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Genome-wide investigation of the NCED gene family
in alfalfa (Medicago sativa L.): identification, analysis

and expression

Ying Tian!, Xiaowei Huo!, Qi Chen!, Jing Xu', Lin Bian', Qingwen Fu' and Zhigiang
Zhang'*

Abstract

Background Alfalfa (Medicago sativa L.) is an essential leguminous forage with high
nutrition and strong adaptability. The 9-cis-epoxycarotenoid dioxygenase (NCED)
family genes encode 9-cis-epoxycarotenoid dioxygenase, which is the key rate-limiting
enzyme in ABA biosynthesis. However, few reports have been reported on the
phylogenetic analysis and gene expression profiling of NCED family genes in alfalfa.
Result A total of 35 NCED genes were identified in the alfalfa genome, distributed
across 21 chromosomes. The number of amino acids encoded by members of the alfalfa
NCED family ranged from 242 to 610, and all were hydrophilic proteins. Subcellular
localization prediction showed that most MsNCED proteins are localized to
peroxisomes and chloroplasts. Collinearity analysis indicated that segmental
duplication was the key driving force for the expansion of this gene family during
evolution. A range of cis-acting elements were detected in MsNCED gene promoter

regions, involved in a variety of hormone and abiotic stress responses. qRT-PCR
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analysis revealed that MsNCEDI, MsNCEDS, and MsNCED31 were significantly
induced by low-temperature, salt, and drought stresses, suggesting that these genes may
be involved in the abiotic stress responses of alfalfa. These findings provide a
theoretical foundation for further functional characterization of the NCED gene family
in alfalfa.
Conclusion In this study, members of the NCED gene family were identified in alfalfa,
and their structural characteristics and possible functions were systematically analyzed.
These findings lay a foundation for further investigation into the molecular functions
of NCEDs in alfalfa.
Keywords Alfalfa, NCED gene family, Abiotic stress, Expression patterns
Introduction

Plant hormones are endogenous signaling molecules that regulate synthesis and
metabolism of plant compounds. Abiotic stresses such as low temperature, salinity, and
drought severely restrict plant growth and productivity. Abscisic acid (ABA) plays a
central role in plant responses to diverse environmental stresses. ABA is one of the
major plant hormones and has a sesquiterpene structure [1]. It occurs broadly
throughout organs and tissues of higher plants and regulates growth, development,
stress responses, and multiple physiological processes [2]. ABA is especially important
for seed germination, maturation and dormancy, and fruit ripening, making it one of the
most intensively studied plant hormones [3-5].

9-cis-epoxycarotenoid dioxygenase (NCED) is a key rate-limiting enzyme in the

ABA biosynthesis pathway in plants [6]. It is widely involved in plant growth and
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development processes and responses to abiotic stresses, and can catalyze the cleavage
of 9-cis-epoxycarotenoids to produce xanthoxin. Xanthoxin is then oxidized to ABA in
two steps catalyzed by a flavin-dependent dehydrogenase and abscisic aldehyde
oxidase [7]. Studies have shown that the expression level and enzyme activities of the
NCED gene directly affect the ABA content in plants [8]. These genes typically exist as
multi-gene families and are widely distributed across various plant species, with their
members exhibiting markedly differential expression patterns under stress conditions
[9, 10]. The expression level of SINCED9 in tomato increases under cold stress, while
the expression levels of SINCEDI, SINCED?2, and SINCED4 increase after drought
treatment [11]. The expression level of AtNCED3 in Arabidopsis thaliana increases
significantly under drought stress, enhancing drought tolerance by promoting
endogenous ABA accumulation [12]. Overexpression of OsNCED3 in rice enhances
ABA accumulation and drought tolerance, and the loss-of-function mutant of
OsNCED4 shows increased sensitivity to low temperature and salt stress [13].

The first NCED gene was cloned from maize [14]. Tan et al. identified nine
homologs of vpl4 in Arabidopsis thaliana [15]. Among these nine homologs, four
encode CCDs (CCDI1, CCD4, CCD7, and CCDS), and five encode NCEDs (NCED?2,
NCED3, NCEDS5, NCED6, and NCEDY) [16]. With the rapid development of whole-
genome technology, NCED genes have been gradually identified in many plants, such
as rice [17], wheat [18], tomato [11], and soybean [9].

As the leguminous forage with the largest global planting area, alfalfa (Medicago

sativa L.) is known as the ‘king of forage’ due to its high yield and rich contents of
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protein, vitamins, and minerals [19]. Northern China is the main alfalfa-producing
region, but high-quality arable land available for forage cultivation is very limited.
Abiotic stresses such as cold, salt, and drought are the major factors limiting forage
growth and development, thereby restricting the development of the forage industry
and herbivore livestock husbandry. Elucidating the molecular mechanisms underlying
forage crop responses to cold, salt, and drought stresses is of great theoretical and
practical significance for improving stress tolerance and promoting the sustainable
development of the herbivorous livestock industry.

Although NCED gene functions have been extensively characterized in many
species, their roles in alfalfa remain unreported. Here, we used bioinformatic
approaches to identify and characterize NCED family members in the alfalfa genome.
Analyses included protein physicochemical properties, chromosomal distribution,
phylogeny, gene structure, conserved motifs, cis-acting elements, collinearity, and
predicted subcellular localization. We also examined NCED expression under cold, salt,
and drought stress. These results provide a theoretical basis for understanding alfalfa
growth and development, identifying key stress-resistance genes, and elucidating the
evolutionary patterns of this gene family.

Results
Identification and basic information analysis of NCED genes in alfalfa

Through the screening and identification of alfalfa gene family members by Blast

and HMM, 35 NCED gene family members were finally identified. According to their

positions on chromosomes, they are named MsNCED1 to MsNCED?35.
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The physicochemical property analysis of the protein encoded by the MsNCED
gene of alfalfa showed that the prediction results (Table 1) indicated that the sequence
length of the MsNCED protein was 242 to 610 amino acids, and the molecular weight
was 27,996.90 Da to 68,232.41 Da. Six proteins have isoelectric points greater than 7,
which are basic proteins, while the isoelectric points of the remaining proteins are all
less than 7, which are acidic proteins. Six proteins have an instability coefficient greater
than 40, which indicates they are unstable proteins, while the majority of proteins are
stable proteins. The hydrophobicity index of all proteins is negative, and they belong to
hydrophilic proteins. The results of subcellular localization prediction analysis show
that most members of the MsNCED gene family are located in peroxisomes and
chloroplasts, MsNCEDI1, MsNCEDI4, and MsNCED28 are in the cytoplasm,
MsNCED?25 is in the endoplasmic reticulum, MsNCEDZ29 is outside the cell, and
MsNCED32 is in the mitochondria. This indicates that different NCED proteins may

function in different microenvironments.

