.3. Phylogenetic Tree Analysis

Phylogenetic trees of the AP2/ERF gene families from Xinjiang Daye alfalfa, M. trun-
catula, and A. thaliana were constructed using IQ-TREE 2 based on the maximum likelihood
method [29]. CDS sequences of all AP2/ERF gene members were aligned using MAFFT,
and the multiple sequence alignment results were trimmed using trimAl [30]. Model
selection in IQ-TREE 2 was automatically performed using the ModelFinder Plus (MFP)
algorithm to select the optimal nucleotide substitution model. The maximum likelihood
method was used to search for the optimal tree topology, and branch reliability was as-
sessed using ultrafast bootstrap (UFBoot) with 2000 replicates and the SH-like approximate
likelihood ratio test (SH-aLRT). Phylogenetic trees were visualized using ChiPlot [31].
Physicochemical properties of MsAP2/ERF proteins, including relative molecular mass,
theoretical isoelectric point, instability index, and hydrophilicity index, were analyzed
using Expasy ProtParam (http://web.expasy.org/protparam/, (accessed on 2 April 2026))
with default parameters.

2.2.4. Gene Structure and Synteny Analysis

Based on the genome annotation file, Perl scripts were used to split the alfalfa genome
into four haplotype genomes (hap1-hap4), each containing eight chromosomes (chr1–
chr8). Synteny analysis was performed using TBtools 2.390 [32], including synteny among
the four haplotypes, synteny between M. truncatula and alfalfa hap1, and intra-hap1
synteny. Additionally, MCScanX [33] was used to analyze gene duplication types of
MsERFs, including WGD/segmental, dispersed, tandem, and proximal duplication. For
the identification of quadruple-allelic ERF genes, a graph-based approach was employed
by integrating gene family annotation and synteny analysis. Using MCScanX software
based on BLASTP results (E-value < 1 × 10−10) and gene order conservation, syntenic
relationships among sub-haplotype genomes were constructed. Subsequently, synteny files
were parsed to extract gene pairs located within conserved syntenic blocks, and a gene
interaction network was constructed: genes served as nodes, and edges were established if
two genes exhibited a syntenic relationship. A breadth-first search (BFS) algorithm was
used to identify connected components in the network. When a connected component
contained exactly four genes, each originating from a different haplotype, it was designated
as a “true 4-allele ERF tetrad.” This criterion ensured that the identified genes represented
completely retained single-copy homologous genes after polyploidization. The analysis
pipeline was implemented using Python 3.10 scripts, utilizing defaultdict and deque for
graph traversal.
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2.2.5. Annotation of ERF Downstream Target Genes

Plant transcription factor motif PFMs (non-redundant) files were downloaded from the
JASPAR 2026 database (https://jaspar.elixir.no/downloads/, (accessed on 11 April 2026)).
TBtools 2.390 was used to extract 2000 bp upstream promoter sequences of all genome-wide
protein-coding genes. FIMO v5.5.4 [34] was used to scan transcription factor binding sites in
the promoter sequences of genome-wide protein-coding genes, with a screening threshold
of q-value < 0.05. KofamScan v1.3.0 [35] was used for KEGG Orthology (KO) functional
annotation of alfalfa protein sequences, and KEGG pathway enrichment analysis was
performed using the ggplot2 v3.3.0 package in R v3.5.1. The binding conformations between
ERF and downstream target gene binding sites were predicted using AlphaFold3 [36], and
an ipTM score greater than 0.6 was considered indicative of a stable complex. All structural
models were visualized using PyMOL 2.5.0 [37].

2.2.6. Differential Gene Expression and WGCNA Analysis

DEGs were identified using DESeq2 v1.22.1 [38], with thresholds of |log2 fold
change| > 1 and false discovery rate (FDR) < 0.05. Weighted gene co-expression net-
work analysis (WGCNA) was performed using the WGCNA v1.71 package in R v4.2.2 with
default parameters [39].

2.3. qRT-PCR Quantification and Physiological Indicator Measurement
2.3.1. qRT-PCR Quantification

Total RNA was extracted from leaves using the CTAB method and reverse transcribed
into cDNA using a reverse transcription kit (SweScript All-in-One RT Super-Mix, G3337,
Wuhan servicebio technology Co., Ltd., Wuhan, China). The qRT-PCR reaction system was
15 µL, and the reaction program consisted of initial denaturation at 95 ◦C for 30 s, followed
by 40 cycles of denaturation at 95 ◦C for 15 s and annealing/extension at 60 ◦C for 30 s.
Primer sequences for target genes were designed using NCBI Primer-BLAST 2.17.0. The
alfalfa Actin gene was used as an internal reference, and three biological replicates with
three technical replicates each were performed. Relative expression levels were calculated
using the 2−∆∆CT method. qRT-PCR primer information is provided in Table S4.

2.3.2. Physiological Indicator Measurement

MDA content was determined using the thiobarbituric acid (TBA) method [40]. Fresh
leaf samples (0.2 g) were ground with quartz sand and 20% trichloroacetic acid (TCA),
adjusted to a final volume of 5 mL, and centrifuged at 3000 rpm for 15 min. The supernatant
was mixed with an equal volume of 0.5% TBA, heated in a boiling water bath for 10 min,
cooled on ice, and absorbance was measured at 450, 532, and 600 nm. Absorbance at 532 nm
represented the characteristic absorption peak, while readings at 450 and 600 nm were used
to correct for interference from soluble sugars and turbidity, respectively.

AsA and DHA contents were determined following the method of Wang et al. [41].
Leaf samples (0.2 g) were ground in 50 g/L TCA on ice, centrifuged at 4000 rpm for 10 min
at 4 ◦C, and the supernatant was collected for measurement. AsA was measured at 534 nm
after a chromogenic reaction. For DHA, samples were first reduced with DTT to convert
DHA to AsA, and total ascorbic acid content was determined using the AsA method; DHA
content was calculated as the difference between total ascorbic acid and AsA content.

