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Abstract 

Background  The MADS-box gene family possesses significant potential to improve crop production under harsh 
conditions by regulating growth, development, and the expression of floral organs. The grass pea (Lathyrus sativus), 
a crop grown predominantly in arid and semi-arid regions, could benefit greatly from the functions of MADS-box 
genes, which are not yet well characterized in this promising plant.

Results  In this study, a comprehensive analysis of all MADS-box genes in grass pea was performed at both the 
genomic and transcriptomic levels. A total of 46 genes were identified and classified based on their MADS-box 
domains. A comparative phylogenetic analysis with apple, Arabidopsis, and rice categorized the grass pea genes 
into 31 type I genes (Mα , M β , M γ ) and 15 type II genes (MIKCc, MIKC*). Annotation analysis revealed variations 
in the intron-exon structures of the genes, with most type I genes being intronless. Ten distinct conserved motifs were 
identified across the genes. Structural analysis revealed the presence of MEF2-like and SRF-TF domains in the grass 
pea proteins. Protein-protein interaction analysis revealed extensive interactions among type II MADS-box genes, 
while enrichment analysis showed their involvement in various aspects of plant life, particularly floral organ develop-
ment. Examination of the cis-elements in the promoter regions of the genes revealed up to 76 potential cis-elements, 
which were categorized into four groups based on their putative role in transcriptional regulation. RNA-seq was used 
to profile gene expression under different conditions to gain insights into their potential functional significance. 
Quantitative PCR (qPCR) analysis validated the expression levels of eight selected genes (LSMADS_D1, LSMADS_R5, 
LSMADS_R7, LSMADS_R9, LSMADS_D11, LSMADS_D13, LSMADS_R13, and LSMADS_D29) under salt stress conditions 
and confirmed their involvement in stress responses.

Conclusion  This study represents the first genome-wide exploration of the MADS-box gene family in grass pea. 
Our results provide valuable insights that could improve our understanding of the plant’s genomics, contribute 
to strengthening its resilience to challenging conditions, and help position it as an important crop in arid regions.
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Background
The grass pea (Lathyrus sativus) is emerging as a prom-
ising crop with the potential to thrive in drought-prone 
regions such as India, Bangladesh, Pakistan, Nepal, 
and Ethiopia [1, 2]. It is highly valued by growers for its 
adaptability to a wide range of soil conditions and its abil-
ity to withstand poor soil quality and dense clay, owing 
to its flexible genome and deep root system [3]. Among 
the extensive genus Lathyrus, the grass pea stands out as 
the most economically important member [4]. The nutri-
tional profile of grass pea is particularly appealing: it con-
tains approximately 32% protein, 2.7% fat, 362.3 calories 
per 100 g, 1.1% crude fiber, and 2.2% ash. These proper-
ties make it a valuable food and feed resource.

The MADS-box gene family has received considerable 
attention because of its key functions in plant develop-
ment, responses to stress, and environmental adaptabil-
ity. The functional diversity of MADS-box genes appears 
beneficial for stress tolerance, flowering regulation, and 
environmental adaptability. Characterizing these genes in 
the ancient crop grass pea (Lathyrus sativus), recognized 
as a promising crop for drought-prone regions, pre-
sents an opportunity to leverage this diversity. Although 
grass pea is known as a resilient and nutritious crop, 
limited research has specifically focused on the func-
tion of MADS-box genes within it, necessitating further 
exploration.

Plants often rely on transcriptional regulation for pre-
cise biological processes such as flower development, 
fruit ripening, and responses to abiotic stress. This regu-
lation is mediated by several transcription factor gene 
families, including MADS-box genes. Their role in stress 
tolerance regulation is conserved across a wide range of 
plants. For instance, OsMADS27 in rice improves toler-
ance to salt stress by regulating the expression of stress-
responsive genes [5]. Likewise, SiMADS51 plays an 
important role in drought tolerance in foxtail millet, sug-
gesting both conservation and functional diversification 
of MADS-box genes involved in stress tolerance mecha-
nisms among different crops [6]. Furthermore, studies in 
sheepgrass revealed the specific participation of eleven 
differentially expressed MADS-box genes in response to 
multiple abiotic stresses, indicating potential for similar 
functional roles in grass pea [7]. Thus, further characteri-
zation and validation of MADS-box genes in grass pea 
may provide useful tools for breeding programs aimed at 
improving the plant’s adaptation to environmental stress.

MADS-box genes also have essential functions in 
flowering regulation, with intricate gene regulatory net-
works affecting reproductive development. For example, 
PsEND1, a pea MADS-box gene, regulates pollen devel-
opment and plays a role in both development and repro-
duction [8]. Additionally, studies on pineapple flowering 

networks have identified major MADS-box interactions 
that mediate environmental inputs and flowering outputs 
[9]. Elucidating such networks in grass pea could reveal 
factors affecting flowering time, which would be critical 
for matching flowering to varying climatic conditions for 
reproductive success. Consequently, regulating MADS-
box gene expression could dramatically improve the envi-
ronmental adaptability of grass pea. Linkages between 
developmental regulation and environmental adaptability 
have been reported in both the model plant Arabidop-
sis and in wheat, where the genetic diversity of MADS-
box genes was directly associated with rapid adaptation 
to environmental chemistry [10]. This demonstrates the 
potential for linking developmental processes and stress 
adaptation, exemplified by how mutations in MADS-box 
genes regulating flowering time strongly enhanced cold 
stress tolerance in Arabidopsis [11]. Identifying similar 
intersections in grass pea could be exploited for enhanc-
ing cultivars to thrive in more diverse and challenging 
environments under climate change.