Table 1 Analysis of basic information about the MsNCED gene family

Nu
Chro  mbe
Instabi
moso rof  Molecular
) ) GRA lity Subcellular
Gene ID Gene me ami weight PI
VY index localization
numbe  no (MW,Da)
. (I
r acid
s(aa)

MS.gene063722.t1 MsNCEDI  chrl.1 425  46939.50 569 -0.207 32.72 Cytoplasm
MS.gene061617.t1 MsNCED2  chrl.2 581 63927.11 6.48 -0.266 34.97 Peroxisome
MS.gene073883.t1 MsNCED3  chrl.3 581 63911.05 6.34  -0.27 35.31 Peroxisome
MS.gene053436.t1 MsNCED4  chrl.4 581 63957.10 6.34 -0.276 3531 Peroxisome
MS.gene039190.t1 MsNCED5  chr2.1 610  68188.39 6.49 -0.449 4583 Chloroplast
MS.gene068670.t1 MsNCED6  chr2.2 610 6820941 6.59 -0.458 4579 Chloroplast
MS.gene063446.t1 MsNCED7  chr2.3 605  67665.75 637 -0.447  46.06 Chloroplast
MS.gene062834.t1 MsNCEDS  chr2.4 610 6823241 649 -0457 4586 Chloroplast
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MS.gene014640.t1 ~ MsNCED9  chr3.1 587  67062.69 6.54 -0.342  36.1 Peroxisome
MS.gene40296.t1 MsNCEDIO chr3.2 583  66547.00 6.34 -0.336 36.79 Chloroplast

Peroxisome
MS.gene063184.t1 ~ MsNCEDII  chr3.3 583  66559.03 643 -034  36.57 Peroxisome
MS.gene023313.t1  MsNCEDI2 chrd.l 608 6738390 589 -0.219 42.78 Chloroplast
MS.gene34924.t1 MsNCEDI3 chr4.1 608  67366.78 5.82 -0.239  42.65 Chloroplast
MS.gene023312.t1  MsNCED14 chr4d2 504 5593873 528 -0.151 3741 Cytoplasm
MS.gene86482.t1 MsNCEDI5 chr5.1 581 6472445 6.55 -0.171 34.19 Chloroplast
MS.gene86479.t1 MsNCEDI6  chr5.1 501  55217.16 593 -0.221 30.61 Peroxisome
MS.gene82475.t1 MsNCEDI17 chr52 581 6474048 6.93 -0.177 33.03 Chloroplast
MS.gene82473.t1 MsNCEDIS chr52 581  63998.19 648 -0.278 3554 Peroxisome
MS.gene88323.t1 MsNCEDI9  chr53 581  64779.55 6.56 -0.16  32.18 Chloroplast
MS.gene88321.t1 MsNCED20  chr5.3 343 3826727 947 -0.165 26.77 Chloroplast
MS.gene88317.t1 MsNCED21  chr5.3 501 5528828 5.83 -0.197 3137 Peroxisome
MS.gene72718.t1 MsNCED22  chr5.4 569 6335466 6.69 -0.241 3591 Chloroplast
MS.gene72720.t1 MsNCED23  chr5.4 581  63873.02 6.34 -0.273 3548 Peroxisome
MS.gene056166.t1 ~ MsNCED24  chr8.1 540 6093479  6.19 -0.323 31.92 Peroxisome

Endoplasmic
MS.gene056165.t1 ~ MsNCED25 chr8.1 440 5042795 6.47 -0.244 34.59

reticulum
MS.gene056164.t1  MsNCED26  chr8.1 537 6119143 7.64 -0.242 33 Chloroplast

MS.gene016668.t1 ~ MsNCED27 chr82 540 6105795 63 -0336  31.8 Peroxisome
MS.gene016669.t1  MsNCED28  chr8.2 242  27996.90 6 -0.443 3393 Cytoplasm
MS.gened5745.t1 MsNCED29  chr82 267  30777.64 829 -0272 319 Extracellular
MS.gene23406.t1 MsNCED30  chr82 538 6142758 7.06 -0.321 31.75 Peroxisome
MS.gened5747.t1 MsNCED31  chr83 540  60912.79 63 -0.322 32.52 Peroxisome
MS.gened5746.t1 MsNCED32 chr83 567 6462425 825 -032  35.03  Mitochondrion
MS.gene016670.t1  MsNCED33  chr83 575  65657.46 8.5 -0.33 3236 Chloroplast
MS.gene95249.t1 MsNCED34  chr84 536  60637.48 636 -0.335 31.74 Peroxisome
Chloroplast
MS.gene95248.t1 MsNCED35 chr8.4 430 4957987 6.44 -0346 33.12 Endoplasmic

reticulum

Chromosomal localization of the NCED gene family in alfalfa

Based on the gene annotation information of alfalfa, chromosomal location
analysis of the identified 35 MsNCED genes revealed (Fig. 1) that the 35 genes were
distributed on 21 chromosomes, among which two genes were distributed on chr4.1,
chr5.2, chr5.3, chr8.1 and chr8.4 respectively. Three genes are distributed on chr5.4 and
chr8.3, four genes on chr8.2, and only one gene is distributed on the remaining

chromosomes. It indicates the diversity and complexity of the MsNCED gene.
6
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Fig. 1 Chromosomal location of MsNCED gene family members

Secondary and tertiary structure prediction analysis of NCED family proteins in
alfalfa

The secondary structure of the protein was predicted through the SOPMA online
website. The results (Table 2) showed that the proportion of irregular curls was the
highest, reaching up to 61.80%, followed by a -helices, with the highest proportion

reaching 17.23%, and P -turns were the lowest, with the highest proportion reaching



115 6.98%.
116  Table 2 The secondary structure of MsNCED protein in alfalfa

Alpha
Gene ID Gene name Protein helix  Beta turn(%) Fxtended Random coil(%)
strand(%)
(%)

MS.gene063722.t1  MsNCEDI  MsNCEDI1 14.82 5.41 24.24 55.53
MS.gene061617.t1  MsNCED2  MsNCED2  14.46 5.68 22.55 57.31
MS.gene073883.t1  MsNCED3  MsNCED3 14.11 6.02 20.48 59.38
MS.gene053436.t1  MsNCED4  MsNCED4  14.63 5.16 21.51 58.69
MS.gene039190.t1  MsNCED5  MsNCED5 12.13 5.9 20.82 61.15
MS.gene068670.t1  MsNCED6  MsNCED6 12.3 5.74 20.16 61.8
MS.gene063446.t1  MsNCED7  MsNCED7 12.56 6.12 20.66 60.66
MS.gene062834.t1  MsNCED8  MsNCED8 13.11 6.23 22.95 57.7
MS.gene014640.t1  MsNCED9  MsNCED9 13.46 4.26 20.95 61.33
MS.gene40296.t1  MsNCEDIO MsNCED10  14.41 4.8 20.24 60.55
MS.gene063184.t1 MsNCEDII MsNCEDI1  13.88 4.12 21.78 60.72
MS.gene023313.t1 MsNCEDI2 MsNCEDI12  14.8 5.1 20.56 59.54
MS.gene34924.t1  MsNCEDI3 MsNCEDI13 12.5 5.59 21.38 60.53
MS.gene023312.t1 MsNCEDI4 MsNCEDI14  14.88 5.56 2421 55.36
MS.gene86482.t1  MsNCEDI5 MsNCED15 14.8 4.99 22.38 57.83
MS.gene86479.t1  MsNCEDI6 MsNCED16  11.98 6.39 23.35 58.28
MS.gene82475.t1  MsNCEDI7 MsNCED17  13.77 5.16 21.86 59.21
MS.gene82473.t1  MsNCEDIS MsNCEDI18  14.11 5.51 22.38 58