GSH and GSSG contents were determined using the DTNB colorimetric method [42].
Leaf samples (0.2 g) were ground in 5 mmol/L EDTA-TCA extraction solution, adjusted to
a final volume of 6 mL, and centrifuged at 4000 rpm for 10 min at 4 ◦C. Two sets of super-
natant were prepared: one with added glutathione reductase (GR) and one without. After
adjusting pH to 6.5–7.0 with NaOH, potassium phosphate buffer and DTNB were added
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for color development. Total glutathione and GSH contents were measured separately, and
GSSG content was calculated as the difference between the two.

SOD activity was determined using the nitroblue tetrazolium (NBT) photoreduction
method [43]. Leaf samples (0.2 g) were ground in phosphate buffer (pH 7.8) on ice, cen-
trifuged at 12,000 rpm for 20 min at 4 ◦C, and the supernatant was collected as the enzyme
extract. The reaction mixture contained phosphate buffer, EDTA, methionine, NBT, ri-
boflavin, and enzyme extract. After light exposure for 20 min, absorbance was measured at
560 nm. One unit of SOD activity (U) was defined as the amount of enzyme required to
inhibit 50% of NBT photoreduction.

H2O2 content was determined using the titanium sulfate colorimetric method [44].
Leaf samples (0.2 g) were ground in pre-cooled acetone on ice, centrifuged at 5000 rpm for
10 min at 4 ◦C, and the supernatant was reacted with titanium sulfate and concentrated
ammonia to form a precipitate. The precipitate was washed with cold acetone, dissolved in
sulfuric acid, and absorbance was measured at 415 nm. H2O2 content was calculated based
on a standard curve.

Superoxide anion (O2
−) content was determined using the hydroxylamine hydrochlo-

ride colorimetric method [45]. Leaf samples (0.20 g) were ground in potassium phosphate
buffer, centrifuged, and the supernatant was collected. The supernatant was reacted with
hydroxylamine hydrochloride, sulfanilamide, and α-naphthylamine to form a pink com-
pound, which was extracted with chloroform. Absorbance was measured at 530 nm, and
O2

− content was calculated based on a standard curve.

3. Results
3.1. Phylogenetic Analysis

A total of 756 AP2/ERF genes were identified in the alfalfa genome. Detailed infor-
mation regarding renaming, subfamily classification, and other features is provided in
Table S1. Phylogenetic analysis (Figure 1A) revealed that the MsAP2/ERF family members
clustered into five major clades. Based on their conserved domains and clustering patterns,
these were classified into five subfamilies: AP2, ERF A, ERF B, ERF C, and RAV, comprising
92, 205, 212, 240, and 7 members, respectively. To further distinguish the ERF and DREB
subfamilies, we constructed a phylogenetic tree using MsERFs and MtERFs. The results
(Figure 1B) showed that MsERFs and MtERFs grouped into two major branches, corre-
sponding to the ERF subfamily and the DREB subfamily. Among all MsAP2/ERF members,
267 were assigned to the DREB subfamily and 390 to the ERF subfamily.

3.2. Structural Features and Physicochemical Property Analysis

Gene structure analysis (Figure 2A) revealed marked differences among subfami-
lies. All members of the RAV subfamily exhibited a single-exon, intron less structure.
Most members of the ERF and DREB subfamilies also displayed a single-exon, intron less
architecture, whereas a few possessed a two-exon, one-intron structure. Isolated cases
presented other structural types; for example, some ERF members contained 19 exons
and 18 introns, and certain DREB members harbored 16 exons and 15 introns. Compared
with other subfamilies, the gene structures of AP2 subfamily members were relatively
less conserved, predominantly featuring nine-exon/eight-intron, ten-exon/nine-intron,
eight-exon/seven-intron, and seven-exon/six-intron configurations. These observations
suggest that the ERF family has acquired considerable structural and functional diversity
during evolution.
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Figure 1. Phylogenetic relationships of MsAP2/ERFs. (A) Phylogenetic tree of MsAP2/ERFs; numbers
at nodes indicate bootstrap support values. (B) Phylogenetic tree of MsERFs and MtERFs.

Figure 2. Gene structure, domain organization, and physicochemical properties of MsAP2/ERF
proteins. (A) Gene structure types of members from the four MsAP2/ERF subfamilies; 1/0 denotes
a structure with one exon and no intron. (B) Domain types of members from the four MsAP2/ERF
subfamilies. (C) Scatter plot of molecular weights of MsAP2/ERF proteins. (D) Scatter plot of
amino acid residue numbers of MsAP2/ERF proteins. (E) Scatter plot of isoelectric points (pI) of
MsAP2/ERF proteins. (F) Scatter plot of instability indices of MsAP2/ERF proteins. (G) Scatter plot
of aliphatic indices of MsAP2/ERF proteins. (H) Scatter plot of grand average of hydropathicity
(GRAVY) values of MsAP2/ERF proteins.

Domain annotation of members from the four subfamilies (Figure 2B) showed that all
MsAP2/ERF proteins contained an AP2 domain, consistent with the canonical features of
the AP2/ERF transcription factor superfamily. All RAV subfamily members possessed one
B3 domain and one AP2 domain, whereas all DREB members contained only a single AP2
domain. Notably, some ERF subfamily members carried additional domains (e.g., SAM)
besides the AP2 domain, implying that certain members may have undergone boundary
shifts, sequence divergence, or gain/loss of accessory structural features, thereby leading
to further functional differentiation.