Experimental validations, such as overexpression 
and knockout studies, are crucial for confirming the 
functional role of grass pea MADS-box genes. Overex-
pression studies of specific MADS-box genes in other 
species, for example, rice and Arabidopsis, have demon-
strated that these genes could be useful for the genetic 
enhancement of drought tolerance [6]. For instance, 
in grass pea, the overexpression of a zinc-finger gene 
(GpZF) enhanced drought tolerance, indicating that 
analogous strategies could be applied with MADS-box 
genes [12]. Conversely, gene function becomes clearer in 
knockout studies, such as those involving the Arabidop-
sis AGL16 gene, which exhibited altered stress tolerance 
and perturbed developmental timing [6]. Applying these 
methods  to grass pea can provide tremendous insight 
into the  gene-specific contributions to stress response 
and developmental regulation. This gene family is divided 
into two main evolutionary groups: Type I genes, which 
encode SRF-like (Serum Response Factor-like) domain 
proteins, and Type II genes, which encode MEF2-like 
(Myocyte Enhancer Factor 2-like) proteins [13]. Further 
classification divides the  type I genes into M-type and 
N-type. A phylogenetic analysis based on the MADS-box 
domains led to the classification of type I genes into M α , 
M β , M γ , and M δ groups [14, 15]. Type II genes contain 
four characteristic domains: the MADS (M) domain, the 
Intervening (I) domain, the Keratin-like (K) domain, and 
the C-terminal (C) domain. Additionally, they can be cat-
egorized into the MIKCc-type (classic) or the MIKC*-type 
based on structural differences, particularly in the I and 
K domains [16, 17].

A closer look at type II genes reveals the importance 
of the M domain, which spans approximately 60 amino 



Page 3 of 15Abdelsattar et al. BMC Genomics          (2025) 26:519 	

acids and is responsible for sequence-specific DNA bind-
ing. The intermediate domain (I), consisting of about 35 
amino acids, contributes to the dimerization specificity of 
the DNA-binding complex. Furthermore, the K domain, 
a semi-conserved region spanning about 70 amino acids, 
facilitates protein-protein interactions. Although the 
C-terminal region (C) is less conserved in its  sequence, 
it frequently contributes to transcriptional activation and 
the formation of higher-order protein complexes [18, 19]. 
This comprehensive understanding emphasizes the com-
plex role of the MADS-box gene family in diverse organ-
isms and complicated developmental processes. The 
MADS-box gene family comprises transcription factors 
that are critical for regulating flowering time, floral organ 
and meristem identity, fruit ripening, embryonic devel-
opment, and root and leaf growth [20–22].

The broader impact of this research is that through 
detailed characterization and functional analysis of 
MADS-box genes in grass pea, breeders will gain infor-
mation useful for designing cultivars with enhanced 
stress tolerance, appropriate flowering fitness, and better 
adaptability to changing environments. These advance-
ments are warranted for promoting grass pea as an 
important crop in a changing agricultural future, particu-
larly as climate-related stresses intensify globally.

Results
It is worth noting that the following  gene names follow 
the format ‘LSMADS’, where ‘LS’ refers to Lathyrus sati-
vus and ‘MADS’ to the MADS-box gene family. The suf-
fix ‘_D’ or ‘_R’ indicates the  genomic or transcriptomic 
origin, respectively.

Identification of MADS‑box genes in grass pea
To identify LSMADS genes in grass pea, our analy-
sis began with a search for known MADS-box protein 
sequences in NCBI, followed by alignment against grass 
pea genomic and transcriptomic data. We used the 
TBLASTN and HMMER algorithms, leading to the dis-
covery of 53 potential LSMADS sequences belonging to 
different subtypes (MIKCc, MIKC*, M α , M β , and M γ ) 
that potentially contain MADS-box domains. MIKC-
type genes (including MIKCc and MIKC*) are typically 
involved in regulating floral organ identity, flowering 
time, and reproductive development. In contrast, type I 
genes (Mα , M β , and M γ ) are generally associated with 
roles in embryogenesis, endosperm development, and 
sometimes responses to environmental stress. Subse-
quently, these candidates were subjected to gene predic-
tion using the AUGUSTUS tool. Nine sequences were 
excluded as they were predicted to be non-functional or 
incomplete (Additional file  1). The predicted encoded 
amino acid sequences exhibited varying lengths, ranging 

from 82 (LSMADS_D37) to 344 (LSMADS_D1) amino 
acids, with an average length of 209.13 amino acids 
(Additional file 2).