MS.gene88323.t1 MsNCEDI9 MsNCED19  13.77 5.85 23.06 57.31
MS.gene88321.t1  MsNCED20 MsNCED20  14.87 6.41 17.78 60.93
MS.gene88317.t1  MsNCED2I MsNCED21  12.57 6.79 25.15 55.49
MS.gene72718.t1  MsNCED22 MsNCED22  14.24 5.1 22.32 58.35
MS.gene72720.t1  MsNCED23 MsNCED23 13.6 5.16 222 59.04
MS.gene056166.t1 MsNCED24 MsNCED24  13.89 5.93 24.07 56.11
MS.gene056165.t1  MsNCED25 MsNCED25  14.32 6.82 26.36 52.5
MS.gene056164.t1 MsNCED26 MsNCED26  12.48 5.4 21.79 60.34
MS.gene016668.t1 MsNCED27 MsNCED27  13.7 5.74 237 56.85
MS.gene016669.t1  MsNCED28 MsNCED28  9.09 4.55 28.51 57.85
MS.gene45745.t1  MsNCED29 MsNCED29  17.23 7.49 21.35 53.93
MS.gene23406.t1  MsNCED30 MsNCED30 14.5 5.95 24.54 55.02
MS.gene45747.t11  MsNCED31 MsNCED31 15.37 5.37 23.52 55.74
MS.gene45746.t1  MsNCED32 MsNCED32  13.93 5.82 22.05 58.2
MS.gene016670.t1  MsNCED33 MsNCED33  14.09 5.04 22.09 58.78
MS.gene95249.t1  MsNCED34 MsNCED34  14.55 5.41 24.81 55.22
MS.gene95248.t1  MsNCED35 MsNCED35  14.42 6.98 26.28 52.33

117 The tertiary structure of the protein was predicted by the SWISS-MODEL. The

118  results (Fig. 2) showed that the structures of MsNCED1, MsNCED16, and MsNCED21
8
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were similar, and the structures of MsNCED2, MsNCED3, MsNCED4, MsNCED18,
and MsNCED23 were similar. The structures of MsNCEDS5, MsNCED6, MsNCED?7 and
MsNCEDS are similar. The structures of MsNCED9, MsNCED10 and MsNCED11 are
similar. The structures of MsNCED12 and MsNCED13 are similar. The structures of
MsNCEDI15, MsNCEDI17 and MsNCED19 are similar. The structures of MsNCED24,
MsNCED26, MsNCED27, MsNCED31, MsNCED32 and MsNCED33 are similar, while
those of MsNCED30, MsNCED34 and MsNCED35 are also similar. The structures of

the other family members are not similar.
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Fig. 2 The tertiary structure of MsNCED protein in alfalfa

Conserved motifs and gene structure analysis of the NCED gene family in alfalfa
To investigate the diversity of MsNCED protein motifs, conserved motifs analysis

of MsNCED protein sequences was performed using the online tool MEME (Fig. 3). A

total of 10 conserved motifs were discovered among the members of the NCED family

(Fig. 3A). The conserved motifs ranged from 21 to 50 amino acids in length. MsNCED9Y,
9



134 MsNCEDI10, and MsNCED11 lacked motif 4, motif 9, and motif 10, respectively.
135 MsNCEDI lacked motifl and motif10. The absence of motif8 in MsNCED26 indicates
136 that these motifs have unique functions. Although the number and types of motifs varied
137 among MSsNCED proteins, most members shared similar motif compositions.
138 Conserved domain analysis confirmed that all MsNCED proteins contained typical
139  NCED conserved domains (Fig. 3B). Gene structure analysis indicated that MsNCED
140  family members consisted of 1 to 15 exons (Fig. 3C), with MsNCED32 and MsNCED33
141  containing the largest number of exons. Genes with closer phylogenetic relationships
142 exhibited more similar exon structures and conserved domain compositions, further

143 indicating the evolutionary conservation of the NCED gene family.
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144
145 Fig. 3 MsNCED gene family conserved motif and MsNCED gene structure analysis

146  Phylogenetic analysis of the NCED gene family in alfalfa

147 To further elucidate the evolutionary relationships of the MsNCED gene family, a
10
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comparative analysis of NCED proteins was conducted among alfalfa, soybean and
Arabidopsis thaliana (Fig. 4; Table S1). The phylogenetic tree was constructed using
the NJ method in MEGA11. Based on phylogenetic relationships, NCED proteins are
classified into 7 subfamilies. Among them, the 35 MsNCED members of alfalfa and the
16 GmNCED members of soybean displayed differentiated distributions across each
subfamily, indicating that the NCED family has undergone significant functional
differentiation during the evolution of leguminous plants. The number of genes varied
significantly among the subgroups. Subgroup I contained the largest number of genes
(18 members), whereas subgroup VII contained the fewest, with only one member.
Members of the same subfamily were closely related and likely shared similar

biological functions.
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Fig. 4 Phylogentic analysis of the NCED gene family in Arabidopsis thaliana,
Medicago sativa, and Glycine max

Collinearity analysis of the NCED gene family in alfalfa
The complexity and adaptability of plant genomes largely depend on the expansion

of gene families, and gene duplication is considered a major driving force behind this
11
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expansion. Gene duplication profoundly influences genome evolution and contributes
to gene diversity. Therefore, interspecific and intraspecific collinearity analyses were
conducted on the NCED gene family. Intraspecific collinearity analysis revealed
widespread segmental duplication events within the MsNCED genome. Segmental
duplication events were identified on chromosomes 1, 2, 3, 4, 5, and 8, whereas no
segmental or tandem duplications were detected on the remaining chromosomes (Fig.

