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The MADS-box gene family plays a central role in plant development and
adaptation, yet its evolutionary history in legumes is remarkably complex. In
this study, we performed a pangenomic analysis across 52 legume species,
identifying 4,872 MADS-box genes and reconstructing their phylogeny into 16
subfamilies. Our analysis uncovered a pervasive dualistic evolutionary model
driven by distinct duplication mechanisms. Structurally, the genes fall into two
categories: the compact, intron-poor Type | and the complex, intron-rich Type Il.
We demonstrate that whole-genome duplication (WGD) serves as the major
driver (42.2%) behind the expansion of the conserved core genome, which
includes key oral regulators such as the “ABCDE model” genes. These WGD-
derived genes are under strong purifying selection, thereby ensuring
developmental stability. In contrast, small-scale duplication (SSD) fuels the
expansion of the dynamic periphery, primarily composed of Type | genes and
stress-responsive clades, which evolve under relaxed selection and promote
lineage-speci ¢ innovation—as strikingly exempli ed by the massive tandem
expansion of the SVP subfamily in Prosopis. Pangenome analysis con rmed that
WGD-derived genes were enriched in the conserved core genome,
underpinning essential functions, whereas SSD-derived genes dominated the
variable genome and acted as a source of genetic novelty. Transcriptome
analysis in soybean identi ed four organ-speci ¢ expression modules,
predominantly comprising Type Il core genes. Under biotic and abiotic stress,
WGD-derived gene pairs exhibited prominent asymmetric expression. The
expression divergence was validated by qRT-PCR. Overall, our ndings
establish a uni ed framework for MADS-box gene evolution in legumes,
illustrating how divergent duplication mechanisms and selective pressures
have collectively shaped a gene family critical to both evolutionary innovation
and developmental stability.
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1 Introduction

Whole-genome duplication (WGD), a form of macro-mutation,
is a primary engine of evolution in eukaryotes, and it is so pervasive
in plants that all extant angiosperms are considered to be
paleopolyploids (Clark and Donoghue, 2018; Soltis et al., 2015).
This explosive, genome-wide event stands in stark contrast to the
continuous, localized “micro-mutations” of small-scale duplications
(SSDs)—a collection of processes including tandem, proximal,
dispersed, and transposed duplications—which typically add
genes one at a time (Freeling, 2009; Mascagni, et al., 2021). While
SSDs provide a steady, manageable stream of raw material, WGD is
not a simple doubling of gene content but rather the start of a
dynamic WGD-fractionation cycle, in which most duplicated genes
are eventually lost over millions of years (Hong et al., 2021; Soltis
et al., 2015). Indeed, without extensive fractionation, some plant
genomes would be ten times their current size (Comai, 2005). The
surviving gene duplicates, however, provide vast raw material for
innovation through neofunctionalization or subfunctionalization
(Guo et al., 2013; Konrad et al., 2011; Xue and Fu, 2009). Yet, WGD
imposes a severe genomic shock, often leading to reduced fertility
and instability, making most polyploidization events short-lived
evolutionary dead-ends (Shimizu, 2022). For those that persist, a
fundamental challenge arises: how to manage massive gene
redundancy while maintaining the integrity of complex regulatory
networks. The “gene dosage balance hypothesis” posits that genes
encoding components of stoichiometric complexes, such as
transcription factor networks, are particularly sensitive to such
disruption, creating a strong selective pressure to preserve their
relative quantities (Birchler and Veitia, 2010, 2014; Conant et al.,
2014, Liang and Fernandez, 2008; Shi et al., 2020). This establishes a
fundamental tension for any post-polyploid lineage: how to resolve
the con ict between the immense creative potential of gene
duplication and the stringent homeostatic constraints required
for survival?

The Fabaceae (legume) family represents a spectacular
evolutionary success, ranking as the third-largest angiosperm
family with nearly 20,000 species and dominating ecosystems
worldwide (Yu et al., 2025; Zhao et al., 2021a). Its rapid
diversi cation is intimately linked to a complex history of
polyploidy, highlighted by a major WGD event shared among the
Papilionoideae subfamily occurring approximately 59 million years
ago (Mya), shortly after the Cretaceous-Paleogene (K-Pg) mass
extinction (~66 Mya) (Koenen et al., 2021; Vanneste et al., 2014).
This timing suggests a compelling hypothesis: the genomic
plasticity conferred by WGD provided a critical adaptive
advantage, enabling ancestral legumes to colonize the numerous
ecological niches left vacant by the extinction event. This scenario
raises a fundamental question: What were the speci ¢ genomic
features that allowed the ancestral legume to harness the genetic
instability of WGD, leading not to extinction but to an explosion of
diversity and key innovations?

A key to this success lies in the evolutionary dynamics of master
regulatory gene families, chief among them the MADS-box family.
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Named after its founding members from fungi (MCM1), plants
(AGAMOUS, DEFICIENS), and animals (SRF), this ancient
transcription factor lineage orchestrates nearly all major
developmental transitions in plants (Goyal et al., 2023). Their
function relies on the assembly of multiprotein complexes that
bind to speci ¢ CArG-box DNA motifs (CC(A/T)6GG) in target
genes (Airoldi and Davies, 2012; Melzer and Theissen, 2009; Shen
et al., 2021). This mechanism is famously exempli ed by the “ oral
quartet model”, which provides the molecular basis for the “ABCDE
model” of ower development (Ali et al., 2019; Liu et al., 2010;
Melzer and Theissen, 2009). Critically, the plant MADS-box family
is partitioned into two ancient lineages with distinct structures
(Bartlett, 2017; Ng and Yanofsky, 2001). The Type Il (MIKC) genes
possess a characteristic four-domain structure: a MADS (M)
domain for DNA binding, an Intervening (I) domain for
dimerization speci city, a C-terminal (C) domain for
transcriptional activation, and a Keratin-like (K) domain (Hu
et al., 2023; Thangavel and Nayar, 2018; Zhao et al., 2021a). The
evolution of this K domain, which acts as a scaffold for forming
higher-order complexes, was a milestone that enabled the
combinatorial control necessary for complex morphologies
(Ambrose et al,, 2021; Manzoor et al., 2024). In contrast, the
structurally simpler and less-studied Type | genes generally lack
this K domain and play critical but enigmatic roles in reproduction,
particularly in gametophyte and endosperm development
(Colombo et al., 2008; De Bodt et al., 2003; Nam et al., 2004).