Phylogenetic analysis of the MADS‑box gene family
The MADS-box gene family has been identified and char-
acterized in the genomes of numerous plant species [23]. 
To investigate the evolutionary relationships of LSMADS 
genes, we constructed a phylogenetic tree using the max-
imum likelihood method (Fig. 1). This analysis included a 
total of 338 MADS-box proteins: 141 from apple (Malus 
domestica), 100 from Arabidopsis (Arabidopsis thaliana), 
51 from rice (Oryza sativa), and the 46 identified from 
grass pea. This comparative approach provides valuable 
insights into evolutionary history and functional con-
servation by classifying genes based on established rela-
tionships [24]. The 46 LSMADS genes identified in this 
study were categorized into two main groups: Type I (31 
genes) and Type II (15 genes) (Additional file 5). Further 
subclassification of the type I LSMADS genes resulted in 
three subgroups: M α (21 genes), M γ (7 genes), and M β 
(3 genes). The M α subgroup was the most abundant, fol-
lowed by M γ and then M β . Type II LSMADS genes were 
categorized into two subgroups: MIKCc (14 genes) and 
MIKC* (1 gene). The MIKCc subgroup represents the 
most extensive evolutionary branch in this analysis, con-
taining 184 genes from Arabidopsis, apple, and rice, in 
addition to the 14 LSMADS genes (Fig.  1). In contrast, 
the MIKC* subgroup was the smallest, consisting of 12 
Arabidopsis and apple genes and only one LSMADS 
gene. This comprehensive classification provides a 
basis  for understanding the diversity and evolutionary 
history of LSMADS genes.

Gene structure and conserved motif identification
Diversity in exon-intron structure and distribution within 
gene families provides crucial clues for understanding 
the  evolutionary relationships and origins of  the differ-
ent gene families [25]. To explore the gene structure of 
the MADS-box genes in grass pea, we compared the pre-
dicted cDNA sequences with the corresponding genomic 
DNA sequences for the 46 LSMADS genes. Within 
the type II LSMADS genes, six genes (LSMADS_D23, 
LSMADS_D30, LSMADS_R2, LSMADS_R3, LSMADS_R8, 
LSMADS_R9) contain a single intron, while LSMADS_
D32 has the highest number with three introns (Fig.  2). 
All type II LSMADS genes possess exons; specifically, 
LSMADS_D32, LSMADS_D37, and LSMADS_R5 contain 
4, 3, and 2 exons, respectively, while the rest have a vary-
ing  number of exons, including intronless genes (Fig.  2, 
Additional files 6 and 7). In contrast, most type I LSMADS 
genes (26 of 31) were predicted to be intronless. Exceptions 
include LSMADS_D12, LSMADS_D15, LSMADS_D16, 
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LSMADS_D20, and LSMADS_D38, each possessing one 
intron. Furthermore, all type I genes contain exons, with 
most having a single exon, except for LSMADS_D15 and 
LSMADS_D38, which have two exons each (Additional 
files 6 and 7). To investigate conserved regions within the 
predicted proteins, we used the online MEME suite and 
NCBI-CDD. This analysis revealed ten conserved motifs, 
designated motifs 1–10, ranging in length from 24 to 51 
amino acids (Fig. 2). Motif 1, corresponding to the MADS-
box domain, stands out as fundamental, being found in 37 

LSMADS proteins. Motifs 2 and 3 appear to be  specific 
to certain M α proteins. This comprehensive study of gene 
structure and motifs enhances our understanding of the 
structural diversity and potential functional elements of 
LSMADS genes in grass pea.

PPI network construction and gene ontology enrichment 
analysis
Protein-protein interactions (PPIs) involving LSMADS 
proteins were investigated to uncover potential 

Fig. 1  Maximum likelihood phylogenetic tree of MADS-box genes constructed using 338 MADS-box proteins sourced from apple (141), 
Arabidopsis (100), rice (51), and grass pea (46). The genes are categorized into Type I (Mα , M β , M γ ) and Type II (MIKCc, MIKC*) subfamilies. Each 
subgroup is color-coded according to the lighter Tableau 10 scheme used in the figure: MIKCc (Light Blue), MIKC* (Light Orange), M α (Light Green), 
M β (Light Red/Pink), and M γ (Light Purple/Lavender). This color scheme highlights the evolutionary relationships and structural classification 
of the LSMADS genes
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functions, signaling pathways, and metabolic processes. 
The STRING database was used to predict interactions 
between the 46 LSMADS proteins, using ortholog infor-
mation primarily from Arabidopsis thaliana (Fig. 3). The 
analysis revealed interactions for a subset of genes, with 
limited predicted interactions for others, likely due to 

the nascent stage of grass pea functional genomics and 
reliance on cross-species predictions. The majority of 
the interacting proteins belonged to the type II MADS-
box gene family (MIKCc). At the center of the inter-
action network appeared LSMADS_R12, predicted to 
interact with six other MIKCc proteins (LSMADS_R10, 