Physicochemical property analysis of ERF proteins (Figure 2C–H) indicated that
the majority of MsAP2/ERF proteins contained between 100 and 400 amino acids; the
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largest member comprised 1,166 amino acids and the smallest consisted of 75 amino acids
(Figure 2D). Molecular weight exhibited a similar distribution pattern (Figure 2C), with
most proteins ranging from 10,000 to 40,000 Da. The isoelectric points (pI) of MsAP2/ERFs
largely fell between 4 and 10 (Figure 2E). The instability index showed a broadly scattered
distribution (Figure 2F); most MsAP2/ERF members had an instability index between 40
and 60, indicating relatively high instability and thus potential in vitro instability. The
aliphatic index was generally concentrated between 40 and 80 (Figure 2G), reflecting a
stable overall composition of hydrophobic amino acids across the family. The grand average
of hydropathicity (GRAVY) values were mostly below zero (Figure 2H), indicating that
most ERF proteins were overall hydrophilic.

3.3. Syntenic Relationships and Duplication Events of the AP2/ERF Gene Family

To reveal the conservation and syntenic features of the MsAP2/ERF gene family
across the four haplotype genomes, we analyzed the syntenic relationships of MsAP2/ERF
genes among hap1–hap4. The results (Figure 3A) showed 82 groups of quadruple-allelic
MsAP2/ERF genes across the four chromosome sets (Table S2), along with extensive homol-
ogous gene connections, indicating that the MsAP2/ERF family maintains generally high
homology and conservation across different haplotypes. To further explore the evolutionary
conservation and lineage-specific differences of the MsAP2/ERF family, we performed a
syntenic comparison between M. sativa and M. truncatula. The results (Figure 3B) revealed
229 syntenic gene pairs between the chromosomes of the two species. The AP2/ERF genes
exhibited strong homologous correspondence between the two species, suggesting that
this family is generally conserved during the evolution of Medicago species. Notably, some
syntenic links displayed a “many-to-one” correspondence pattern, implying that additional
duplication retention events may have occurred in Medicago AP2/ERF genes. The syntenic
analysis within hap1 (Figure 3C) showed that MsAP2/ERF genes were distributed across all
eight chromosomes, with 42 collinear gene pairs, indicating that whole-genome duplication
and segmental duplication events played important roles in the formation of the AP2/ERF
gene family. To clarify the primary mechanisms driving the expansion of the MsAP2/ERF
gene family, we classified and quantified different duplication types (Figure 3D). The re-
sults showed that WGD/segmental duplication contributed the most to the expansion of
the MsAP2/ERF gene family, accounting for the highest proportion at 33%. In addition,
dispersed duplication and tandem duplication also accounted for substantial proportions,
at 31% and 28%, respectively, while proximal duplication accounted for a relatively low
proportion of 8%.

3.4. Regulatory Network and Functional Enrichment Analysis of MsAP2/ERF

To investigate the genome-wide regulatory potential of the MsAP2/ERF gene fam-
ily, we predicted transcription factor binding sites (TFBS) in the promoter regions of all
annotated protein-coding genes in the alfalfa genome. The results (Figure 4A) showed
that the promoter regions of the 164,632 predicted genes in the alfalfa genome harbor
binding sites for 16 classes of transcription factors, including DOF, bZIP, and ERF/DREB.
KEGG pathway enrichment analysis of the potential target genes of the AP2/ERF family
(Figure 4B) revealed that AP2/ERF target genes were significantly enriched in “Metabolic
pathways,” “Ribosome,” “Phosphate metabolism,” and various lipid metabolism pathways,
such as glycerophospholipid metabolism and ether lipid metabolism. In addition, DNA
repair-related pathways, including mismatch repair and base excision repair, also exhibited
high enrichment significance.
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Figure 3. Synteny analysis of MsAP2/ERFs. (A) Syntenic relationships of MsAP2/ERFs across the
four haplotype genomes, with blue connecting lines indicating synteny among MsAP2/ERFs across
different haplotype genomes (B) Syntenic relationships between MsAP2/ERFs on hap1 chromosomes
of M. sativa and MtAP2/ERFs, with blue connecting lines indicating synteny between MsAP2/ERFs
and MtAP2/ERFs. (C) Syntenic relationships among MsAP2/ERFs on hap1 chromosomes of M. sativa,
with purple connecting lines indicating synteny among MsAP2/ERFs. (D) Duplication types of
MsAP2/ERFs on hap1 chromosomes of M. sativa.

To further elucidate the specific regulatory mechanisms of AP2/ERFs in drought
resistance, we performed KEGG functional annotation on the target genes of differentially
expressed MsAP2/ERFs under drought stress. The results (Figure 4C) showed that these
target genes were highly concentrated in “Global and overview maps” under Metabolism,
as well as in “Carbohydrate metabolism” and “Amino acid metabolism.” Within Genetic
Information Processing, pathways related to translation, folding, sorting and degradation,
and transcription were prominently enriched. Additionally, significant enrichment was
observed in signal transduction pathways and environmental adaptation pathways under
Environmental Information Processing and Adaptation.

3.5. Expression Response and Regulatory Patterns of the MsAP2/ERF Gene Family Under
Drought Stress

To characterize the response of MsAP2/ERF genes to drought stress, we analyzed
differentially expressed genes (DEGs) under three levels of drought treatment (D1, D2, D3).
The results (Figure 5A–C) showed that as drought intensity increased, the number of differ-
entially expressed AP2/ERF genes rose from 9 under D1 to 49 under D3. Notably, under all
drought treatments, the number of upregulated genes was significantly greater than that
of downregulated genes, suggesting that upregulation of MsAP2/ERF expression may be
beneficial for alfalfa adaptation to drought stress. Further analysis revealed that among all
differentially expressed MsAP2/ERFs under drought stress, a total of 36 MsAP2/ERF genes
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were upregulated after drought treatment (Figure 5D), with most reaching their highest
expression levels under D3. In particular, MsERF210 exhibited strongly induced expres-
sion under drought stress, with its expression level progressively increasing as drought
intensified; the expression level under D3 was 3.05-fold higher than that of CK (Figure 5E,
P < 0.05).