5).
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Fig. 5 The collinearity relationship among alfalfa MsNCED genes

To further investigate the evolutionary relationships and duplication events of the
MsNCED gene family, syntenic relationships between NCED genes in Medicago sativa
and those in Arabidopsis thaliana, Medicago truncatula, and Glycine max were
analyzed (Fig. 6). The results showed that there were 8 syntenic gene pairs between

Medicago sativa and Arabidopsis thaliana, 15 pairs between Medicago sativa and
12
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Medicago truncatula, and 28 pairs between Medicago sativa and Glycine max. This
indicates that Medicago sativa has a high degree of synteny and sequence and similarity
with Arabidopsis thaliana, Medicago truncatula, and Glycine max during the

evolutionary process.
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Fig. 6 Collinearity analysis of MsNCED genes between M. sativa, A. thaliana, M.
truncatula, and G. max

Cis-acting element analysis of the NCED gene family in alfalfa

Cis-acting elements in gene promoters can bind to various transcription factors to
regulate the expression of downstream genes, and analysis of these elements can
provide insights into the potential functional differences among genes (Fig. 7). To
investigate the function of the MsNCED genes, the 2000 bp promoter region upstream
of the MsNCED gene were selected for cis-acting element analysis (Table S2). A total
of 29 types of cis-acting elements were identified, mainly including light-responsive,
phytohormone-responsive, stress-responsive, and development-related elements (Table
S3). Among them, light-responsive elements appeared most frequently, and some genes

contained multiple light-responsive elements. Among these, 26 genes contained MeJA-
13



197

198

199

200

201
202

203

204

205

206

207

208

responsive elements, 14 genes contained low-temperature-responsive elements, and 25
genes contained abscisic acid-responsive elements (ABRE). This indicates that these

genes play a crucial role in responding to abiotic stresses and regulating their own

growth and development.
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Fig. 7 Cis-elements of the alfalfa MsNCED

Expression analysis of the NCED gene family under abiotic stresses in alfalfa

To further explore the expression patterns of MsNCED genes in aboveground and
underground parts under low-temperature stress, salt stress, and drought stress, 8
MsNCED genes were selected for qRT-PCR validation (Table S4).

Under low-temperature stress in the aboveground parts of alfalfa (Fig. 8A), the

expression levels of MsNCEDI1, MsNCEDS, and MsNCED3 1 showed an upward trend,
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while MsNCED10, MsNCEDZ26, and MsNCED34 showed a downward trend. The
expression levels of MsNCEDI and MsNCEDS reached their peaks at 12 h and then
decreased over time. The expression level of MsNCED18 decreased significantly at 4
h, and that of MsNCEDZ25 decreased significantly at 12 h, showing an upward trend at
other time points. Under low-temperature stress in the underground parts of alfalfa (Fig.
8B), the expression levels of MsNCEDI, MsNCEDS, MsNCEDI18, MsNCED25, and
MsNCED26 showed an upward trend. The expression level of MsNCED10 was the
lowest at 12 h, and those of MsNCED31 and MsNCED34 were the lowest at 4 h.

Under salt stress in aboveground alfalfa tissues (Fig. 8C), MsNCEDI1, MsNCEDS,
MsNCED?26, and MsNCED31 expression increased significantly at 24 h. MsNCED34
expression declined over the time course. MsNCEDI(0 peaked at 4 h and fell below its
0 hlevel at 12 h and 24 h. MsNCED18 peaked at 8 h and decreased markedly at 12 h
and 24 h. MsNCED25 rose from 4 h to 12 h and then declined significantly at 24 h.
Under salt stress in underground alfalfa tissues (Fig. 8D), MsNCEDI and MsNCEDS§
expression trended upward, whereas MsNCED18 and MsNCED34 trended downward.
MsNCEDI10, MsNCEDZ25, and MsNCED31 showed their greatest expression at 8 h,
while MsNCED26 reached its maximum at 24 h.

Under drought stress in aboveground alfalfa tissues (Fig. 8E), MsNCEDI0,
MsNCED26, and MsNCED31 expression increased, whereas MsNCEDI and
MsNCED34 expression decreased. MsNCEDS peaked at 4 h and then declined, while
MsNCEDIS8 peaked at 2 h before declining. MsNCED25 was lowest at 2 h, rose

thereafter, and reached its maximum at 8 h. Under salt stress in underground alfalfa
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tissues (Fig. 8F), MsNCED1, MsNCEDS, MsNCED18, MsNCED25, and MsNCED31
expression increased. MsNCED1( peaked at 4 h and then fell markedly. MsNCED26
and MsNCED34 peaked at 6 h and declined substantially by 8 h.

Through the analysis of the NCED gene family in alfalfa under three abiotic stress
treatments, the expression of MsNCED1, MsNCEDS, and MsNCED31 genes in alfalfa

can be induced under low-temperature, salt, and drought stress treatments.
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Fig.8 Changes in the expression levels of some members of the MsNCED gene family
under different abiotic stresses

A: Expression levels of MsNCED genes in aboveground tissues under cold stress. B:
Expression levels of MsNCED genes in underground tissues under cold stress. C:
Expression levels of MsNCED genes in aboveground tissues under salt stress. D:
Expression levels of MsNCED genes in underground tissues under salt stress. E:
Expression levels of MsNCED genes in aboveground tissues under drought stress. F:
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Expression levels of MsNCED genes in underground tissues under drought stress.
Different lowercase letters in the figure indicate significant differences among the
values (p < 0.05).

Discussion

Alfalfa is frequently subjected to abiotic stresses such as cold, salt, and drought,
resulting in yield reduction and impaired quality during growth. Therefore, identifying
genes associated with stress tolerance in alfalfa is of great significance for its genetic
improvement. ABA is a signaling molecule that plays an important role in plants stress
responses [20]. The NCED gene family encodes 9-cis-epoxycarotenoid dioxygenase,
which is the key rate-limiting enzyme in ABA synthesis. The NCED gene family plays
a crucial role in plant growth, development and responses to abiotic stress.

In this study, a total of 35 members of the NCED gene family were identified in
the entire genome of alfalfa. The number differed significantly from those reported in
species such as soybean and Arabidopsis thaliana [9, 15]. Such differences in gene
numbers might be closely associated with the disparities in gene duplication
mechanisms among different species. Tandem duplication and segmental duplication of
genes are the main driving forces for the expansion of gene families [21]. As an
autotetraploid species, alfalfa has undergone multiple whole genome duplication events
during evolution, which might be an important reason for the significantly larger
number of NCED family members compared to diploid species [21, 22]. Further
sequence analysis revealed that the NCED gene family in alfalfa displayed high
structural variability, which was reflected in the significant differences in the
physicochemical properties of MsNCED proteins, including amino acid length,

theoretical isoelectric point, and molecular weight. Moreover, all MsNCED proteins
18
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were hydrophilic, and their secondary structures mainly consisted of random coils and
o - helices. This relatively conserved secondary structure might contribute to
maintaining the conformational stability of the catalytic center of the NCED enzyme,
thereby ensuring its efficient catalysis of the rate limiting step in ABA biosynthesis
when plants respond to abiotic stresses such as drought and salinity, and playing a key
physiological function. This structural characteristic might reflect its functional
adaptation.

