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Genome-wide analysis of the KCS
gene family in Medicago truncatula
and their expression profile under
various abiotic stress
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Very long-chain fatty acids (VLCFAs) are indispensable constituents of cuticular wax and exert pivotal
functions in regulating plant growth, development and response to stress. B-Ketoacyl-CoA synthase
(KCS) represents the rate-limiting enzyme for the biosynthesis of VLCFAs. In this study, 25 KCS genes
were identified in the M. truncatula genome and were unevenly distributed across seven of the eight
chromosomes. The 25 MtKCS genes were clustered into seven groups, each exhibiting conserved gene
structure and motif distribution. MtKCS gene promoters contained multiple hormone signaling and
stress-responsive elements, indicating that the expression of these genes may be modulated by a
range of developmental and environmental stimuli. The expression profiles revealed that the MtKCS
genes exhibit diverse expression patterns across various organs/tissues and are differentially expressed
under abiotic stress. It is noteworthy that several genes, such as MtKCS2, 10, and 13, exhibited
significantly increased expression in leaves under cold, heat, salt, and drought stress. This suggests
that MtKCS genes may play an integral role in the abiotic stress resistance of M. truncatula. These
findings establish a foundation for understanding the evolution of KCS genes in higher plants and
facilitated further functional exploration of MtKCS genes.
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As sessile organisms, plants are persistently confronted with a multitude of detrimental factors that impede
their growth and, in some cases, even their survival. These factors can be broadly classified into two categories:
biotic stresses, which originate from other living organisms, and abiotic stresses, which are caused by non-living
environmental factors2. In order to mitigate the effects of adverse conditions, plants have evolved a variety of
protective mechanisms, among which cuticular wax plays an important role in their defence process**. Cuticular
wax is a protective substance that covers the aerial parts of all terrestrial plants, forming the interface between
plants and their environment>®. It fulfils a number of biological functions, including the prevention of non-
stomatal water loss and the provision of a protective barrier against adverse factors such as insects, pathogens,
physical friction and UV radiation”?.

Very long-chain fatty acids (VLCFAs) are defined as fatty acids with a hydrocarbon chain of 20 or more
carbon atoms. They serve as the primary building block for cuticular waxes and numerous other lipids, including
triacylglycerols accumulated in seeds, as well as some sphingolipids and phospholipids in cell membranes®!°. The
biosynthesis of VLCFAs commences with C18 in the plastid, which is subsequently catalyzed by the long-chain
fatty acid acyl-CoA elongase (FAE) multiprotein complex in the endoplasmic reticulum!!. The FAE complex
is composed of four different enzymes, namely B-Ketoacyl-CoA synthetase (KCS), f-Ketoacyl-CoA reductase
(KCR), B-Hydroxyacyl-CoA dehydratase (HCD), and B-Enoyl-CoA reductase (ECR), which catalyze four
successive reactions including condensation, reduction, dehydration, and second reduction, respectively12'13.
The substrate and tissue specificity exhibited by different KCS isoforms determine the synthesis rate and carbon
chain length of VLCFAs. In contrast, the other three enzymes have broad substrate catalytic properties and
are shared by all FAE complexes'®. Consequently, KCS is the rate-limiting enzyme in the elongation process of
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VLCFAs and is responsible for the composition and content of cuticular waxes, thereby influencing the capability
of plants to resist stress®!>.

FAEI1/AtKCS18 is the first KCS gene cloned and characterized in higher plants. It was found to be specifically
expressed in developing seeds in Arabidopsis thaliana, where it catalyzes the synthesis of C18:1 to C20:1, C20:1
to C22:1, and C18:0 to C20:0 fatty acids for lipid storage!®. Overexpression of the FAEI/AtKCS18 in Arabidopsis
and rapeseed (Brassica napus) resulted in a notable increase in erucic acid (C22:1) content!”!8, KCSs are
characterized by the presence of two conserved structural domains: the FAE1/Type III polyketide synthase-like
protein domain (FAE1_CUTI1_RppA) and the 3-Oxoacyl- [acyl-carrier-protein (ACP)] synthase III C-terminal
domain (ACP_syn_III_C)¥. The former comprises the motif that specifically binds to the substrate, which
may be related to substrate specificity?’. The KCS gene family in Arabidopsis has been the subject of the most
comprehensive study and characterization in terms of its physiological and molecular functions. Based on their
phylogenetic relationship and duplication history, 21 AtKCS genes can be categorized into eight subclasses (a, {,
V> 8, & {, n, and 8)?!. Functional studies have confirmed that AtKCS genes play crucial roles in the biosynthesis
of epidermal wax??>-26, root suberin metabolism?”~%, seed stored triglycerides'®, maintenance of leaf guard cell
density®, and development of the epidermis®..

The genome-wide identification of a gene family will substantially facilitate the investigation of gene function.
Given their pivotal role in plant growth, development, and stress responses®3>*3, KCS gene families have been
identified in dozens of plant species, exhibiting notable variation in the type and quantity of these genes across
different species. For example, 22 in rice (Oryza sativa)®?, 24 in grape (Vitis vinifera)**, 25 in sorghum (Sorghum
bicolor)®, 26 in maize (Zea mays)®S, 28 in apple (Malus x domestica Borkh.)*’, 31 in soybean (Glycine max)*®,
35 in pear (Pyrus bretschneideri)®®, and as many as 58 in upland cotton (Gossypium hirsutum)® and rapeseed*!.