Figure 4. Prediction of TFBS in the promoter regions of M. sativa protein-coding genes and pathway
enrichment analysis of MsAP2/ERF target genes. (A) Prediction results of TFBS in the promoter
regions of M. sativa protein-coding genes. (B) Pathway enrichment analysis of MsAP2/ERF target
genes. (C) Pathway enrichment analysis of target genes of differentially expressed MsAP2/ERFs
under drought stress.

To further explore the potential regulatory function of MsERF210, we constructed a
co-expression network using weighted gene co-expression network analysis (WGCNA)
(Figure 5F,G). The results showed that the brown and turquoise modules exhibited signifi-
cant positive correlations with MsERF210 expression (P < 0.05), with correlation coefficients
of 0.90 and 0.83, respectively. KEGG enrichment analysis of genes in the brown and
turquoise modules (Figure 5H) revealed that these genes were significantly enriched in
“Ribosome,” “RNA degradation,” and various amino acid and nucleotide metabolism path-
ways. Notably, three antioxidant-related pathways were enriched, namely “Glutathione
metabolism,” “Peroxisome,” and “Ascorbate and aldarate metabolism” (Table S3), suggest-
ing that MsERF210 may coordinate protein homeostasis and antioxidant defense systems
to maintain physiological functions under drought stress. Based on the WGCNA results,
we further examined differentially expressed genes under drought stress within the Glu-
tathione metabolism, Peroxisome, and Ascorbate and aldarate metabolism pathways. The
results (Figure 5I) showed that six members from four gene families exhibited significant
differential expression under drought stress: MsIDH1, MsSOD24, MsSOD25, MsALDH3,
MsALDH5, and MsGST18. Compared with CK, their expression levels under D3 were upreg-
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ulated by 2.08-, 2.02-, 2.11-, 3.03-, 2.39-, and 3.50-fold, respectively (P < 0.01). We predicted
the binding conformation of MsERF210 on the promoter regions of MsIDH1, MsSOD24,
MsSOD25, MsALDH3, MsALDH5, and MsGST18. The results (Figure S1) showed that the
promoter regions of all six genes were predicted to be bound by MsERF210, indicating that
MsERF210 may exert transcriptional regulation on these six genes.

Figure 5. Differential expression analysis of MsAP2/ERFs under drought stress. (A) Volcano plot
of differentially expressed MsAP2/ERFs under D1 stress. The dashed lines indicate the significance
threshold (P = 0.05), consistent with the yellow line described in the KEGG enrichment bubble
plot. (B) Volcano plot of differentially expressed MsAP2/ERFs under D2 stress. (C) Volcano plot
of differentially expressed MsAP2/ERFs under D3 stress. (D) Heatmap of expression levels of
differentially expressed MsAP2/ERFs. (E) Bar chart showing the expression difference of MsERF210
under drought stress. (F) Module partitioning by WGCNA of differentially expressed MsAP2/ERF
target genes and MsERF210 under drought stress. (G) Correlation between co-expression modules
and MsERF210. (H) KEGG enrichment pathways of positively correlated modules, The yellow line
in the KEGG enrichment bubble plot indicates the significance threshold (P = 0.05). The size of the
bubble scales the count of the enriched genes. (I) Bar chart of differentially expressed genes in the
antioxidant modules. Expression differences in (E,I) were assessed using one-way ANOVA followed
by Tukey’s HSD test, with different letters indicating significant differences (P < 0.05).

3.6. Analysis of Antioxidant Physiological Indicators

To further investigate whether additional members of the IDH, SOD, ALDH, and GST
gene families are involved in the drought stress response, we analyzed the transcriptional
expression profiles of these four gene families. The results (Figure 6A–D) showed that
among the ALDH, IDH, GST, and SOD families, 18, 7, 37, and 25 members were expressed
(FPKM > 1), respectively. In the ALDH family, 15 MsALDHs genes were upregulated after
drought stress, with 11 reaching their highest expression levels under D3. In the IDH
family, all seven expressed members were upregulated after drought stress, and six of them
reached maximum expression under D3. In the GST family, 36 members were upregulated

https://doi.org/10.3390/agronomy16171682

https://doi.org/10.3390/agronomy16171682


Agronomy 2026, 16, 1682 12 of 22

under drought stress, with 26 MsGSTs genes showing the highest expression levels under
D3. In the SOD family, 15 MsSODs genes were upregulated after drought stress, and 14 of
them reached peak expression under D3. These results indicate that members of the IDH,
SOD, ALDH, and GST gene families participate in the antioxidant defense process of alfalfa
under drought stress.

Figure 6. Changes in expression levels of antioxidant gene family members and related physiological
indicators under drought stress. (A) Expression heatmap of the ALDH gene family under drought
stress. (B) Expression heatmap of the IDH gene family under drought stress. (C) Expression heatmap
of the GST gene family under drought stress. (D) Expression heatmap of the SOD gene family under
drought stress. (E) Changes in H2O2 content under drought stress. (F) Changes in O2

− content under
drought stress. (G) Changes in MDA content under drought stress. (H) Changes in SOD enzyme
activity under drought stress. (I) Changes in AsA content under drought stress. (J) Changes in DHA
content under drought stress. (K) Changes in GSH content under drought stress. (L) Changes in GSSG
content under drought stress. Expression differences in (E–L) were assessed using one-way ANOVA
followed by Tukey’s HSD test, with different letters indicating significant differences (P < 0.05).