Fig. 2  Gene structure and conserved motif analysis of LSMADS genes. (Top) Phylogenetic tree based on the LSMADS protein sequences. 
(Middle) Conserved motifs identified by MEME analysis. Different colored boxes represent different motifs (legend below). (Bottom) Exon-intron 
structure. Green boxes represent exons, black lines represent introns, and grey boxes represent UTRs (if predicted, but usually not present in this 
representation). The scale bar indicates protein length or gene length as appropriate contextually. Intron phases (0, 1, 2) indicating the position 
within the codons are marked
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LSMADS_D37, LSMADS_D23, LSMADS_R3, LSMADS_
R2, and LSMADS_R8). Another highly connected pro-
tein was LSMADS_R9, predicted to interact with the 
same set (LSMADS_R10, LSMADS_D37, LSMADS_D23, 
LSMADS_R3, LSMADS_R2, and LSMADS_R8). Only 
three type I proteins (LSMADS_D24, LSMADS_D21, and 
LSMADS_D38) were involved in predicted interactions 
within this network. LSMADS_D24 and LSMADS_D21 
did not show predicted interactions with type II pro-
teins but were linked to LSMADS_D38. LSMADS_D38 
itself was linked to the type II proteins LSMADS_D23 
and LSMADS_D37. Gene Ontology (GO) enrichment 
analysis (Additional file  8) indicated that these genes 
are involved in various biological processes, molecular 

functions, and cellular components related to plant 
development and response. Enriched GO terms included 
DNA binding, transcription regulation, cell differentia-
tion, ovule development, reproductive structure devel-
opment, stamen development, meristem maintenance, 
and positive regulation of flower development, as well as 
associations with intracellular membrane-bound orga-
nelles (Fig. 4).

Analysis of putative promoter regions in LSMADS genes
Cis-regulatory elements in promoter regions act as bind-
ing sites for transcription factors, playing a key role 
in controlling the timing, location, and level of gene 
expression [6]. In the current study, analysis of the 1.5 kb 

Fig. 3  Predicted Protein-Protein Interaction (PPI) network of LSMADS proteins. Nodes represent LSMADS proteins, and edges depict predicted 
interactions among them. Gene names in parentheses may indicate the primary ortholog (A. thaliana) used for prediction if directly imported 
from STRING defaults. Interaction edge colors and widths often correspond to the confidence scores of the interactions (e.g., experimental 
evidence, co-expression, orthology) obtained from the STRING database. Lines connecting nodes represent predicted interactions
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upstream sequences of LSMADS genes identified numer-
ous potential cis-elements (up to 76 unique types across 
all genes), with individual genes like LSMADS_D11 hav-
ing a high number of diverse elements (Additional file 9). 
These predicted cis-elements are associated with vari-
ous functions in plants and can be broadly categorized 
based on their known responsiveness (Fig.  5). One cat-
egory includes elements related to hormone responses 
(e.g., abscisic acid - ABRE; gibberellin - P-box, TATC-
box; salicylic acid - TCA element; methyl jasmonate - 
TGACG motif, CGTCA motif ) and light responses (e.g., 
G-box, Box  4, AE-box, GT1-motif ), as well as elements 
involved in circadian control and anaerobic induction 
(ARE). A second category includes elements associated 

with tissue-specific expression, such as endosperm 
expression (O2 site, GCN4 motif ) and meristem expres-
sion (CAT-box), along with elements potentially involved 
in seed-specific regulation (RY-element) and auxin 
response (TGA-element). A third category comprises 
elements linked to stress responses, including drought 
(MBS - MYB binding site), low temperature (LTR), 
and defense/general stress responses (TC-rich repeats, 
W-box). A fourth category encompasses basic promoter 
elements like the CAAT-box and  the TATA-box, which 
are involved in transcription initiation.

Salicylic acid is known to promote systemic acquired 
resistance (SAR) to pathogens and  to regulate plant 
growth, development, and signaling pathways [26, 27]. 

Fig. 4  Gene Ontology (GO) Enrichment Analysis of the 46 LSMADS genes. The plot shows enriched GO terms categorized into Biological Process, 
Cellular Component, and Molecular Function. Other categories like InterPro Domains, SMART Domains, STRING Clusters, and UniProt Keywords may 
also be included depending on the specific analysis tool used (original text mentioned 8 categories, this caption focuses on GO). Bar length or point 
size typically represents the significance (e.g., p-value) or the number of genes associated with the term. Color might represent the category 
or significance level
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Jasmonates are hormones involved in defense against 
biotic and abiotic stressors and the production of sec-
ondary metabolites [28]. The W-box plays a role in stress 
responses and senescence [29]. The G-box is involved in 
light-responsive gene expression and can interact with 
other elements like the H-box (involved in phenylpropa-
noid biosynthesis) or CAC​CTG​ motifs (involved in seed 
storage protein gene regulation) to modulate expression 
[30–32]. This analysis highlights the potential for com-
plex regulation of LSMADS genes in response to devel-
opmental cues and environmental stimuli.

Expression pattern analyses of LSMADS genes using 
RNA‑seq
We investigated the expression patterns of LSMADS 
genes under different conditions using publicly avail-
able RNA-seq data from different tissues (shoots, seeds, 
leaves) and germplasm accessions. RNA-seq is a pow-
erful technique for assessing gene activity and discov-
ering new  novel transcripts [24]. A key finding relates 
to the response of LSMADS genes to salt stress (data 
derived from processed results, potentially from study 
SRP327502 or similar, although not explicitly stated as 
salt stress in the method description of SRA datasets - 
assuming this connection based on subsequent qPCR). 
Differentially expressed genes were observed in response 
to different NaCl concentrations (inferred context). 