A substantial body of research has demonstrated that the KCS family genes play a pivotal role in determining
the composition and structure of epidermal wax, actively engage in physiological and biochemical processes
throughout the entire life cycle of plants, and are instrumental in shaping their stress resistance. For example,
AtKCSI has been demonstrated to regulate the biosynthesis of C26-C30 wax alcohols and aldehydes. Compared
with wild type, the AtkcsI mutant displayed a reduction in seedling growth under conditions of drought, low
humidity, and chilling tolerance??*2. AtKCS4 plays a crucial role in regulating lipid metabolism in response
to heat and dark conditions®>. HMSI1 has been demonstrated to catalyze the biosynthesis of the C26 and C28
VLCFAs in rice, contributing to the formation of bacula and tryphine in the pollen wall, which protect the
pollen from low humidity*2. The overexpression of GhKCS13 in transgenic cotton plants resulted in enhanced
sensitivity to cold stress, which was attributed to the modulation of lipid and oxylipin biosynthesis*>. The ectopic
expression of VWKCS11 from grape or CcKCS6 from navel orange (Citrus clementina) in transgenic Arabidopsis
plants resulted in enhanced tolerance to various abiotic stresses***. In alfalfa (Medicago sativa), MsKCS10
exhibited high expression levels in leaves and was markedly induced by drought stress. Subsequent experiments
demonstrated that it regulated wax biosynthesis and wax crystal morphology, thereby positively influencing the
plant’s drought stress response*S.

The Leguminosae family represents the third largest group of flowering plants, comprising a diverse range of
food and forage crops. Notable examples of food crops include soybeans, peanuts, peas, chickpeas, and lentils,
while forage crops include alfalfa and clover. It is one of the most economically significant plant groups, ranking
second only to the Gramineae family?’. The diploid plant Medicago truncatula, with its relatively small genome
(approximately 465 Mb), short life cycle, self-fertility, and high genetic transformation efficiency, has been
selected as an exemplary model species for legume genetic research and functional genomic research®. Two
MtKCS genes have been the subject of functional exploration, with the findings indicating their involvement in
lateral organ development and cuticular wax synthesis*’, as well as the preservation of seed physical dormancy
through the regulation of VLCFA production in the seed coat®. However, a comprehensive and systematic
exploration of the KCS gene family in M. truncatula has yet to be conducted.

This study aims to characterize the KCS gene family in M. truncatula using bioinformatic methods. A total
of 25 MtKCS genes were identified, and their chromosomal distribution, gene structure, conserved motif
distribution, gene synteny, and phylogenetic relationships were analyzed. To gain further insight into the
potential functions of the MtKCS genes, their tissue-specific expression profiles and response patterns to cold,
heat, salt, and drought stresses were examined. These findings provide a foundation for comprehending the
roles of the MtKCS gene family and offer valuable insights into how these genes contribute to stress tolerance
mechanisms in M. truncatula.

Results

Identification of MtKCS genes and characterization of their protein physicochemical
properties

A total of 25 sequences in the M. truncatula protein database were found to containing both the ACP_syn_
III_C and FAE1_CUTI1_RppA domains, and they were considered as members of the MtKCS gene family. The
corresponding genes were named as MtKCSI to MtKCS25 in accordance with their chromosomal positions
(Table 1; Fig. 1A), with the nucleotide sequence lengths varying from 690 bp (MtKCS14) to 3348 bp (MtKCS13).
Moreover, the physicochemical properties of the MtKCS proteins were examined. MtKCS14 and MtKCS25 were
the shortest and longest proteins, with 229 and 534 amino acid residues, respectively. The molecular weight
of the MtKCS proteins ranged from 25.90 kDa (MtKCS14) to 60.67 kDa (MtKCS13), while the theoretical
isoelectric points varied from 8.50 (MtKCS21) to 9.35 (MtKCS9 and MtKCS23). These findings suggest that
all MtKCS proteins tend to be weakly basic. The instability index demonstrated that twelve proteins exhibited
potential instability (>40), whereas the remaining proteins demonstrated stability (ranging from 25.90 to 39.09).
The aliphatic index, which ranged from 83.80 (MtKCS14) to 103.22 (MtKCS6), indicated that the proteins were
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Gene Protein
length length | MW | Isoelectric | Instability | Aliphatic
Name Gene ID Chromosomal location (bp) (aa) (kDa) | point index index GRAVY
MtKCS1 | MtrunA17_Chr1g0166191 | Chr1:15596128-15,599,422 | 3294 521 58.94 |9.34 38.45 95.41 —-0.051
MtKCS2 | MtrunA17_Chrig0188051 | Chr1:37903862-37,906,011 | 2149 516 58.09 | 8.99 39.09 90.72 -0.102
MtKCS3 | MtrunA17_Chr1g0204301 | Chrl:49833353-49,834,816 | 1463 487 54.96 | 8.59 42.01 96.06 0.077
MtKCS4 | MtrunA17_Chr1g0209881 | Chr1:53778029-53,776,539 | 1490 496 5596 |9.19 40.83 99.64 0.005
MtKCS5 | MtrunA17_Chr1g0212951 | Chr1:55951743-55,953,197 | 1454 484 55.39 | 8.76 35.13 88.80 -0.085
MtKCS6 | MtrunAl7_Chr2g0277841 | Chr2:801797-803,167 1370 456 51.07 |8.70 34.64 103.22 0.092
MtKCS7 | MtrunA17_Chr2g0282281 | Chr2:3753581-3,756,082 2501 505 57.15 |9.10 36.09 92.65 —-0.168
MtKCS8 | MtrunA17_Chr2g0295781 | Chr2:14181817-14,183,184 | 1367 455 51.37 |9.17 44.44 91.08 -0.021
MtKCS9 | MtrunAl7_Chr2g0306781 | Chr2:28895040-28,896,575 | 1535 405 45.25 |9.35 33.35 89.11 -0.205
MtKCSI10 | MtrunA17_Chr2g0327721 | Chr2:47186905—47,185,463 | 1442 480 54.46 | 8.85 44.92 90.40 -0.178
MtKCS11 | MtrunA17_Chr3g0115021 | Chr3:36326838 - 36,325,375 | 1463 487 54.83 | 8.71 47.83 93.31 0.010
MtKCSI12 | MtrunAl7_Chr3g0115041 | Chr3:36340115—36,338,652 | 1463 487 54.86 |8.71 48.08 48.08 0.005
MtKCS13 | MtrunA17_Chr3g0136561 | Chr3:48669145-48,672,493 | 3348 537 60.67 | 891 42.24 84.60 -0.189
MtKCS14 | MtrunA17_Chr4g0026871 | Chr4:27836505-27,837,194 690 229 2590 |8.98 25.90 83.80 —-0.185
MtKCSI15 | MtrunAl7_Chr4g0030581 | Chr4:31238302—31,236,884 | 1418 472 53.50 | 8.99 44.83 93.14 -0.159
MtKCS16 | MtrunA17_Chr4g0030591 | Chr4:31242909-31,241,488 | 1421 473 53.30 |8.70 40.77 93.13 -0.106
MtKCS17 | MtrunA17_Chr4g0030601 | Chr4:31274362-31,275,756 | 1394 464 52.51 | 891 38.66 91.57 —-0.149
MtKCS18 | MtrunA17_Chr4g0035081 | Chr4:34585407-34,586,921 | 1514 504 56.84 |9.29 37.27 94.58 -0.052
MtKCS19 | MtrunA17_Chr4g0063011 | Chr4:54682129-54,683,631 | 1502 500 56.60 |9.27 37.59 90.06 -0.117
MtKCS20 | MtrunA17_Chr5g0423521 | Chr5:25314651-25,313,161 | 1490 496 56.47 |9.24 42.65 96.33 0.001
MtKCS21 | MtrunA17_Chr6g0469631 | Chr6:19384005-19,385,465 | 1460 486 54.74 | 8.50 48.19 99.28 0.094
MtKCS22 | MtrunAl7_Chr6g0480561 | Chr6:35295872 35,293,613 | 2259 470 52.97 | 8.88 46.65 94.38 0.001
MtKCS23 | MtrunA17_Chr7g0250661 | Chr7:38096471-38,097,358 887 295 33.11 |9.35 31.18 89.93 -0.184
MtKCS24 | MtrunA17_Chr7¢0276241 | Chr7:55866823-55,867,710 887 295 33.00 |8.71 32.49 77.02 -0.273
MtKCS25 | MtrunA17_Chr7¢0276251 | Chr7:55869878 - 55,868,274 | 1604 534 59.84 | 8.98 34.05 94.01 —-0.069