To verify the association between gene expression levels and physiological resistance,
we measured physiological and biochemical indicators under different drought gradients.
The results showed that drought stress significantly induced ROS accumulation. Specifically,
H2O2 content increased markedly with increasing drought severity (Figure 6E), reaching
2.23–fold that of CK under D3. O2

− content peaked under D1 stress, then decreased under
D2 and D3, but remained higher than CK overall (Figure 6F). MDA content increased
with drought intensity, reaching 1.51-fold that of CK under D3 (Figure 6G). SOD enzyme
activity increased significantly under D1 and D2 stress but decreased significantly under D3
stress (Figure 6H), suggesting that plants actively initiate defense under mild to moderate
drought but may suffer damage under severe drought. Meanwhile, the contents of AsA
and DHA (Figure 6I,J) as well as GSH (Figure 6K) and GSSG (Figure 6L) all accumulated
significantly after drought stress (P < 0.05). Notably, AsA and DHA contents increased by
200% and 341.2%, respectively, under D2 and D3 compared with CK.
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3.7. Quantitative qRT-PCR Validation

To validate the roles of AP2/ERF and antioxidant enzyme families under drought stress,
we selected six highly differentially expressed genes and measured their relative expression
levels under drought stress. The results (Figure 7) showed that, except for MsALDH5,
which was downregulated under D1 stress, the expression levels of MsERF610, MsERF210,
MsGST18, MsIDH1, and MsSOD24 all increased with increasing drought severity and
reached their maximum values under D3 stress. Correlation analysis (Figure S2) revealed
that, except for MsERF610 (with a correlation coefficient of 0.57 between FPKM and relative
expression), the correlation coefficients for the remaining genes were all greater than 0.60,
indicating that the transcriptome data are reliable and suggesting that these genes may
play important roles under drought stress.

Figure 7. Relative expression levels of key differentially expressed genes under drought stress.
(A) MsALDH5, (B) MsERF610, (C) MsERF210, (D) MsGST18, (E) MsIDH1, (F) MsSOD24. Significant
differences in the expression of each gene between CK and different drought treatments were assessed
using independent-samples t-test. *, **, and *** indicate significant differences at P < 0.05, P < 0.01,
and P < 0.001, respectively.

4. Discussion
4.1. Expansion and Evolutionary Characteristics of the Alfalfa AP2/ERF Gene Family

AP2/ERF play important roles in plant growth and development, hormone signal
transduction, and abiotic stress responses [46]. Previous studies have shown that the
AP2/ERF family is extensively involved in responses to environmental stresses such as
drought, salt, and low temperature. A hallmark feature of this family is the presence of a
highly conserved AP2 domain, which enables recognition and binding to specific cis-acting
elements in the promoters of downstream target genes, thereby regulating the expression
of stress-responsive genes [10,46–48]. To date, the AP2/ERF gene family has been system-
atically identified in numerous plant species. Overall, AP2/ERF represents a relatively
large transcription factor family in plants, with most plant genomes containing more than
100 members. For example, 148 AP2/ERF genes have been identified in soybean [49], and
322 AP2/ERF genes in common wheat (Triticum aestivum) [50]. In the present study, a total
of 756 AP2/ERF gene family members were identified in the autotetraploid alfalfa genome
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and classified into four subfamilies: ERF, DREB, AP2, and RAV, comprising 390 ERF, 267
DREB, 92 AP2, and 7 RAV members. This indicates a significant expansion of the AP2/ERF
family in alfalfa, particularly the ERF and DREB subfamilies, suggesting that these two
subfamilies may play more prominent roles in alfalfa’s adaptation to complex environ-
ments. Regarding the compositional ratios of different subfamilies, our results are generally
consistent with those reported in other plants: the ERF subfamily typically contains the
largest number of members, followed by DREB and AP2, while the RAV subfamily has
relatively few members. For instance, among the 148 AP2/ERF members in soybean,
120 belong to the ERF subfamily [49]; among the 123 AP2/ERF members in M. truncatula,
98 are ERF members [19]. The larger sizes of the ERF and DREB subfamilies may be
closely related to their functional diversity in plant adaptation to changing environments.
Previous studies have demonstrated that DREB transcription factors can enhance plant
tolerance to drought, salt, and low-temperature stresses by regulating osmotic adjustment,
reactive oxygen species (ROS) scavenging, cold protection, and ABA-related signaling
genes [50–53]; ERF are widely involved in ethylene signaling, pathogen defense, drought
stress, and root and organ development [54,55]. Therefore, the expansion of the ERF and
DREB subfamilies may provide a more complex and flexible transcriptional regulatory
basis for alfalfa in terms of perennial growth, root development, post-cutting regeneration,
and abiotic stress adaptation.

Notably, the identification of the AP2/ERF family in M. truncatula was based on a
haploid genome, whereas the present study utilized an autotetraploid alfalfa genome,
which likely accounts for the substantially larger number of AP2/ERF members identified
here. Polyploidization is a major driving force for plant genome evolution and gene family
expansion. Following whole-genome duplication (WGD), numerous duplicated genes
can influence plant morphogenesis, environmental adaptation, and species differentiation
through retention, loss, subfunctionalization, or neofunctionalization [56]. In cotton, the
number of AP2/ERF family members in tetraploid genomes is typically about twice that
in diploid genomes [57], further supporting the significant contribution of polyploidiza-
tion to AP2/ERF family expansion. As an autotetraploid species, alfalfa possesses four
sets of haplotypes in its genome, theoretically retaining more homologous gene copies
derived from polyploidization or segmental duplication. Thus, the much higher number
of AP2/ERF members identified in this study compared with M. truncate likely reflects
the combined effects of gene dosage effects, duplicate gene retention, and subsequent
functional divergence under polyploidization.