Most tested genes showed upregulation at 50 mM NaCl. 
For instance, LSMADS_D11 showed approximately a 
4-fold increase upon initial salt stress. More respon-
sive genes, like LSMADS_D5 and LSMADS_R7 (note: 
R7 is MIKC*, D5 is MIKCc), exhibited 32- and 38-fold 
increases, respectively, suggesting potential roles in early 
stress signaling. Notably, LSMADS_R13 (Type I M γ ) 
showed a dramatic increase (up to 605-fold), suggesting 
a significant regulatory role during salt stress adapta-
tion. However, it is possible that certain spatial and tem-
poral expression patterns, particularly for type II genes 
involved in development, are not be fully captured in the 
available RNA-seq datasets [33].

In experiment SRP045652 (samples treated with fungal 
spores), most LSMADS genes showed low or no expres-
sion, with the exceptions of MIKCc genes LSMADS_R2, 
R3, R4, R5, R6, R7, R8, R11, and R12 (Fig.  6). This sug-
gests specific roles for these genes under biotic stress 
or that the conditions did not significantly induce most 
LSMADS genes. In contrast, experiment SRP092875 
(germplasm tissue) showed significant transcript lev-
els for many genes. Here, several type II MIKCc genes 
exhibited higher expression levels compared to many 
type I genes (Fig.  6). The  genes LSMADS_D5, D16, 
D25, D26, D27, and D36 showed little to no expres-
sion, while LSMADS_D9 (MIKCc) and LSMADS_R3 
(MIKCc) showed exceptionally high expression levels. 

Fig. 5  Cis-acting regulatory elements predicted within the 1.5 kb upstream promoter regions of LSMADS genes. Gene names are listed on the left. 
The colored boxes represent different types of predicted cis-elements, potentially grouped by function (e.g., light response, hormone response, 
stress response). A legend (often provided separately or implicitly through color consistency) indicates the specific element type represented 
by each color. The scale bar below indicates the length of the promoter sequence analyzed (1500 bp)
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In experiment SRP145030 (different shoot tissues over 
time), gene expression varied depending on the develop-
mental stage. Tissue isolated from young shoots 25 days 
after sowing generally showed higher expression for sev-
eral LSMADS genes compared to tissue isolated after 2 
and 6 days. In experiment SRP327502 (seedling shoots), 
LSMADS_R3, R4, and R5 showed high expression levels, 
while LSMADS_D16, D17, D21, and R6 showed very low 
or no expression (Fig.  6). In summary, based on these 
datasets, several type II MIKCc genes (LSMADS_R2, 
R3, R4, R5, R7, R8, R9, R12) often showed detectable to 
high expression levels across different experiments. Con-
versely, some type I genes like LSMADS_D16, D25, and 
D30 consistently showed low or no expression in the 
sampled tissues and conditions. These results highlight 
the diverse expression patterns and potential functional 
roles of LSMADS genes.

While the RNA-seq analysis revealed valuable insights 
into tissue-specific and potentially stress-induced 

expression patterns of LSMADS genes, comprehensive 
RNA-seq analyses, including detailed time-course experi-
ments under various abiotic stresses like drought or heat, 
are beyond the scope of this study but are warranted in 
future investigations.

qRT‑PCR validation of LSMADS gene expression under salt 
stress
Salt stress poses a significant threat to crop productivity, 
especially in the arid and semi-arid regions where grass 
pea is commonly cultivated. The detrimental effects of 
salinity on plant growth and yield underscore the urgency 
of developing salt-tolerant varieties. To investigate the 
molecular response of grass pea to salinity, we exposed 
plants to different concentrations of NaCl and measured 
the expression of selected LSMADS genes using quanti-
tative real-time PCR (qRT-PCR). Our aim was to identify 
key genes involved in the salt stress response and gain 

Fig. 6  Expression levels of LSMADS genes across different tissues and experiments based on RNA-seq data. The heatmap displays transcript 
abundance (e.g., log2(TPM+1) or similar normalized values) for each gene (rows) across different samples/conditions (columns) from four SRA 
experiments (SRP045652, SRP092875, SRP145030, SRP327502). The color scale indicates relative expression levels, typically with red indicating 
higher expression and blue/purple indicating lower expression, compared to the mean or a reference sample
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insights into the molecular mechanisms potentially con-
tributing to salt tolerance in grass pea.

We selected eight LSMADS genes representing dif-
ferent subgroups (Type I: D1-Mα , D11-Mα , D13-Mγ , 
R13-Mγ , D29-Mα ; Type II: R5-MIKCc, R7-MIKC*, R9-
MIKCc) for qRT-PCR analysis under increasing salt con-
centrations (0, 50, 100, and 200 mM NaCl) (Fig. 7). At 50 
mM NaCl, most selected genes showed an upregulation 
compared to the control (0 mM), notably LSMADS_R5, 
LSMADS_R7, LSMADS_R9, LSMADS_D13, LSMADS_
R13, and LSMADS_D29. The expression of several genes 
(LSMADS_R5, LSMADS_R9, LSMADS_D11) remained 
relatively stable or slightly decreased between 50 mM 
and 100 mM NaCl. However, LSMADS_R7 expression 
peaked at 100 mM NaCl before declining significantly 
at 200 mM, suggesting an optimal response range or 
potential negative feedback at higher stress levels. Inter-
estingly, the expression of LSMADS_D1, LSMADS_D13, 
LSMADS_R13, and LSMADS_D29 continued to increase 
or remained highly elevated at 100 mM and 200 mM 
NaCl. Specifically, LSMADS_D1, LSMADS_D13, and 

LSMADS_D29 showed substantial upregulation (approx-
imately 10-, 57-, and 27-fold, respectively) at 200 mM 
NaCl compared to the control, suggesting roles in sus-
tained or late responses to severe salt stress. LSMADS_
R13 also maintained very high expression levels at 200 
mM NaCl. These results confirm the responsiveness of 
these specific LSMADS genes to salt stress and suggest 
their involvement in grass pea’s adaptation mechanisms 
to salinity.