The subcellular localization of all five AtNCED family members in Arabidopsis
thaliana is the plastid. Among them, AtNCED5 specifically binds to the thylakoid
membrane, AtNCEDY exists in a soluble form in the stroma, while the remaining
members are dynamically distributed between the stroma and the thylakoid membrane-
binding compartments [15]. Paeonia lactiflora PINCEDI and PINCED? are localized
to the nucleus and cytoplasm, respectively, where they function as active enzymes in
ABA biosynthesis and regulate transcription factors [23]. The GmNCED members in
soybean are mainly located in the cytoplasm and chloroplasts [9]. In Medicago sativa,
predicting the subcellular localization of the 35 identified MsNCED proteins revealed
that the MsNCED gene family is subcellularly localized in different locations. Most
members are localized in peroxisomes and chloroplasts, followed by the cytoplasm,
endoplasmic reticulum, extracellular space, and mitochondria. This localization
distribution pattern differs from the research results of the above-mentioned other
species, presumably related to the structural variations that occurred during the

evolution of the MsNCED gene family proteins.
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Phylogenetic analysis of NCED protein sequences from Arabidopsis, soybean, and
alfalfa indicated that alfalfa NCED family members cluster predominantly into four
subgroups, and genes within the same subgroup tend to share similar functions [21].
All five AtNCED proteins were assigned to Group II, suggesting that MsNCED
proteins in this clade may perform functions analogous to their Arabidopsis
counterparts. AtNCED3 is known to enhance drought tolerance by promoting
endogenous ABA accumulation [12], while AtNCED6 and AtNCEDY play key roles in
ABA biosynthesis during seed development [24]. In Group I, soybean NCED genes
GmNCEDZ2 and GmNCED1?2 are involved in responses to dehydration and salt stress,
whereas GmNCED14 and GmNCEDI15 are upregulated under drought. In addition,
GmNCEDI3 and GmNCED14 can promote seed germination at elevated temperatures
[9].

Gene duplication is an important driving force for species evolution and gene
family expansion [25]. Chromosomal localization analysis revealed that MsNCED
genes are unevenly distributed across 21 chromosomes, possibly reflecting
chromosomal rearrangements during evolution [26]. Only one pair of collinear genes
has been identified in barley [27], and six pairs of collinear genes were found in soybean
through interspecies analysis [9]. Multigene families are generated through gene
segment duplication [28]. In this study, segmental duplication was widely present in the
MsNCED gene family, which may facilitate the emergence of new gene functions. This
indicates that segment duplication may play an important role in the expansion of

MsNCED gene family and potentially enhance genetic diversity and environmental
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adaptability.

Motifs and conserved domains reflect the conservation of protein sequences [29,
30]. The differences in conserved motifs and gene structures among MsNCED genes
partially reflect the evolutionary relationships within this gene family. The MsNCED
gene family was divided into five subfamilies based on phylogenetic analysis. Each
subfamily possessed distinct motif compositions, although the conserved sequences
were largely similar, suggesting that these genes may play diverse roles in response to
abiotic stresses. The MsNCED gene family exhibited structural variation, with members
containing 1 to 15 exons. Exons can influence the interaction between regulatory
elements and coding sequences, thereby enabling plants to rapidly respond to growth
and developmental signals or abiotic stresses [31].

Low-temperature stress severely disrupts plant growth and development. NCED
genes contribute to plant cold responses by regulating ABA synthesis, are induced by
low temperatures in various crops, and show potential for improving cold tolerance
through breeding. Studies showed that cold stress strongly upregulates CsNCED?2
expression in tea [32]. Rice OsNCEDY3 localizes to chloroplasts, is highly induced by
low temperatures, and enhances seedling cold tolerance by modulating ROS
homeostasis; OsNCEDS5 knockout mutants exhibit reduced ABA levels and increased
cold sensitivity [8]. In Prunus mume, PmNCED3, PmNCEDS, and PmNCEDY are
markedly upregulated under low temperatures, consistent with roles in cold adaptation
[33]. In wheat, TaNCEDS5 expression rises significantly in leaves and tiller buds during
vernalization, suggesting a tissue-specific role in ABA-mediated cold responses [34].
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Moreover, members of the NCED family display distinct expression patterns under low
temperatures, underscoring the functional complexity and diversity of NCED genes in
the regulatory network of plant cold adaptation.

Salt stress limits crop growth and yield. The NCED gene family plays a central
role in plant responses to salt stress by regulating endogenous ABA biosynthesis,
thereby activating downstream stress-responsive signaling pathways that enhance salt
and alkali tolerance. In rice, OsSNCED?3 elevates endogenous ABA levels and improves
seedling alkali tolerance through osmotic adjustment, ion homeostasis, and reactive
oxygen species (ROS) scavenging, collectively increasing survival under alkali stress
[35]. Five HYNCED members have been identified in the barley genome; under salt
stress, HVNCEDI is strongly upregulated while HvNCED3 and HvNCED4 are
downregulated, indicating functional divergence and a complex regulatory network
[20].

Drought stress induces NCED expression, activates ABA biosynthesis, and
thereby promotes stomatal closure and the expression of stress-responsive genes,
reducing transpiration loss [36]. The NCED gene family is ubiquitous in terrestrial
plants, and individual members show functionally divergent expression patterns under
drought. In Arabidopsis, drought induces AtNCED3; its overexpression elevates ABA
levels, up-regulates stress genes, lowers transpiration rate, and enhances drought
tolerance [37]. In rice, drought induces OsNCED3, which modulates endogenous ABA
to improve drought resistance; RNAi-mediated silencing of OsNCED3 causes drought

sensitivity and reduced biomass, whereas its overexpression markedly enhances
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drought resistance [38]. Huang et al. reported that high-salt and drought strongly
induced OsNCED) expression in both shoots and roots of rice [13]. In foxtail millet,
SiNCED3 is likewise drought induced, suggesting a role in adaptive drought regulation
[39]. Together, these studies reveal conserved NCED functions alongside species-
specific regulatory mechanisms in drought responses.
Materials and methods
Identification of the NCED gene family in alfalfa

The whole-genome sequence, gene annotation, and protein sequence files of
Medicago sativa (cultivar ‘Xin Jiang Da Ye’) were downloaded from the online website
Figshare

(https://figshare.com/projects/whole_genome_sequencing_and_assembly of Medica

go_sativa). The NCED protein sequences of Arabidopsis thaliana were obtained from
the NCBI database. The NCED protein sequences of Medicago truncatula were

downloaded from the MODMS database (https://modms.lzu.edu.cn/), and the NCED

protein  sequences of Glycine max were retrieved from Phytozome

(https://phytozome.jgi.doe.gov/).