Table 1. Basic information of MtKCS genes and physicochemical properties of their protein sequences.

Fig. 1. Chromosomal location and the syntenic relationships of KCS genes. (A) The segmental and tandem
duplicated MtKCS genes are connected by red and green curves, respectively. (B) Synteny analysis of KCS genes
between M. truncatula and Arabiopsis, and M. truncatula and soybean. The red curves indicate the syntenic
KCS gene pairs between different species.

thermally stable. The grand average of hydropathy index (GRAVY) exhibited a range from —0.27 (MtKCS24) to
0.09 (MtKCS6), indicating that these proteins possess amphoteric characteristics (Table 1).

Prediction of subcellular localization and transmembrane-spanning alpha-helix of MtKCS
proteins

Subcellular localization prediction indicated that MtKCS proteins were predominantly localized in the plasma
membrane, chloroplast, endoplasmic reticulum, cytoplasm, nucleus, and vacuole (Fig. S1). This suggests that
they may be predominantly expressed and function in these organelles. It has been reported that KCSs are
transmembrane proteins, with the transmembrane-spanning alpha-helix (TAH) being necessary for their
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biological function®'. The prediction of the TAH domains of MtKCS proteins indicated that thirteen proteins
exhibited two TAHs, one protein demonstrated three TAHs, three proteins displayed a single TAH, and eight
proteins lacked any TAHs (Fig. S2). The majority of TAH domains in MtKCS proteins are situated within the
initial 100 amino acids of the N-terminus, with only a small proportion located towards the protein’s central
region.

Analyses of chromosomal distribution and synteny of MtKCS genes

The genomic distribution of MtKCS genes was determined by mapping their coding sequences onto the
corresponding chromosomes. The distribution of MtKCS genes was found to be uneven across chromosomes 1-7,
with no MtKCS present on chromosome 8. The greatest number of MtKCS genes was observed on chromosome
4 (n=6), followed by chromosomes 1 and 2 (n =5 each), and chromosomes 3 and 7 (n=3 each). Chromosomes 6
and 5 each contain two and one MtKCS gene, respectively (Fig. 1A). The expansion of gene families is primarily
driven by segmental and tandem duplication®?. Gene pairs located on the same chromosomes with a physical
distance of less than 200 kb among them are generally considered to be tandemly duplicated, while those pairs
localized on different chromosomes are termed as segmentally duplicated®>>*. To investigate gene duplication
events within the MtKCS family, a collinearity analysis was conducted. A total of four segmentally duplicated
gene pairs and four tandemly duplicated gene pairs were identified within the MtKCS gene family (Fig. 1A;
Table 1). Moreover, a comparative syntenic analysis of Arabidopsis in conjunction with M. truncatula and of M.
truncatula in conjunction with soybean was conducted to elucidate the evolutionary relationships of the KCS
gene family among disparate species (Fig. 1B). A total of 12 and 36 orthologous pairs were identified between
Arabidopsis and M. truncatula, and between M. truncatula and soybean, respectively. A collinear relationship
was observed between nine MtKCS genes and those in Arabidopsis, with orthologous genes also present in
soybean. This suggests that these genes may play an irreplaceable role in the evolution of the KCS gene family. In
order to gain insight into the evolutionary selection pressure that shaped the formation of the KCS gene family,
the Ka/Ks ratios of MtKCS-MtKCS, MtKCS-AtKCS, and MtKCS-GmKCS gene pairs were examined (Table S1).
The Ka/Ks values for all gene pairs were found to be very low (0.02-0.24), indicating that strong purification
selection pressure may have been exerted on KCS genes over the course of evolution.