Discussion
Comparative analysis of LSMADS gene characteristics in 
grass pea (Lathyrus sativus) with related legumes high-
lights their potential evolutionary significance and func-
tional conservation. The MADS-box gene family has 
been extensively studied in legumes such as pea (Pisum 
sativum), Medicago truncatula, and soybean (Glycine 
max). Research often reveals strong purifying selection 
acting on key developmental genes across legume spe-
cies, suggesting functional conservation under evolu-
tionary pressure [34]. Given that essential functions of 

Fig. 7  Relative expression patterns of eight selected LSMADS genes (LSMADS_D1, LSMADS_R5, LSMADS_R7, LSMADS_R9, LSMADS_D11, LSMADS_
D13, LSMADS_R13, and LSMADS_D29) under varying concentrations of salt stress (0, 50, 100, and 200 mM NaCl) determined by qRT-PCR. Expression 
levels are shown relative to the control (0 mM NaCl) after normalization using reference genes (ABCT and Elf1b). Different letters above the bars 
indicate statistically significant differences (P < 0.05) between treatments for each gene, as determined by Duncan’s multiple range test. Error bars 
represent the standard deviation of three biological replicates
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MADS-box genes in flowering regulation and environ-
mental adaptation are likely maintained by such pres-
sures, the grass pea MADS-box genes examined here 
may be under similar evolutionary constraints. Support-
ing this idea, phylogenetic relationships and conserved 
intron-exon structures or motif arrangements in homol-
ogous MADS-box proteins across legumes often indicate 
evolutionary conservation of function [35]. However, var-
iations in gene number and intron patterns, as observed 
between grass pea and other species, also point towards 
lineage-specific evolution and potential functional diver-
sification [36]. Studying these structural variations may 
provide insights into the evolutionary mechanisms shap-
ing the MADS-box gene family in grass pea.

The study of synteny provides further evidence of evo-
lutionary relationships and gene conservation among 
legumes. For instance, high syntenic conservation of 
orthologous genes in legume genomes underscores the 
utility of comparative frameworks for reconstructing 
evolutionary history and inferring functional similarity 
[35]. Comparative phylogenetic analysis can also unveil 
conserved regulatory functions, particularly in processes 
such as flowering time control. Key flowering time genes, 
such as the  FTa1 orthologs in Medicago truncatula and 
pea (Pisum sativum), are thought to play conserved roles, 
suggesting that similar ancestral regulatory pathways 
likely exist in grass pea [37, 38]. These evolutionary per-
spectives underscore the value of placing LSMADS gene 
data in the broader legume evolutionary context to iden-
tify potentially conserved adaptive traits (e.g., stress toler-
ance, flowering regulation). While comparative genomics 
provides valuable hypotheses, functional validation 
through mutation or overexpression studies is necessary 
to confirm the specific roles of LSMADS genes. Combin-
ing evolutionary, comparative genomic, and functional 
approaches will strengthen grass pea breeding programs 
aiming to enhance climate resilience.

The MADS-box gene family plays a central role in 
regulating flower development and fruit ripening in vari-
ous plant species, although some members have evolved 
novel functions over time [39]. These genes encode 
important transcription factors involved in diverse bio-
logical processes [6]. Despite their characterization in 
species such as A. thaliana, poplar (Populus trichocarpa), 
rice, grape, apple, maize, cucumber, soybean, tomato, 
Brachypodium distachyon, and Prunus mume, MADS-
box genes in grass pea (L. sativus) remained largely 
uncharacterized [40]. Our study addressed this gap 
by conducting a comprehensive analysis of grass pea 
genome and transcriptome data to identify, characterize, 
annotate, and validate MADS-box genes in this species.

We identified and analyzed 46 putative functional 
MADS-box genes in grass pea, designated LSMADS_D 

(genomic origin) or LSMADS_R (transcriptomic ori-
gin). The number of LSMADS genes (46) is comparable 
to that  in pineapple (48), Erigeron breviscapus (44), and 
cucumber (43). However, it is significantly lower than in 
Arabidopsis (107), Populus trichocarpa (105), Saccha-
rum spontaneum (182), Salix suchowensis (64), or coco-
nut palm (69) [6, 40]. These differences might reflect 
lineage-specific gene loss or duplication events during 
evolution [41]. The number of MADS-box genes var-
ies greatly between  plant species, influenced by factors 
such as whole-genome duplications and subsequent gene 
retention or loss. Our study provides the first systematic 
inventory and characterization of MADS-box genes in 
grass pea.