Using TBtools and Arabidopsis protein sequences as queries, BLASTP was
employed to identify candidate NCED protein sequences in the Medicago sativa
genome. The hidden Markov model (HMM) file for the NCED protein domain

(PF03055) was retrieved from the Pfam database (https://pfam.xfam.org/), and HMM

searches in TBtools were used to detect sequences in the alfalfa genome that contain

the NCED domain. Conserved domain analyses were performed using SMART
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(http://smart.embl.de) and NCBI’s online Batch CD-Search

(https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) to confirm the presence

of domains characteristic of the NCED gene family. Ultimately, 35 NCED family genes
were identified in alfalfa (Table S5).
Physicochemical properties analysis, chromosomal localization, and structural
prediction of MsNCED proteins in alfalfa

The chromosomal distribution of the MsNCED gene family was visualized using
TBtools. Physicochemical properties of the alfalfa NCED family proteins-including
isoelectric point, molecular weight, and instability index-were analyzed using the

ExPASy online platform (https:/www.expasy.org/). Subcellular localization

predictions were performed with WOLF PSORT (https://wolfpsort.hgc.jp/). Protein

secondary structure was predicted using the SOPMA (https://npsa-prabi.ibcp.fr/cgi-

bin/secpred_sopma.pl) online tool, and tertiary structures were modeled using SWISS-

MODEL (https://swissmodel.expasy.org/).

Phylogenetic tree analysis of the NCED gene family in alfalfa

Multiple sequence alignments of NCED protein sequences from Arabidopsis
thaliana, alfalfa, and soybean were performed using MUSCLE implemented in
MEGAT11. The phylogenetic tree was constructed using the neighbor-joining method.
The phylogenetic tree was visualized and annotated using the iTOL online platform

(https://itol.embl.de/).

Gene structure and conserved motifs of the NCED gene family in alfalfa

Conserved motifs of MsNCED proteins were identified using the MEME online
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tool (https://meme-suite.org/meme/), with the number of motifs set to 10. The gene

structures and conserved domains of the alfalfa NCED gene family were visualized
using the TBtools base on the obtained information.
Cis-acting element analysis of the NCED gene family in alfalfa

A 2000 bp nucleotide sequence upstream of the start codon of each MsNCED gene
was extracted from the alfalfa genome sequence. These sequences were submitted to

the PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/)

for cis element prediction. The predicted cis-acting elements were visualized using
TBtools.
Collinearity analysis of the NCED gene family in alfalfa

Collinearity and gene duplication events of NCED gene family members between
alfalfa and other species were analyzed using One Step MCScanX module in TBtools,
and the results were visualized.
Plant materials and stress treatments

In this study, alfalfa seeds (‘Caoyuan No. 4’) were bred at Inner Mongolia
Agricultural University, China. Alfalfa seeds with uniform morphology and fullness
were selected, placed in Petri dishes lined with filter paper moistened with distilled
water, and germinated in a light incubator at 25 °C. The germinated seedlings were
transplanted into pots filled with a mixture of nutrient soil and vermiculite (2:1). The
plants were grown under long-day conditions (16 hours of light /8 hours of darkness)
and watered regularly.

After four weeks of growth, alfalfa plants (‘Caoyuan No. 4”) were subjected to salt,
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low-temperature, and drought stress treatments, respectively. For salt stress treatment,
alfalfa plants were treated with 200mmol/L NaCl, and samples were collected at 0, 4,
8, 12 and 24h after treatment. For low-temperature stress treatment, plants were placed
in a growth chamber at 4 °C, and samples were collected at 0, 4, 8, 12, and 24 h. For
drought stress treatment, plants were subjected to air drying, and samples were
collected at 0, 2, 4, 6, and 8 h. All sample collections were performed with three
biological replicates. After sampling, the samples were immediately snap-frozen in
liquid nitrogen and transferred to -80 °C, and stored for subsequent analysis.
RNA extraction and quantitative real-time PCR analysis

Total RNA was extracted from alfalfa samples using TRIzol Reagent and stored at
-80 °C. The obtained RNA was reverse transcribed into cDNA using the EasyQuick RT
MasterMix kit, and the cDNA was stored at -20 °C for subsequent analysis. Quantitative
primers were designed using NCBI-Blast (Tab. 3), with amplification lengths ranging
from 80 to 200 bp, and Msp-actin was used as the internal reference primer. qRT-PCR
was performed according to the instructions of the SuperStar Blue Universal SYBR
Master Mix kit. With Msf-actin as the internal reference gene and 3 replicates for each

sample, the relative expression levels were calculated using the 2-22¢" method [40].

Table 3 qRT-PCR primers

Gene Forward primer Reverse primer
MsNCEDI1 GTGGTGAGCCGTTTTTCGTG CTTCACCTCCGCCACAATCT
MsNCEDS GTTGATGGGACCCACGGAAT CACCGTTAGGTGTGACACGA

MsNCEDI0 AGGATTGGGGTAATGCCACG AGATCTGCAGCCCCTCACTA
MsNCEDI8 CACGTGGACCTTACCACCTC ACAGAGTGTGGCTTTTCCGT
MsNCED25 AGGGTGGGACCTAATCCGAA GGAAGAGAATGACGCACCCA
MsNCED26 GGACACCTTCCGGATTGCTT CGACGGGAGAAAACTTCGGA
MsNCED31 ACACTGGCAGGAAACAACGA AGCCTCAGAGCCAAACCTTC
MsNCED34 GGCTCTCTTCCGGATTGCTT CCACCGGAGAAAACTTCGGA
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Msp-actin TTTGAGACTTTCAATGTGCCCGCC TAGCATGTGGGAGTGCATAACCCT

Statistical analysis

Experimental data were processed using Excel 2019. Statistical analysis was
performed using SPSS. One-way ANOVA followed by the least significant difference
(LSD) test was used to compare differences among groups. Bar charts were generated
using Origin.
Conclusion

In this study, 35 NCED family members were identified in the alfalfa genome,
distributed across 21 chromosomes. Exon counts per NCED gene ranged from 1 to 15.
All MsNCED proteins were predicted to be hydrophilic, and subcellular localization
analyses indicate that most were localized to peroxisomes and chloroplasts. Collinearity
analysis among alfalfa, Arabidopsis thaliana, and soybean revealed syntenic gene pairs.
MsNCEDI, MsNCEDS8, and MsNCED3 1 were positively regulated by all three stresses,
suggesting they may play key roles in abiotic stress responses. These findings provide
useful leads for further functional study of NCED genes in alfalfa and enhance our
understanding of their roles in stress adaptation.
Acknowledgements
Not applicable.
Author’s contributions
77Q designed and performed the experiments; TY, HXW and CQ performed the main
experiments; XJ, BL and FQW analyzed all the data; TY wrote manuscript. All authors
reviewed and approved the manuscript.

Funding
27



463
464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482
483

484
485
486

487

This work was supported by Inner Mongolia Autonomous Region Science and
Technology Plan (2025YFHHO0173).

Data availability

We used previously published genomic data, and no datasets were generated or
analysed in the current study.