Phylogenetic analysis and classification of MtKCS genes

In order to study the phylogenetic relationship and evolution of KCS genes in different plants, 157 KCS protein
sequences from six diploid plants were used, including 21, 22, 25, 25, 31, and 33 from Arabidopsis, rice, M.
truncatula, sorghum, soybean, and turnip (Brassica rapa), respectively. As illustrated in Fig. 2; Table 2, these
KCS proteins were classified into nine groups, designated according to the AtKCS classification system?!. It is
noteworthy that group f is exclusive to two cruciferous plants: Arabidopsis and turnip. Groups a, Y, , €, {, and 6
are present in all six species, while groups A and n are exclusive to monocotyledonous and dicotyledonous plants,
respectively. MtKCSs were disproportionately distributed across seven groups, with the exception of groups
and \. Group 6 contained the highest number (n=9) of MtKCSs, followed by group { (n=7),y, 5, eand nj (n=2
each), and o (n=1) (Fig. 2; Table 2).

Gene structure and conserved motif distribution of MtKCSs

The exon-intron arrangements of the MtKCS genes were analyzed using the coding sequence and DNA sequences
of each gene. The MtKCS genes were found to be relatively simple, with a maximum of two introns. Of the 25
MtKCS genes analyzed, 19 (76%) exhibited no intron, while four genes (MtKCS1, 2, 9, and 22) from group { and
two genes (MtKCS7 and MtKCS13) from group & had one intron and two introns, respectively (Fig. 3A,B). To
identify potential functional diversification of MtKCS proteins, ten conserved motifs ranging in length from 21
to 50 amino acids were identified (Fig. 3C; Fig. S3). Motifs 1, 4, and 8 were identified in the C-terminus of all
MtKCS proteins, with motifs 1 and 4 corresponding to the ACP_syn_III_C domain. Motifs 2, 3, 5, 6, 7, and 9
were found to correspond to the FAE1_CUT1_RppA domain. These motifs were identified in 21 MtKCS protein
sequences. In contrast, the other four (MtKCS9, 14, 23, and 24) were found to contain a truncated FAE1_CUT1_
RppA domain. No additional motifs were identified in members of groups n and 0. In contrast, motif 10 was
observed in all members from groups a, y, €, and several members of groups { and §, indicating that MtKCS
family members possess a diverse N-terminus, which may be associated with their functional divergence.

Distribution of cis-acting elements in MtKCS gene promoters

In order to investigate the regulatory cues influencing gene expression, 2.0 kb of sequences located upstream
of the start codon of the MtKCS genes were extracted and submitted to the PlantCARE website. A total of 19
cis-acting elements related to hormone and stress response were identified (Fig. 4). The number of abscisic
acid responsive elements was the highest among the hormone-responsive elements (59), followed by ethylene-
responsive (42), salicylic acid-responsive (31), methyl jasmonate-responsive (30), gibberellin-responsive (21),
and auxin-responsive elements (10). cis-acting elements involved in ethylene and salicylic acid responsiveness
were identified in the promoter regions of 21 and 20 MtKCS genes, respectively. All MtKCS promoters were
found to contain at least one type of hormone-responsive element. Notably, the promoters of MtKCS6 and
MtKCS17 were found to contain all of the aforementioned hormone-responsive elements. The MtKCS promoters
were found to contain five distinct categories of stress-responsive elements. The most prevalent were the defense/
stress elements (59), followed by anaerobic induction (53), wound- (37), drought- (20), and cold-response (12)
elements. These elements were identified in 21, 23, 20, 17, and 10 MtKCS promoters, respectively. All MtKCS
promoters exhibited the presence of at least two distinct types of stress-responsive elements. Notably, three
promoters (MtKCS3, 13, and 16) demonstrated the co-occurrence of all five types of stress-responsive elements.
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Fig. 2. Phylogenetic analysis of KCS proteins from six plant species. The protein sequences of 21 AtKCS,
22 OsKCS, 25 MtKCS, 25 SbKCS, 31 GmKCS, and 33 BrKCS were aligned using Clustal X software, and a
neighbor-joining phylogenetic tree with 1000 bootstrap replicates was constructed using the MEGA 11.0
software.

a 3 5 1 3 1 1
B 3 5 0 0 0 0
Y 2 3 2 3 1 1
8 3 3 2 1 1 2
€ 2 3 2 4 1 1
A 0 0 0 5 |12
C 3 5 7 10 7 4
n 2 3 2 2 0 0
0 3 6 9 8 6 4

Table 2. The total number of KCS genes in each group of Arabidopsis, turnip, M. truncatula, soybean, rice and
sorghum.