Furthermore, previous studies did not identify RAV subfamily members in tetraploid
alfalfa, whereas the present study detected seven RAV members in its genome. The RAV
subfamily typically contains both AP2 and B3 domains and plays important roles in plant
growth and development, hormone responses, and stress resistance [58,59]. For example,
some RAV genes have been reported to participate in ABA, ethylene, and brassinosteroid
signaling and are associated with plant senescence, flowering, and drought and salt stress
responses [60]. The identification of RAV members in this study indicates that this subfam-
ily is not entirely absent from the tetraploid alfalfa genome. Discrepancies between previous
and current findings may stem from differences in genome versions, annotation complete-
ness, and identification strategies. In particular, given the small number of RAV subfamily
members, reliance on a single database annotation or overly stringent domain screening
thresholds may lead to the omission of some members. Therefore, combining methods
such as HMM search, conserved domain validation, and redundant sequence filtering can
improve the completeness and accuracy of AP2/ERF family member identification.

Synteny analysis further revealed extensive homologous relationships among ERF
genes across the four alfalfa haplotypes, as well as clear syntenic conservation with the
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closely related species M. truncatula, indicating that the ERF family is highly conserved
during the evolution of the Medicago genus. This cross-species syntenic conservation
suggests that some ERF members may originate from common ancestors prior to the
divergence of Medicago species and have been retained under strong purifying selection
over long-term evolution. On the other hand, some ERF members exhibit complex syntenic
relationships across different chromosomes or haplotypes, suggesting that the family may
have experienced chromosomal rearrangements, segmental duplications, gene losses, and
local amplifications following polyploidization. Polyploid genomes typically undergo a
“diploidization” process after formation, gradually restoring a relatively stable genetic
structure through chromosomal rearrangements, homologous gene loss, and expression
divergence [61]. Therefore, the coexistence of conserved syntenic blocks and complex non-
one-to-one relationships in the alfalfa ERF family likely reflects the outcomes of genome
remodeling and differential retention of duplicated genes after polyploidization.

This study also found that WGD/segmental duplication, dispersed duplication, and
tandem duplication all contributed to the expansion of the alfalfa ERF family. Among these,
WGD/segmental duplication was the predominant duplication type, indicating that whole-
genome duplication or large-scale segmental duplication events may be the main drivers of
ERF family expansion. For transcription factor families, WGD-derived duplicate genes tend
to be preferentially retained because transcription factors are often involved in complex
protein interaction networks and regulatory pathways, where copy number changes may
be subject to dosage balance constraints [62,63]. Under such circumstances, retention of
duplicated transcription factors not only helps maintain the stability of regulatory networks
but may also provide a genetic basis for subsequent functional divergence. Meanwhile,
tandem duplication and dispersed duplication also accounted for considerable proportions,
suggesting that local gene amplification and genomic positional reorganization likewise
contributed to the increase in ERF member numbers. Tandem duplication can lead to rapid
expansion of certain gene clusters, resulting in strong functional redundancy or dosage
effects under specific stress conditions or in particular tissues, thereby acquiring distinct
expression patterns and regulatory relationships [64,65]. After duplication, ERF genes
may participate in regulatory processes in different tissues, developmental stages, or stress
conditions through changes in promoter cis-elements, expression pattern divergence, or
altered protein functions. Therefore, the expansion of the AP2/ERF family, especially the
ERF subfamily, may represent an important genetic basis for alfalfa’s adaptation to variable
ecological environments and agricultural production conditions.

4.2. ERF Possesses Significant Regulatory Potential in Alfalfa Drought Response

Drought stress is a critical environmental factor limiting alfalfa growth and yield
formation. Upon perceiving drought signals, plants rapidly initiate a series of processes in-
volving transcriptional regulation, osmotic adjustment, antioxidant defense, and metabolic
reprogramming. AP2/ERF TF, as key regulators of ethylene signaling and abiotic stress
responses, play essential roles in this process [10]. This study found that AP2/ERF TF
exhibit high potential binding coverage across the alfalfa genome, suggesting that these
transcription factors may not act solely on a few typical stress-responsive genes but are
instead broadly embedded in the global transcriptional regulatory network of alfalfa. Their
potential target genes are primarily enriched in metabolic pathways, ribosomes, lipid
metabolism, nucleic acid repair, and amino acid metabolism, indicating that the AP2/ERF
family may participate in plant growth and environmental adaptation by coordinating
basal metabolism, protein synthesis, membrane structural stability, and genomic stabil-
ity. Previous studies have shown that drought stress significantly alters plant carbon
metabolism, nitrogen metabolism, amino acid synthesis, lipid remodeling, and antioxidant
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metabolism, collectively determining energy supply, osmotic balance, and cell protection
capacity under water deficit conditions [66,67]. Therefore, the enrichment of AP2/ERF po-
tential target genes in basal metabolism-related pathways may reflect their role in regulating
the “growth-defense” balance during drought adaptation.

Under drought stress conditions, the target genes of differentially expressed AP2/ERFs
were further enriched in pathways related to carbohydrate metabolism, amino acid
metabolism, energy metabolism, signal transduction, and environmental adaptation. These
processes are all closely associated with plant drought tolerance. Carbohydrate metabolism
not only provides energy for stress responses but also enhances cellular osmotic adjustment
through the accumulation of soluble sugars, trehalose, and related sugar metabolites, and
acts as signaling molecules to regulate stress-responsive gene expression [68]. Amino
acid metabolism, particularly changes in pathways involving proline, glutamate, and
branched-chain amino acids, helps maintain cellular osmotic potential, stabilize proteins
and membrane structures, and buffer the damage caused by ROS accumulation [69]. Re-
programming of energy metabolism aids plants in reallocating limited carbon sources
and energy under stress conditions to maintain cellular homeostasis, repair damage, and
initiate defense responses [66]. Additionally, drought-induced ROS accumulation can lead
to DNA damage and membrane lipid peroxidation; thus, the enrichment of target genes
related to nucleic acid repair, antioxidant defense, and lipid metabolism also suggests that
ERFs may participate in maintaining genomic stability and membrane system integrity [70].
Collectively, these findings indicate that MsAP2/ERFs may be involved in drought stress
adaptation by regulating multiple downstream functional modules: on the one hand, they
may directly regulate signal transduction and typical stress-responsive genes to rapidly
initiate drought-resistance transcriptional programs; on the other hand, they may enhance
cellular homeostatic maintenance under water deficit conditions by influencing fundamen-
tal biological processes such as carbohydrate metabolism, amino acid metabolism, protein
synthesis, lipid homeostasis, and DNA damage repair.