Declarations

Ethics approval and consent to participate

This study is not a clinical trial. The ‘Caoyuan No.4’ alfalfa was grown and collected
from Inner Mongolia Agricultural University, China, and all samples from the cultivar
were adopted for all experiment. No specific permits are required for sample collection
in this study. For experimental research and field studies on plants, including the
collection of plant material, we comply with relevant institutional, national, and
international guidelines and legislation. We declared that wild plants have not been
collected in this study.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

References

1. Dorftling K. The Discovery of Abscisic Acid: A Retrospect. J Plant Growth Regul.
2015;34:795-808. https://doi.org/10.1007/s00344-015-9525-6.

2. Nambara E, Marion-Poll A. Abscisic acid biosynthesis and catabolism. Annu Rev
Plant Biol. 2005;56:165-85.
https://doi.org/10.1146/annurev.arplant.56.032604.144046.

3. Rodrigo M-J, Alquezar B, Zacarias L. Cloning and characterization of two 9-cis-
28



488
489
490

491
492
493
494

495
496
497

498
499
500

501
502

503
504
505

506
507
508
509

510
511
512
513

514
515
516
517

518
519
520
521

522

epoxycarotenoid dioxygenase genes, differentially regulated during fruit maturation
and under stress conditions, from orange (Citrus sinensis L. Osbeck). Journal of
Experimental Botany. 2006;57:633—43. https://doi.org/10.1093/jxb/erj048.

4. Huang Y, Jiao Y, Yang S, Mao D, Wang F, Chen L, et al. SINCEDI, a 9-cis-
epoxycarotenoid dioxygenase gene in Setaria italica, is involved in drought tolerance
and seed germination in transgenic Arabidopsis. Front Plant Sci. 2023;14:1121809.
https://doi.org/10.3389/fpls.2023.1121809.

5. Gupta K, Wani SH, Razzaq A, Skalicky M, Samantara K, Gupta S, et al. Abscisic
Acid: Role in Fruit Development and Ripening. Front Plant Sci. 2022;13:817500.
https://doi.org/10.3389/fpls.2022.817500.

6. Liu D, Qiu C, Zeng Y, Lin Q. Molecular and Enzymatic Characterization of 9-Cis-
epoxycarotenoid Dioxygenases from Mulberry. Protein J. 2022;41:504-14.
https://doi.org/10.1007/s10930-022-10072-7.

7.Chen K, Li G, Bressan RA, Song C, Zhu J, Zhao Y. Abscisic acid dynamics, signaling,
and functions in plants. JIPB. 2020;62:25-54. https://doi.org/10.1111/jipb.12899.

8. Xiang Z, Zhang L, Zhang M, Yao Y, Qian Q, Wei Z, et al. OsNCEDS5 confers cold
stress tolerance through regulating ROS homeostasis in rice. Plant Physiology and
Biochemistry. 2025;220:109455. https://doi.org/10.1016/j.plaphy.2024.109455.

9. Islam MSU, Shing P, Ahmed M, Zohra FT, Rownaq A, Paul SK, et al. Genome-wide
identification and characterization of NCED gene family in soybean (Glycine max L.)

and their expression profiles in response to various abiotic stress treatments. PLoS ONE.
2025;20:0319952. https://doi.org/10.1371/journal.pone.0319952.

10. Zhu P, Li R, Fan W, Xia Z, Li J, Wang C, et al. A mulberry 9-cis-epoxycarotenoid
dioxygenase gene MaNCEDI is involved in plant growth regulation and confers salt
and drought tolerance in transgenic tobacco. Front Plant Sci. 2023;14:1228902.
https://doi.org/10.3389/1pls.2023.1228902.

11. Chen X, Lv R, Zhang Y, Mo F, Meng F, Cheng M, et al. Identification of the NCED
gene family in tomato (Solanum lycopersicum) and functional analysis of SINCED?2 in
response to  drought stress. Scientia  Horticulturae. 2024;330:113087.
https://doi.org/10.1016/j.scienta.2024.113087.

12. Molinari MDC, Fuganti-Pagliarini R, Marin SRR, Ferreira LC, Barbosa DDA,
Marcolino-Gomes J, et al. Overexpression of AtNCED3 gene improved drought

tolerance in soybean in greenhouse and field conditions. Genet Mol Biol.
2020;43:€20190292. https://doi.org/10.1590/1678-4685-gmb-2019-0292.

13. Huang Y, Guo Y, Liu Y, Zhang F, Wang Z, Wang H, et al. 9-cis-Epoxycarotenoid

29



523
524

525
526
527
528

529
530
531

532
533
534

535
536
537

538
539
540
541

542
543
544

545
546
547

548
549

550
551
552
553

554
555
556

Dioxygenase 3 Regulates Plant Growth and Enhances Multi-Abiotic Stress Tolerance
in Rice. Front Plant Sci. 2018;9:162. https://doi.org/10.3389/1pls.2018.00162.

14. Basso MF, Contaldi F, Celso FL, Karalija E, Paz-Carrasco LC, Barone G, et al.
Expression profile of the NCED/CCD genes in chickpea and lentil during abiotic stress

reveals a positive correlation with increased plant tolerance. Plant Science.
2023;336:111817. https://doi.org/10.1016/j.plantsci.2023.111817.

15. Tan B, Joseph LM, Deng W, Liu L, Li Q, Cline K, et al. Molecular characterization
of the Arabidopsis 9 -cis epoxycarotenoid dioxygenase gene family. The Plant Journal.
2003;35:44-56. https://doi.org/10.1046/1.1365-313X.2003.01786.x.

16. Auldridge ME, McCarty DR, Klee HJ. Plant carotenoid cleavage oxygenases and
their apocarotenoid products. Current Opinion in Plant Biology. 2006;9:315-21.
https://doi.org/10.1016/j.pbi1.2006.03.005.

17. Chen Y, Xiang Z, Liu M, Wang S, Zhang L, Cai D, et al. ABA biosynthesis gene
OsNCED?3 contributes to preharvest sprouting resistance and grain development in rice.
Plant Cell & Environment. 2023;46:1384—401. https://doi.org/10.1111/pce.14480.

18. Zheng L, Abe F, Nonogaki M, Kanno Y, Seo M, Nonogaki H, et al. Modulation of
wheat grain dormancy by introducing the recombinant abscisic acid-stimulated abscisic
acid biosynthesis gene. Plant Biotechnology. 2023;40:31-41.
https://doi.org/10.5511/plantbiotechnology.22.1219b.

19. Wang T, Zhang W-H. Priorities for the development of alfalfa pasture in northern
China. Fundamental Research. 2023;3:225-8.
https://doi.org/10.1016/j.fmre.2022.04.017.

20. Omari Alzahrani F. A Comprehensive Analysis of the 9-Cis Epoxy Carotenoid
Dioxygenase Gene Family and Their Responses to Salt Stress in Hordeum vulgare L.
Plants. 2024;13:3327. https://doi.org/10.3390/plants13233327.