Scientific Reports|  (2025) 15:15938 | https://doi.org/10.1038/s41598-025-00809-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

[ R
Matif2
W Motif3
W Morifd
@ Moiirs
@0 Motite
Molir 7
B Motirg
@ Moo
Molil 1t
[ MKCS:  e—— S —— T 2 — - - R
L MKCS20 o —E— 7 EED 2 —D-EEE - R
MKCSe R —— @ @ —EE-EN -
MKCSY O — TR — - S - -
MIKCS10 R —— 7 R : Ay —
MKCS16 O —— 7 N @ RS —
MIKCS]S —@@— ¢ 4 @ NS —
MIKCS 17 —@— 7 i - —
MIKCSS O —E— ’ N - —
9 kess ] —— @ — - G -
MIKCS | e — — @ — - I
MIKCS1 | — S — - S S -
MIKCS]? IS | coond: @ Fxon — Inwon —@— I -y
5 3
0 500 1000 1500 2000 2500 3000 (bp) v 100 200 RIG A0 S00 600 (aa)

Fig. 3. Schematic diagrams of MtKCS genes and motif composition of MtKCS proteins. (A) A rootless
neighbor-joining tree was constructed from the complete sequences of the 25 MtKCS proteins using
MEGA11.0 software. (B) Structural analysis of the exon/intron distribution of the MtKCS genes, where the
green boxes and black lines indicate the exons and introns, respectively. (C) Distribution map of conserved
motifs in MtKCS proteins. The ten putative motifs are represented by different colored boxes. The length of the
exon/intron junctions and the amino acid sequences are inferred from the ruler at the bottom.
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Fig. 4. Prediction of cis-acting elements in MtKCS promoters. Colors and numbers of the grid indicate the
number of different cis-acting elements in MtKCS genes.

Expression profiles of MtKCS genes in different organs and developing seed tissues of M.
truncatula

In order to gain insight into the expression patterns of MtKCS genes, the transcription levels of these genes in
various M. truncatula tissues/organs, including roots, nodules, shoots, stems, leaves, flowers, developing embryos,
endosperms, and seed coats, were analyzed based on the MtExpress database. The gene expression values are
represented by trimmed mean of M (TMM) values®. Genes with TMM values below 1.00 were considered to
be non-expressed, while those with TMM values between 1.00 and 5.00 were classified as lowly expressed, those
between 5.00 and 20.00 as moderately expressed, and those above 20.00 as highly expressed®®. As illustrated in
Fig. 5 and Table S2, the MtKCS genes exhibited distinct expression profiles across the six M. truncatula organs.
MtKCS3, 11, 12, 21, and 24 are not expressed in any of the analyzed tissues/organs, while the remaining 20
MtKCS genes are expressed in at least one of the analyzed tissues/organs. MtKCS2, 9, 13, 18, 19, and 23 were
identified as being expressed in all examined organs and seed tissues. The high expression levels of MtKCSI, 2,
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Fig. 5. Expression profiles of MtKCS genes in different organs and developing seed tissues. The color scale
from green to red indicates the increased expression levels of the genes.

9, and 18 in all six organs indicate that these genes may play a pivotal role in the fundamental growth processes
of M. truncatula. A number of genes exhibited high expression levels in specific tissues and organs. For instance,
MtKCS4, 13, and 20 specifically expressed in above-ground organs, MtKCS25 displayed high expression in roots,
nodules, and flowers, while MtKCS15 and MtKCS17 exhibited high expression in shoots, leaves, and flowers.
The expression of only six genes (MtKCS9, 13, 18, 19, 22, and 23) was observed in the developing embryo and
endosperm. Among these genes, MtKCS13 and MtKCS18 were expressed in all stages, indicating a pivotal role
in seed development. In developing seed coats, 11 MtKCS genes were identified as being expressed, with seven
of them (MtKCS2, 9, 10, 13, 18, 23, and 25) exhibiting high expression levels.

Expression level of MtKCS genes in response to abiotic stress

To ascertain the putative functions of MtKCS genes in response to abiotic stresses, M. truncatula seedlings were
treated with a range of stressors, including NaCl, PEG, 42 °C, and 4 °C, in order to simulate salt, drought,
heat, and cold stress, respectively. Ten MtKCS genes that were expressed in leaves were selected for the purpose
of determining their relative expression levels under abiotic stress using qRT-PCR (Fig. 6). In response to
salt stress, MtKCS9 and MtKCS10 exhibited rapid and sustained downregulation, while the remaining genes
displayed upregulation at the initial or intermediate time point. This suggests that these genes may play a crucial
role in the early stages of the salt stress response. Following a 12-hour period of salt treatment, the expression
levels of all MtKCS genes were found to be depressed. The expression of MtKCS2, 9, 10, 13, 15, 17, and 18 was
induced by drought stress at 2 h, 4 h, or 6 h after treatment. MtKCS9 and 10 exhibited a more than five-fold
increase at certain time points, suggesting that they may play a role in the response to drought stress. In response
to heat stress, MtKCS2, 10, 13, 15, 17, and 18 exhibited a notable increase in expression at 4, 6, or 12 h post-
treatment, whereas the remaining genes displayed a consistent decline in expression at the majority of time
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Fig. 6. Relative expression levels of MtKCS genes under heat, cold, salt, and drought stress in M. truncatula.
qRT-PCR was used to examine the expression levels of ten leaf-expressed MtKCS genes in triplicate.

points. In response to cold stress, MtKCS2, 10, and 13 exhibited a constant up-regulation, while the other genes
demonstrated a significant down-regulation. Of particular interest is the observation that the expression level
of MtKCS10 was increased by more than five-fold under cold stress, indicating its potential as a crucial factor in
cold stress tolerance.

Discussion

Epidermal cuticular waxes constitute a vital component of the plant cuticle, serving as the primary physical
barrier to mitigate nonstomatal water loss and combat environmental stressors such as drought, salinity, UV
radiation, pathogens, and insects®”®. VLCFAs and their derivatives act as essential precursors for synthesizing
sphingolipids, suberin, and cuticular wax'?. KCSs catalyze the rate-limiting step in VLCFA biosynthesis, directly
regulating plant growth, developmental processes, and stress resistance®!?. The systematic identification and
analysis of the KCS gene family will provide not only a physiological and molecular basis for understanding
the biosynthesis of VLCFAs, but also facilitate the exploration of the molecular regulatory mechanisms that
underpin plant responses to stress.