Understanding the phylogenetic relationships of 
LSMADS genes is crucial for inferring their poten-
tial functions and evolutionary history. Our phylo-
genetic analysis, including MADS-box proteins from 
apple, Arabidopsis, rice, and grass pea, classified the 
46 LSMADS genes into 31 type I and 15 type II genes 
(Fig. 1). The predominance of type I MADS-box genes in 
grass pea is similar to the pattern observed in A. thali-
ana, rice, cucumber, and Populus trichocarpa [14, 17, 
25, 42]. All identified type II genes in grass pea belong 
to the MIKC type, with 14 classified as MIKCc and one 
(LSMADS_R7) as MIKC*. Grass pea possesses fewer type 
II genes compared to maize (43), Arabidopsis (55), pop-
lar (64), soybean (88), Brassica oleracea (42), or apple 
(91). Due to the limited number of MIKCc genes identi-
fied and the lack of extensive functional data in grass pea, 
further subdivision of the MIKCc group into established 
clades (e.g., AP1/FUL, SEP, AGL6, etc.) requires more 
detailed comparative analysis, although the phylogenetic 
tree suggests distinct branches (Fig.  1). The number of 
MIKCc genes varies considerably among species [43–46]. 
The 31 type I genes were subdivided into M α (21), M β 
(3), and M γ (7) subgroups. The number of type I genes 
in grass pea differs from poplar (41), P. mume (48), apple 
(56), Arabidopsis (61), and soybean (75), but is compa-
rable to rice and maize (about 32) [40, 47]. This detailed 
phylogenetic analysis lays the groundwork for future 
studies on the functional diversity and evolutionary sig-
nificance of the MADS-box gene family in this important 
legume.

 Gene structure analysis revealed that many LSMADS 
genes, particularly type I genes (26 of 31), are intronless. 
Type II genes exhibit more variability: seven are intron-
less, six have a single intron, and LSMADS_D32 contains 
three introns (Fig. 2, Additional file 7). In general, MIKC-
type genes tend to have multiple introns, whereas type I 
(Mα , M β , M γ ) genes often have few or no introns [48]. 
Our results are  generally consistent with this pattern, 
although the number of introns can vary significantly 
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even within subfamilies in different species [40, 47]. 
Studies suggest that intron number can sometimes cor-
relate with expression levels or breadth, although this is 
not a universal rule [49]. Most LSMADS genes consist 
of a single exon, with the exceptions noted in the Results 
section (LSMADS_D15, LSMADS_D38, LSMADS_D32, 
LSMADS_D37, LSMADS_R5). MIKC-type genes typi-
cally possess more exons than type I genes. For example, 
MIKC genes in Arabidopsis usually contain five to eight 
exons [40, 48, 50]. Using MEME, we have  identified ten 
conserved motifs within the LSMADS protein sequences.

Members belonging to the same phylogenetic subfam-
ily often have  similar motif compositions (Fig.  2). The 
MIKCc subgroup proteins typically function as tran-
scription factors containing conserved MADS and K-box 
domains, crucial for functions such as floral organ iden-
tity and development [51]. The K domain (involved in 
protein dimerization) has been identified (e.g., via Motif 
6) in most MIKCc proteins, though absent or truncated 
in a few (LSMADS_D30, LSMADS_D23, LSMADS_D37). 
The MADS domain (Motif 1, responsible for DNA bind-
ing) was identified in nearly all LSMADS proteins (except 
LSMADS_R13, which might be truncated or repre-
sent a different class). The conserved MADS domain 
in LSMADS consists of approximately 51 amino acids. 
We  have also confirmed the presence of the SRF-TF 
(Type I) and MEF2-like (Type II) signatures within the 
MADS domains [52]. This detailed annotation provides 
valuable insight into the conserved structural features 
and potential functional domains within the grass pea 
MADS-box gene family.

The Study of protein interaction networks can pro-
vide insights into functional relationships and cellular 
pathways [53]. A predicted PPI network for LSMADS 
proteins was constructed using STRING (Fig.  3). The 
analysis suggested significant interconnections between 
a subset of LSMADS proteins,   involving  mainly type 
II MIKCc members. The limited number of predicted 
interactions for many genes likely reflects the reliance 
on orthology-based predictions and the current lack 
of experimental PPI data for grass pea. MIKCc pro-
teins showed strong predicted associations with each 
other  among themselves, largely separate from the few 
interactions involving type I proteins (LSMADS_D24, 
LSMADS_D21, LSMADS_D38). This pattern of intra-
type II interactions is consistent with the known forma-
tion of multimeric complexes by MIKCc proteins during 
developmental processes, similar to networks observed 
in other species such as Punica granatum [50]. Further-
more, GO enrichment analysis highlighted the potential 
involvement of LSMADS genes in critical stages of the 
grass pea life cycle (Fig. 4).

Enriched GO terms indicated a role in transcrip-
tional regulation, DNA binding, and various develop-
mental processes, including floral organ development, 
ovule development, stamen development, and mer-
istem maintenance. Several specific LSMADS genes 
have been associated with several key functions. For 
example, LSMADS_R4 (MIKCc) has been linked to 
transcriptional control, DNA binding, and floral organ 
development. LSMADS_R8 (MIKCc) has been associated 
with flower development and meristem identity mainte-
nance. LSMADS_R2 (MIKCc) has been associated with 
transcription factor activity and postembryonic devel-
opment. LSMADS_R13 (Mγ ) has been associated with 
transcriptional control, DNA binding, and possibly  pro-
tein dimerization. LSMADS_D9 (MIKCc) was associated 
with transcriptional control and floral growth regulation. 
LSMADS_R7 (MIKC*) was associated with stamen, flo-
ral organ, and phyllome development. Taken together, 
the PPI and GO analyses suggest significant roles for 
LSMADS genes, particularly MIKCc members, in regu-
lating plant development, especially floral organs.