21. Panchy N, Lehti-Shiu M, Shiu S-H. Evolution of Gene Duplication in Plants. Plant
Physiol. 2016;171:2294-316. https://doi.org/10.1104/pp.16.00523.

22. Chen H, Zeng Y, Yang Y, Huang L, Tang B, Zhang H, et al. Allele-aware
chromosome-level genome assembly and efficient transgene-free genome editing for
the  autotetraploid  cultivated  alfalfa. Nat  Commun.  2020;11:2494.
https://doi.org/10.1038/s41467-020-16338-x.

23. Fei R, Guan S, Duan S, Ge J, Sun T, Sun X. Elucidating Biological Functions of 9-

cis-Epoxycarotenoid Dioxygenase Genes Involved in Seed Dormancy in Paeonia
lactiflora. Plants. 2023;12:710. https://doi.org/10.3390/plants12040710.

30



557
558
559
560

561
562
563
564

565
566
567

568
569
570

571
572

573
574
575

576
577
578

579
580
581

582
583
584

585
586
587
588

589
590
591

24. Lefebvre V, North H, Frey A, Sotta B, Seo M, Okamoto M, et al. Functional analysis
of Arabidopsis NCED6 and NCEDY genes indicates that ABA synthesized in the
endosperm is involved in the induction of seed dormancy. The Plant Journal.
2006;45:309-19. https://doi.org/10.1111/1.1365-313X.2005.02622.x.

25. Birchler JA, Yang H. The multiple fates of gene duplications: Deletion,
hypofunctionalization, subfunctionalization, neofunctionalization, dosage balance
constraints, and neutral variation. The Plant Cell. 2022;34:2466-74.
https://doi.org/10.1093/plcell/koac076.

26. Wang Z, Zhao S, Liu J, Zhao H, Sun X, Wu T, et al. Genome-wide identification of
Tomato Golden 2-Like transcription factors and abiotic stress related members
screening. BMC Plant Biol. 2022;22:82. https://doi.org/10.1186/s12870-022-03460-9.

27. Zhang G, Yang X, Wang Y, Ye Q, Xue D, Fang Y, et al. Identification and expression
analysis of the NCED gene family under abiotic stresses in barley (Hordeum vulgare
L.). Plant Growth Regul. 2026;106:29. https://doi.org/10.1007/s10725-025-01408-1.

28. Rogozin IB, Carmel L, Csuros M, Koonin EV. Origin and evolution of spliceosomal
introns. Biol Direct. 2012;7:11. https://doi.org/10.1186/1745-6150-7-11.

29. Bailey TL, Williams N, Misleh C, Li WW. MEME: discovering and analyzing DNA
and protein sequence motifs. Nucleic Acids Research. 2006;34 Web Server:W369—73.
https://doi.org/10.1093/nar/gkl198.

30. Marchler-Bauer A, Bo Y, Han L, He J, Lanczycki CJ, Lu S, et al. CDD/SPARCLE:
functional classification of proteins via subfamily domain architectures. Nucleic Acids
Res. 2017;45:D200-3. https://doi.org/10.1093/nar/gkw1129.

31. Chung BY, Simons C, Firth AE, Brown CM, Hellens RP. Effect of 5’UTR introns
on gene expression in Arabidopsis thaliana. BMC Genomics. 2006;7:120.
https://doi.org/10.1186/1471-2164-7-120.

32. Wang Z, Chen D, Yue C, Cao HL, Guo YL. Cloning and expression analysis of the
CsNCED?2 gene in tea plant. Acta Botanica Boreali-Occidentalia Sinica. 2018;994—
1002

33. Chen K, Li X, Guo X, Yang L, Qiu L, Liu W, et al. Genome-Wide Identification
and Expression Profiling of the NCED Gene Family in Cold Stress Response of Prunus
mume Siebold & Zucc. Horticulturae. 2023;9:839.
https://doi.org/10.3390/horticulturac9070839.

34. Cui G, Cheng H. Comprehensive Analysis of TaANCED Gene Family in Wheat
Vernalization Process. Biology. 2025;14:1293.
https://doi.org/10.3390/biology14091293.

31



592
593
594

595
596
597

598
599
600
601

602
603
604

605
606
607

608
609
610
611

35.Feng Z, Xu Y, Xie Z, Yang Y, Lu G, Jin Y, et al. Overexpression of Abscisic Acid
Biosynthesis Gene OsNCED3 Enhances Survival Rate and Tolerance to Alkaline Stress
in Rice Seedlings. Plants. 2024;13:1713. https://doi.org/10.3390/plants13121713.

36. Vo HM, Charleston MA, Brodribb TJ, Sussmilch FC. Dehydration rapidly induces
expression of NCED genes from a single subclade in diverse eudicots. Planta.
2025;261:46. https://doi.org/10.1007/s00425-025-04626-z.

37. Tuchi S, Kobayashi M, Taji T, Naramoto M, Seki M, Kato T, et al. Regulation of
drought tolerance by gene manipulation of 9- cis -epoxycarotenoid dioxygenase, a key
enzyme in abscisic acid biosynthesis in Arabidopsis. The Plant Journal. 2001;27:325—
33. https://doi.org/10.1046/j.1365-313x.2001.01096.x.

38. Xu X-Z, Wang T, Wan W, Li S-H, Zhu G-H. ABA Biosynthesis Gene OsNCED3
Confers Drought Stress Tolerance in Rice. Acta Agronom Sin. 2018;44:24-31.
https://doi.org/10.3724/SP.J.1006.2018.00024.

39. Wang YK, Li FF, Chen EY, Yang YB, Guan YA, Gao WW, Qin L. Cloning,
bioinformatics and expression pattern analysis of the NCED3 gene in foxtail millet.
Shandong Agric Sci. 2022;1-7. https://doi.org/10.14083/j.issn.1001-4942.2022.09.001.

40. Adnan M, Morton G, Hadi S. Analysis of rpoS and bolA gene expression under
various stress-induced environments in planktonic and biofilm phase using 2-AACT
method. Mol Cell Biochem. 2011;357:275-82. https://doi.org/10.1007/s11010-011-
0898-y.

32



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupplementaryMaterial1.xlsx
e SupplementaryMaterial2.xlsx
e SupplementaryMaterial3.xlsx
e SupplementaryMaterial4.xlsx

e SupplementaryMaterial5.xlsx


https://assets-eu.researchsquare.com/files/rs-11168487/v1/bcb0378916aa174fbbf6f116.xlsx
https://assets-eu.researchsquare.com/files/rs-11168487/v1/28e9f370aa63a707664da388.xlsx
https://assets-eu.researchsquare.com/files/rs-11168487/v1/1c241857011ab1ade747d4bc.xlsx
https://assets-eu.researchsquare.com/files/rs-11168487/v1/1dbcc13c64486023a0e26d2b.xlsx
https://assets-eu.researchsquare.com/files/rs-11168487/v1/7865fdbd252274be412d2c7e.xlsx