Genome-wide analyses of KCS genes have been reported in multiple angiosperms (typically contain >20
KCS members)3*3%365758 yet remain unexplored in M. truncatula, the well known legume model plant*. Here,
we identified 25 MtKCS genes in its genome, all exhibiting conserved ACP_syn_III_C and FAE1_CUT1_RppA
domains (Fig. 1A). This number is comparable to that observed in other diploid plants, such as Arabidopsis
(21 members)?!, rice (22 members), sorghum (25 members)*, and maize (26 members)*. Gene duplication,
which encompasses both tandem and segmental duplication, represents a fundamental source of new genes
in the evolutionary process, contributing to the expansion of gene families and functional differentiation®.
Tandem and segmental duplication has been observed among KCS gene family in a number of species, including
Arabidopsis, apple, sorghum, and barley?3>%¢_ This study identified four segmentally and four tandemly
duplicated gene pairs in the M¢KCS family. All of the segmental duplicated gene pairs exhibited Ka/Ks ratios <1
(Table S2), indicating purifying selection occurred during evolution. Collinearity analysis revealed 12 and 36
orthologous gene pairs between M. truncatula and Arabidopsis/soybean, respectively (Fig. 1B), with nine MtKCS
genes showing collinearity to both species, supporting conserved evolution of plant KCS genes from a common
ancestor”. This result suggests that they may have been conserved during evolution and perform analogous
functions in disparate plant species. Gene duplication events and syntenic relationships collectively shaped
the functional diversity of the MtKCS family. The tandem-duplicated pair MtKCS15 and MtKCS17 retained
structural conservation (Fig. 3) but diverged in shoot- versus leaf-predominant expression (Fig. 5), indicating
that regulatory divergence (e.g., promoter cis-element variation) drives subfunctionalization to partition
cuticular wax. In contrast, MtKCS25 is an ortholog of AtKCSI, which directly regulates the biosynthesis of
C26-C30 wax alcohols and aldehydes in Arabidopsis?**2. While AtKCSI is predominantly expressed in leaves
and stems, MtKCS25 exhibits root-specific expression, suggesting functional divergence during evolution. Given
its high expression in roots, we hypothesize that MtKCS25 may contribute to root cuticular wax deposition,
potentially enhancing barrier functions against soil-borne pathogens or abiotic stresses.
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In general, genes that are clustered in the same evolutionary clade often demonstrate similar biological
functions®!. In the present study, 157 KCS proteins from Arabidopsis, turnip, M. truncatula, soybean, rice,
and sorghum were categorized into nine groups (Fig. 2), which is in accordance with previous reports?38:2,
Subsequent gene structure and motif analyses demonstrated that MtKCS genes within the same groups
exhibited a high degree of conservation (Fig. 3), providing further support for the phylogenetic classification.
It is noteworthy that genes in groups A and 1 are exclusive to monocotyledonous and dicotyledonous plants,
respectively (Fig. 2; Table 2). This indicates that these genes were formed during the period when dicots and
monocots diverged, and it is possible that such genes have undergone functional differentiation. Furthermore,
our findings revealed that KCSs in group  were exclusively present in two cruciferous plants, Arabidopsis and
turnip, a discovery that has been previously documented in other studies*®4!-%3. It is noteworthy that the number
of KCS genes in each group differed significantly between species. With regard to dicotyledonous plants, the
number of AtKCS genes ranged from two to three, while the number of BrKCS genes ranged from three to
five or six. In the case of A, the number of BrKCS genes was higher. In contrast, the number of MtKCS and
GmKCS genes varied considerably. Groups { and 6 comprise more than seven members, whereas the remaining
groups have no more than four members (Fig. 2). The significant disparity in the number of members within
each group suggests that both gene loss and duplication events have occurred during their evolutionary history.
The functional differentiation of these genes represents a significant area of research. Among higher plants, the
function of AtKCS genes has been the most thoroughly investigated, with dozens of KCS genes from other plants
also having been functionally characterized??62%¢4 The homologous relationship between MtKCS and KCS
genes from other plants offered certain insights into their functional exploration.

As a vestige of evolutionary history, the intron/exon configuration reflects the evolutionary trajectory of
a gene family. An analysis of exon-intron structures may offer cues into the evolutionary history of specific
gene families®. Similar with previous reports?!-38580, the MtKCS genes exhibit simple gene structures, with
the majority (19 out of 25) lacking introns. Only members from groups € and { had one or two introns, a
phenomenon that is also present in soybean’. Besides promoter, intron may also be an integral part of the
regulatory program controlling gene expression level°®®”. Plants with fewer or shorter introns exhibit enhanced
adaptive capacity, likely reflecting active evolutionary selection for regulatory efficiency®®*’. The connection
between intron presence and MtKCS gene expression/functional specialization warrants deeper exploration.
Promoter cis-element composition critically regulates gene functionality, emphasizing the need to characterize
these regulatory features in evolutionary studies’’. The identification of the upstream cis-acting elements of
MtKCS genes will facilitate a more comprehensive understanding of the mechanisms underlying their expression
regulation. In accordance with prior findings regarding the KCS gene family®>%7!, cis-acting elements
associated with hormone and stress responses were observed to be extensively distributed in MtKCS promoters.
All MtKCS promoters were found to contain at least one hormone and stress response element. Prior research
has demonstrated that these elements are implicated in the control of gene expression in response to diverse
stressors®. These findings indicate that MtKCS expression regulation is highly intricate and may be involved in
the control of growth and abiotic stress resistance in M. truncatula plants.