4.3. MsERF210 May Be a Key Candidate Gene for Alfalfa Drought Stress Response

Different AP2/ERF members exhibit varying degrees of responsiveness to drought
stress. This study found that the number of differentially expressed AP2/ERF genes gradu-
ally increased with increasing drought severity, indicating a significant intensity-dependent
response characteristic of the MsAP2/ERF family to drought stress. Under mild drought
conditions, only a few MsAP2/ERF members were induced, potentially representing early
or sensitive stress-responsive factors; under moderate and severe drought, the number
of upregulated genes increased markedly, suggesting that more MsAP2/ERF members
are recruited into stress signal transduction, transcriptional reprogramming, and defense
response networks as water deficit intensifies. This graded response pattern aligns with the
“early perception–signal amplification–defense execution” regulatory logic of plant stress
adaptation, whereby plants dynamically adjust transcription factor activity and down-
stream defense gene expression according to stress intensity to balance growth maintenance
and stress tolerance [66,71].

MsERF210 belongs to the ERF subclade and exhibited prominent induced expression
under drought treatment, with its expression level significantly increasing as drought sever-
ity intensified and reaching a high level under severe drought. This expression pattern
indicates that MsERF210 is highly sensitive to water deficit signals and may represent
an important candidate node in the alfalfa drought resistance regulatory network. Pre-
vious studies have shown that ERF subclade members are an important branch of the
AP2/ERF family involved in abiotic stress responses, capable of regulating target gene
expression in dehydration response, antioxidant defense, osmotic adjustment, ethylene
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signaling, and ABA-related pathways by binding to cis-acting elements such as GCC-box
or DRE/CRT [55,72,73]. In plants such as Arabidopsis, rice, wheat, tomato, and alfalfa,
multiple ERF members have been confirmed to participate in drought, salt, and oxida-
tive stress responses, functioning either as positive regulators of stress tolerance or by
influencing growth, development, and hormonal balance during stress adaptation [47,74].
Therefore, the significant induction of MsERF210 under severe drought suggests that it
may be involved in defense reinforcement processes under strong water deficit conditions.

WGCNA further revealed that MsERF210 exhibited significant co-expression rela-
tionships with multiple antioxidant-related modules, which contained members of gene
families closely associated with redox homeostasis, including ALDH, IDH, GST, and SOD.
Drought stress typically disrupts electron transport and metabolic balance within plant cells,
leading to massive accumulation of ROS-including superoxide anions, hydrogen peroxide,
and hydroxyl radicals—in chloroplasts, mitochondria, and peroxisomes [75]. Moderate
levels of ROS can act as signaling molecules involved in calcium signaling, MAPK cascades,
hormone signaling, and transcriptional regulation, thereby activating defense responses;
however, when ROS accumulation exceeds cellular scavenging capacity, it causes mem-
brane lipid peroxidation, protein oxidation, nucleic acid damage, and disruption of cellular
structures, ultimately inhibiting plant growth or even inducing cell death [70]. Therefore,
maintaining a dynamic balance between ROS production and scavenging is fundamental
for plant adaptation to drought stress.

From the perspective of co-expressed gene functions, SOD is a key enzyme in the ROS
scavenging system, converting superoxide anions into hydrogen peroxide, which is sub-
sequently eliminated by CAT, APX, GPX, or peroxidases; GST participates in glutathione-
dependent detoxification and antioxidant processes, helping to reduce cellular damage
from lipid peroxidation products and electrophilic toxic substances; ALDH can scavenge
aldehyde toxic products accumulated under drought and oxidative stress, mitigating cell
damage caused by membrane lipid peroxidation; IDH is involved in the tricarboxylic acid
cycle, NADPH supply, and maintenance of cellular reducing power, providing necessary
metabolic support for the antioxidant system [75]. The significant co-expression relation-
ships between these genes and MsERF210 suggest that MsERF210 may not only participate
in the transcriptional response to drought signals but also enhance alfalfa’s ROS scavenging
capacity and cell protection ability under water deficit conditions by regulating redox
homeostasis-related genes. In summary, MsERF210 may be an important ERF member in-
volved in alfalfa drought stress response. Its expression significantly increases with drought
intensity, indicating that this gene may participate in transcriptional regulation amplifica-
tion under severe stress conditions; its co-expression relationships with antioxidant-related
genes such as ALDH, IDH, GST, and SOD further suggest that MsERF210 may be involved
in alfalfa’s adaptive regulation to drought stress by coordinating ROS signaling, antioxidant
defense, and metabolic homeostasis. Future studies employing promoter binding analysis,
yeast one-hybrid assays, dual-luciferase reporter experiments, or transgenic functional
validation could further clarify whether MsERF210 directly regulates antioxidant-related
target genes and its biological function in drought resistance.