Cis-regulatory elements within promoters are crucial 
for controlling gene expression patterns [54]. Our analy-
sis identified 76 distinct types of potential cis-elements in 
the promoter regions of the 46 LSMADS genes. Notably, 
CAAT-box and TATA-box elements, common in eukar-
yotic promoters, were prevalent, similar to findings in 
other plants like beautyberry [55]. Among the function-
ally annotated elements, the ABRE (involved in ABA 
response) was found in numerous LSMADS promot-
ers, suggesting potential roles in abiotic stress responses 
like drought and high salinity [12]. Other key elements 
included the G-box (light and hormone response) [32, 
56], W-box (pathogen/stress response) [57], TCA ele-
ment (salicylic acid response) [27, 58], ARE (anaerobic 
response) [59], and GATA motif (light/nitrate response) 
(Fig. 5). Many of the cis-elements identified in grass pea 
MADS-box gene promoters are similar to those found 
regulating homologous genes in maize, lettuce, and beau-
tyberry [55, 60, 61]. The diverse array of predicted cis-ele-
ments underscores the potential for complex regulation 
of LSMADS genes by various developmental and envi-
ronmental signals throughout the plant life cycle.

Given the central role of the MADS-box gene family in 
flower development, examining their expression under 
stress conditions is important [62]. We selected eight 
LSMADS genes from different subfamilies and assessed 
their response to salt stress using qRT-PCR in leaf tissue 
(Fig. 7). Several type I genes showed significant upregu-
lation. Specifically, LSMADS_D1 (Mα ), LSMADS_D13 
(Mγ ), LSMADS_R13 (Mγ ), and LSMADS_D29 (Mα ) 
exhibited increased expression in response to salt stress, 
particularly at higher concentrations (100–200 mM 
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NaCl). These findings align with studies on type I MADS-
box genes in other species. For example, rice type I genes 
OsMADS64 and OsMADS77 showed significant tran-
script accumulation under salt stress [42]. In contrast, the 
type II genes LSMADS_R5 (MIKCc) and LSMADS_R7 
(MIKC*) showed significant upregulation at lower salt 
concentrations (50–100 mM NaCl) but reduced or stable 
expression at 200 mM NaCl (Fig. 7).

These varied responses are consistent with findings in 
Brassica rapa and sheepgrass, where MIKC genes dis-
played diverse expression patterns under salt stress [7, 
63]. The qRT-PCR validation confirms the salt-respon-
siveness of these selected LSMADS genes and provides 
insights into their potential involvement in grass pea’s 
mechanisms for coping with salinity, highlighting distinct 
response dynamics between different gene types and 
individual genes.

It is important to note that while we have computation-
ally identified potential cis-regulatory elements and pro-
vided indirect experimental support through expression 
analysis (RNA-seq and qRT-PCR under salt stress), direct 
experimental validation, such as promoter-reporter 
assays or chromatin immunoprecipitation (ChIP) experi-
ments, would be required to confirm the functional roles 
of these promoter elements in stress-responsive gene 
regulation. Future validation experiments would signifi-
cantly strengthen our current predictions.

Conclusion
The MADS-box gene family plays a pivotal role in plant 
growth and development, particularly in specifying floral 
organ identity. In this study, we conducted the first com-
prehensive genome-wide survey of MADS-box genes in 
grass pea using genomic and transcriptomic data, leading 
to the identification of 46 LSMADS genes. These genes 
were divided into 31 type I (Mα , M β , M γ ) and 15 type 
II (MIKCc, MIKC*) members based on phylogenetic 
analysis with related species. We characterized their gene 
structures, conserved motifs, predicted protein inter-
actions, and putative promoter elements. Expression 
analysis using RNA-seq and qRT-PCR revealed diverse 
expression patterns across tissues and identified sev-
eral genes responsive to salt stress. Based on their phy-
logenetic position, predicted interactions, and strong 
stress-induced expression, genes such as LSMADS_R13, 
LSMADS_D13, LSMADS_D1, LSMADS_D29, and poten-
tially key interacting MIKCc members like LSMADS_R9 
and LSMADS_R12 emerge as promising candidates for 
further functional characterization and potential targets 
for breeding programs aimed at enhancing stress toler-
ance and optimizing development in grass pea.

Although the differential expression of MADS-
box genes between salt-treated and control samples 

provides valuable preliminary guidance, this study 
has limitations. A lack of comprehensive RNA-seq 
time-course profiling under various abiotic stresses 
(e.g., drought, heat, cold) restricts a full understand-
ing of their dynamic regulation. Furthermore, detailed 
RNA-seq experiments covering multiple time points 
and stress treatments are recommended to gain 
deeper mechanistic insights into the regulatory net-
works involving these genes in grass pea under stress. 
Moreover, while our study provides initial insights, 
functional validation through techniques such as gene 
editing (e.g., CRISPR/Cas9) or overexpression/knock-
down experiments is necessary to confirm the precise 
role of these LSMADS genes in development and stress 
response.
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