It has been reported that KCS genes display a distinctive expression profile across a range of tissues. For
instance, AtKCS6 was found to be highly expressed in flowers and siliques, but not in roots. AtKCS17 was
observed to be expressed exclusively in flowers and siliques, while AtKCS18 and AtKCS19 exhibited preferential
expression in seeds’’>73. An investigation into the expression profiles of MtKCS genes may facilitate the
elucidation of their potential roles in plant physiological processes and development. The expression patterns of
each MtKCS gene in six organs and different tissues of developing seeds were obtained from public databases.
Twenty of the 25 MtKCS genes exhibited expression in at least one tissue or organ, while the remaining five
demonstrated no expression in any tissue or organ (Fig. 5; Table S3). In contrast, MtKCS2, 9, 13, 18, 19, 23, and
25 were found to be expressed throughout the plant. In the six examined organs, MtKCS], 2, 9, and 18 exhibited
a consistently high expression level. Additionally, certain members were expressed in specific tissues/organs.
For instance, MtKCS4/20 expression was restricted to aerial organs, whereas MtKCS19/25 expressed in roots,
nodules, and flowers, and MtKCS15/17 were detected in shoots, leaves, and flowers (Fig. 5; Table S3). AtKCS18,
the first KCS gene cloned in higher plants, is seed-specific and essential for VLCFA synthesis and lipid storage
in Arabidopsis'®. Notably, MtKCS18, the closest homolog of AtKCS18, showed exclusive high expression in M.
truncatula developing endosperm, suggesting functional conservation. These tissue-specific expression patterns
of MtKCS genes imply functional diversification and warrant further exploration.

Abiotic stressors frequently have a deleterious or even lethal impact on the growth and development of
M. truncatula’7>. An increasing body of evidence indicates that plant KCS genes play a role in the response
to and adaptation to abiotic stress!%*®7%. The active expression response of the KCS gene TaCer6 is positively
correlated with the drought- and cold-tolerance abilities of different wheat (Triticum aestivum) cultivars”’.
The overexpression of BnKCSI-1, BnKCSI-1, and BnCERI-2 in rapeseed resulted in an increase in wax crystal
density on the leaf surface and an enhancement in the drought tolerance of the transgenic plants*®. The ectopic
expression of CsKCS6 from orange, a gene that exhibits significantly altered expression under conditions of
drought, salt stress, and abscisic acid treatment, has been demonstrated to enhance the abiotic stress tolerance of
Arabidopsis**. In M. sativa, the expression level of MsKCS10 (which is homologous to MtKCS13 in this study) was
found to significantly increase under drought conditions. The overexpression of MsKCS10 in tobacco and tomato
plants has been demonstrated to enhance their drought tolerance ability, with this effect being attributed to the
regulation of cuticular wax biosynthesis and morphology®. Prior research has established that transcriptional
regulation of KCS genes is essential for coordinating plant growth, development, and abiotic stress adaptation.
For example, this regulatory conservation extends to defense responses—in Arabidopsis, MYB30 activates the
hypersensitive cell death response by modulating VLCFA biosynthesis’®. Similarly, in Populus tomentosa, the
MYB transcription factor PtoMYBI42 enhances drought tolerance by directly binding to promoters of wax
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biosynthesis genes (CER4, KCS6) and upregulating their expression under drought stress’’. Furthermore, light-
responsive cis-elements such as the G-box coordinate developmental processes; in sorghum, G-box-mediated
regulation of KCS genes influences flowering time*. In the present study, we examined the transcriptional
profiles of ten leaf-expressed MtKCS gene family members under conditions of drought, salt, heat, and cold
stress. All genes examined exhibited significant changes following abiotic stress treatment, although their
response patterns diverged among different stresses (Fig. 6). For instance, MtKCS9 exhibited consistent down-
regulation under salt and cold stress conditions, whereas its expression level was markedly elevated following
drought treatment. Furthermore, MtKCS10 demonstrated increased expression at the majority of time points
following drought, heat, and cold treatments, whereas its expression was significantly suppressed by salt stress.
These findings suggest that different MtKCS genes may have distinct roles in the abiotic stress response of
M. truncatula plants. The results of our experiment provide a list of candidate stress-response related MtKCS
genes that will be valuable for further functional research. As reported by previous studies, circadian rhythms
influence the expression of a large number of genes in plants®’. Furthermore, rhythmic expression of abiotic
stress-responsive genes under constant conditions has also reported in many plant species® -#3. The fluctuating
expression level changes of abiotic stress-responsive genes during the developmental process of M. truncatula
seedlings were also reported by many studies®#%°. Due to the lack of a mock control for each time point during
the time course of abiotic stress treatment in our study, the influence of developmental process or circadian
rhythms on MtKCS gene expression cannot be ruled out. A more comprehensive experimental design is needed
in the future to determine the key factors that affect the expression level of MtKCS genes.

Materials and methods

Identification of MtKCS genes

The datasets of the M. truncatula genome (accession Jemalong A17) were obtained from the Medicago website
(https://medicago.toulouse.inra.fr/MtrunA17r5.0-ANR/)3. The Hidden Markov Model profiles of the two
conserved domains (PF08392 for FAE1_CUT1_RppA, and PF08541 for ACP_syn_III_C) of KCS proteins were
obtained from the InterPro website (https://www.ebi.ac.uk/interpro/). The HMMER software (http://www.hmm
er.org/) was utilized to search the sequences with these domains from the M. truncatula genome, with an E-value
threshold of 107°. Additionally, protein sequences of 21 AtKCS were obtained from the Arabidopsis Information
Resource (TAIR) database (https://www.arabidopsis.org/) and subjected to BLASTP (https://blast.ncbi.nlm.n
ih.gov/Blast.cgi) comparisons against the M. truncatula protein database (E-value<107°). Subsequently, the
non-redundant protein sequences were submitted to the NCBI conserved domains website (https://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi) and the InterPro website to ascertain the presence of the two conserved
domains. Proteins that exhibited both of ACP_syn_III_C and the FAE1_CUT1_RppA domains were identified
as members of the KCS gene family in M. truncatula.