4.4. ALDH, IDH, GST, and SOD Synergistically Participate in Redox Homeostasis Regulation
Under Drought Stress

To further validate the role of antioxidant modules in drought response, this study
analyzed the expression patterns of members from four gene families—ALDH, IDH, GST,
and SOD—under different drought treatments. Some members of these families were
upregulated under drought stress, particularly under moderate or severe drought condi-
tions, indicating that they may constitute important components of alfalfa’s defense against
drought-induced oxidative stress. The ALDH family primarily participates in the oxidative
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detoxification of aldehydes. Under drought, high salinity, low temperature, and oxidative
stress conditions, membrane lipid peroxidation generates a large number of cytotoxic
aldehyde compounds, such as MDA, 4-hydroxynonenal (4–HNE), and acetaldehyde. These
aldehydes can react with proteins, nucleic acids, and membrane lipids, further exacerbating
cellular damage [76,77]. ALDH can oxidize toxic aldehydes into corresponding carboxylic
acids, thereby reducing their reactivity and cytotoxicity, and plays important roles in plant
tolerance to drought, salt, and oxidative stress [77]. In this study, multiple ALDH members
were induced under drought stress, suggesting that alfalfa may mitigate drought-induced
membrane lipid peroxidation damage by enhancing aldehyde detoxification capacity. This
finding is consistent with the physiological results showing elevated H2O2 and MDA
contents, indicating that ALDH-mediated aldehyde scavenging may be an important com-
ponent of alfalfa’s drought resistance mechanism. The IDH family comprises key enzymes
in the tricarboxylic acid cycle and cellular reducing power supply, catalyzing the conversion
of isocitrate to α-ketoglutarate while producing NADPH. NADPH is not only an impor-
tant source of reducing power for cellular anabolic metabolism but also a crucial basis
for maintaining the reduced state of the glutathione cycle and the ascorbate–glutathione
cycle [78]. Under stress conditions, plant demand for NADPH increases significantly, as
GR, thioredoxin systems, and various antioxidant reactions rely on NADPH for reducing
power. In this study, some IDH members showed increased expression under drought
conditions, suggesting that they may support the regeneration of antioxidant molecules
such as GSH and AsA by enhancing NADPH supply, thereby improving cellular capacity
to scavenge H2O2 and maintain redox balance. Additionally, α-ketoglutarate produced
by IDH catalysis is closely linked to amino acid metabolism and carbon–nitrogen balance,
indicating that IDH may not only participate in antioxidant defense but also connect en-
ergy metabolism, nitrogen metabolism, and stress adaptation processes. The GST family
is primarily involved in glutathione conjugation reactions, playing important roles in
detoxification, antioxidant defense, hormone responses, and secondary metabolism. GST
can catalyze the conjugation of GSH with toxic electrophilic compounds, facilitating their
transformation, transport, and elimination; meanwhile, some GSTs also possess glutathione
peroxidase-like activity and can participate in the scavenging of lipid peroxidation prod-
ucts [55]. Under drought stress, GST-mediated GSH-dependent detoxification processes
help reduce damage to cell membranes and proteins caused by ROS and their derived toxic
products. This study found that some GST genes were upregulated under severe drought,
consistent with changes in physiological indicators related to glutathione metabolism, sug-
gesting that GST may enhance alfalfa’s cell protection capacity under severe water deficit
by promoting GSH-participated detoxification and antioxidant processes. The SOD family
serves as the first line of defense in the ROS scavenging system, dismutating superoxide
anions into H2O2, which is then further eliminated by CAT, APX, POD, or the AsA-GSH
cycle. Enhanced SOD activity typically indicates a rapid response to ROS accumulation
and is an important marker of antioxidant defense system activation [55]. In this study,
some SOD members showed induced expression under drought stress, indicating that
SOD-mediated superoxide anion scavenging may participate in alfalfa’s early or moderate
drought response. However, under D3, SOD enzyme activity was significantly lower than
that under D2 and CK, despite the fact that most SOD genes reached their highest tran-
scriptional levels at D3. This paradox may be attributed to post-translational modifications,
protein instability, or enzyme inactivation under excessive ROS accumulation, wherein
the overwhelming oxidative pressure exceeds the translational and folding capacity of
SOD isozymes, leading to a decoupling between SOD transcript abundance and actual
enzyme activity. However, after SOD converts O2

− to H2O2, downstream systems such as
APX and the AsA-GSH cycle must work synergistically; otherwise, H2O2 may continue to
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accumulate and cause oxidative damage. Therefore, SOD, GST, ALDH, and IDH may form
an interconnected antioxidant network: SOD is responsible for initial superoxide anion
scavenging, IDH provides NADPH for the antioxidant cycle, GST utilizes GSH to eliminate
toxic electrophilic compounds and lipid peroxidation products, and ALDH further detox-
ifies aldehydes. This synergistic mechanism may jointly maintain redox homeostasis in
alfalfa under drought stress.

5. Conclusions
This study systematically elucidated the evolutionary characteristics of the alfalfa ERF

gene family and its regulatory patterns under drought stress. The results showed that the
ERF family underwent significant expansion in alfalfa, with WGD/segmental duplication,
tandem duplication, and dispersed duplication jointly contributing to the increase in family
members. Under drought stress, multiple ERF members were significantly induced, among
which MsERF210 emerged as a core family member potentially responsible for drought
stress response. MsERF210 was significantly associated with Glutathione metabolism,
Peroxisome, and Ascorbate and aldarate metabolism modules. Further gene expression
and physiological/biochemical validation demonstrated that members of antioxidant-
related gene families, including ALDH, IDH, GST, and SOD, were induced under drought
stress, accompanied by significant changes in indicators such as H2O2, MDA, SOD activity,
AsA, DHA, GSH, and GSSG. Collectively, these results suggest that MsERF210 may enhance
alfalfa’s adaptability to drought stress by regulating the antioxidant defense system and
redox homeostasis.
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