Prediction of the physicochemical properties, subcellular localization, and TAH of MtKCS
proteins

The ProtParam tool (https://web.expasy.org/protparam/) was utilized to predict the physicochemical properties
of MtKCS proteins, including molecular weight, theoretical isoelectric point, instability index, aliphatic index,
and the grand average of hydropathy index (GRAVY). The subcellular location and the transmembrane alpha-
helix (TAH) of MtKCS proteins were predicted using the WoLF PSORT web server (https://wolfpsort.hgc.jp/)
and the TMHMM website (https://services.healthtech.dtu.dk/service.php? TMHMM-2.0), respectively.

Chromosomal localization and synteny analysis of MtKCS genes

The chromosomal locations of MtKCS genes were obtained from the GFF3 file, which is part of the M.
truncatula genome datasets. The MtKCS genes were mapped onto the M. truncatula chromosomes based on
their physical locations. A Multiple Collinear Scanning Toolkit (MCScanX) was utilized to examine collinear
blocks of KCS genes across M. truncatula, Arabidopsis, and soybean, with the results visualized by TBtools. To
assess the evolutionary divergence between duplicated KCS genes, the non-synonymous substitution rate (Ka)
and synonymous substitution rate (Ks) of each gene pair were calculated using the Ka/Ks_Calculator plugin in
TBtools software*2.

Phylogenetic analysis of KCS proteins

The alignment of KCS protein sequences from Arabidopsis*!, turnip?!, rice®, sorghum?®, soybean® and M.
truncatula was conducted using the ClustalX software (http://www.clustal.org/). A phylogenetic tree was
constructed using the neighbor-joining method with MEGA 11.0 software (https://www.megasoftware.net/),
with parameters including pairwise deletions, a Poisson model, and 1,000 bootstrap replications®’.

Analysis of gene structure and conserved motifs of MtKCS genes

The GFF3 file of M. truncatula was utilized for the analysis of the examination of the exon/intron structure of
MtKCS genes. The Multiple Expectation Maximization for Motif Elicitation (MEME) tool (http://meme-suite.or
g/) was employed to investigate the conserved motifs of the MtKCS proteins, with a maximum of 10 motifs and
an optimum motif width of 6-50 amino acid residues.

Prediction of cis-acting elements in MtKCS promoters

The 2.0 kb upstream sequences of the MtKCS open reading frames were extracted from the M. truncatula
genome sequence and considered as the promoter region. The PlantCARE website (https://bioinformatics.psb.u
gent.be/webtools/plantcare/html/) was employed to predict cis-acting elements, and Excel software (https://ww
w.microsoft.com/) was used to display the number and type of each cis-acting element.
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Expression pattern of MtKCS genes in various tissues/organs

The RNA-seq data from the root, nodule, shoot, stem, leaf, flower, and developing embryo, endosperm, and
seed coat of M. truncatula were obtained from the MtExpress database (https://lipm-browsers.toulouse.inra.fr/
pub/expressionAtlas). The expression levels of each gene were represented by the TMM values®, and a heatmap
illustrating the tissue-specific expression profiles was generated using the log -transformed (TMM + 1) values of
MtKCS genes in the TBtools software.

Plant growth and stress treatments of M. truncatula seedlings
The M. truncatula (accession Jemalong A17) seeds used in this study were stored at the College of Agriculture
and Biology, Liaocheng University. The M. truncatula seeds were kindly provided by Professor Xin Chen in
College of life science, Zhejiang University. The seeds were soaked in 98% concentrated sulfuric acid for a period
of ten minutes in order to break the seed coat. They were then rinsed five times with ultrapure water, and
placed in Petri dishes at a temperature of 25 °C to facilitate germination. Once the root had reached a length
of approximately 2 cm, uniform M. truncatula seedlings were selected and transplanted into square pots with a
1:1 ratio of vermiculite to nutrient soil. The seedlings were cultivated in a growth chamber with a 16-hour light
period and an 8-hour dark period, and a temperature cycle of 25 °C during the day and 20 °C at night.
Following a four-week period, the seedlings were subjected to abiotic stress treatment. Prior to subjecting
all seedlings to stress treatments, the roots were washed with water and placed in a Hoagland nutrient solution
for hydroponics for a period of one day. For the purposes of inducing cold and heat stress, the seedlings were
transferred to chambers with temperatures set at 4 °C and 42 °C, respectively®®®. For the purposes of this study,
salt and drought stress were applied to the seedlings via hydroponics, with the Hoagland solution containing 300
mM NaCl or 15% PEG6000 (w/v), respectively’#”. Leaves were collected at 0, 2, 4, 6, and 12 h post-treatment.
The samples were immediately frozen in liquid nitrogen and subsequently stored at -80 °C until RNA extraction.
Each sample was derived from five individual plants, and three biological replicates were utilized in each
experiment.

RNA extraction, cDNA synthesis, and qRT-PCR analysis

Total RNA was extracted using the TSINGKE RNA extraction kit (TSP401). Samples were pulverized in liquid
nitrogen, and 100 mg of powder was mixed with 600 pL Buffer PSL for gDNA removal. RNA was purified using
700 pL RWA and 500 pL RWB, then eluted in 40 pL RNase-free ddH,O. cDNA was synthesized with the Prime
Script RT kit (TSINGKE, TSK301S) and stored at -20 °C. qRT-PCR was performed using the SYBR Green kit
(TSINGKE, TSE201) on a LightCycler 480 instrument with the following program: 95 °C for 30 s; 40 cycles of
95 °C for 5 s and 60 °C for 30 s; and a melting curve. The 2-AACt method was used for relative quantiﬁcationgl,
with MtActin (Medtr3g095530)°* as the internal control. Data were analyzed using GraphPad Prism 8.0(http
s://www.graphpad.com/), presented as mean+SE of three replicates, and assessed for significance (*P<0.05,
**P<0.01) via t-test. Primers are listed in Table S1.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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