The ancient structural dichotomy between Type | and Type 11
MADS-box genes provided a critical genomic template for the
legume-speci ¢ WGD. We hypothesized that this WGD event
acted as a powerful selective Iter on these pre-existing lineages.
Speci cally, we posited that WGD preferentially preserved the
complex, dosage-sensitive Type Il core to maintain stability, while
SSD fueled the expansion of the streamlined Type | periphery to
drive innovation. In this study, we undertook a large-scale
phylogenomic investigation of 4,872 MADS-box genes across 52
Fabaceae species to reconstruct their duplication histories and trace
their evolutionary trajectories. By integrating this deep evolutionary
framework with functional insights from expression analyses in
Glycine max, this study aims to dissect the contrasting roles of
WGD versus SSD in shaping this pivotal gene family.

2 Materials and methods

2.1 Genome data acquisition and species
tree reconstruction

We retrieved the genome assemblies and protein annotations
for 52 Fabaceae species from multiple public databases, including
NCBI, plantGIR (Liu et al., 2024) and LGRPv2 (Yu et al., 2025).
Detailed information was provided in Supplementary Table S1. To
establish a robust species evolutionary framework, a consensus
topology (branching structure) was obtained from the TimeTree 5
web server (Kumar et al.,, 2022) and LGRPv2 (Yu et al,, 2025).

frontiersin.org


https://doi.org/10.3389/fpls.2025.1740598
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Nan et al.

Documented WGD and whole genome triplications (WGT) events
were manually annotated onto the species tree based on published
literature (Jiao et al., 2012; Yu et al., 2025; Zhang et al., 2020; Zhao
et al.,, 2021b).

2.2 ldenti cation of MADS-box gene family
in Fabaceae

The HMM pro e of the conserved SRF-TF domain (PF00319)
was used to search against the proteomes of all 52 Fabaceae
species. To provide a broader evolutionary context, we also
searched the proteomes of selected outgroup species: Polygala
tenuifolia, Vitis vinifera, Amborella trichopoda, Nymphaea
colorata, Arabidopsis thaliana, and Oryza sativa (Supplementary
Table S1). All searches were conducted using HMMER (v3.4) with
a cutoff E-value cutoff of 1x10™ (Potter et al., 2018). To ensure
high accuracy, all candidate sequences were manually curated.
Sequences shorter than 100 amino acids were removed, and the
presence of the MADS domain in the remaining candidates was
veri ed using the NCBI Conserved Domain Database (NCBI-
CDD) web server.

2.3 Phylogenetic analysis and subfamily
classi cation

To elucidate the evolutionary relationships within the MADS-
box family, we performed a multi-step phylogenetic analysis. The
full-length amino acid sequences of all identi ed MADS-box
proteins were aligned using MAFFT (v7.505) (Katoh and
Standley, 2013) and then trimmed to remove poorly aligned
regions using trimAl (v1.4) (Capella-Gutierrez et al., 2009). A
maximum likelihood (ML) phylogenetic tree was constructed
from the trimmed alignment using FastTree (v2.1.11) with the
JTT (Jones-Taylor-Thornton) protein substitution model. Local
branch support was assessed using the Shimodaira-Hasegawa-like
(SH-like) method, based on 1,000 resamples, as implemented in
FastTree (Price et al., 2009). Based on the topology of the
phylogenetic tree and established domain architectures from
foundational studies (Kaufmann et al., 2005; Parenicova et al.,
2003). Tree visualization was done with Evolview (Subramanian
et al.,, 2019).

2.4 Gene structure and motif analysis

Gene structure statistics, including gene length, amino acid
length, intron length, intron/exon number were retrieved from
genomic annotation GFF3 les for each species. To investigate the
conservation and divergence of protein architecture, we analyzed
the conserved motifs within each MADS-box subfamily using the
MEME suite (v5.5.8) (Bailey et al., 2015). The analysis was set to
identify a maximum of 5 motifs and only those that appear in over
50% of all sequences were selected for visualization.
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2.5 Analysis of duplication events and
selection pressure

The protein sequences were aligned using Diamond v2.0.5.143 in
blastp mode with a E-value cutoff 0.001 and max-target-seqs 5
(Buch nk et al., 2021). Synteny analysis was conducted for each
species using MCScanX with the following parameters: a minimum of
colinear genes were required to de ne a block (-s 5), and the maximum
gene gap allowed between collinear genes was set to (-m 25) (Wang
et al,, 2012). Based on the synteny information and genomic locations,
duplicated gene pairs were classi ed into ve types: WGD, tandem,
proximal, dispersed, and transposed, using the DupGen- nder (v1.0.0)
(Qiao et al., 2019). The rates of synonymous (Ks) and non-synonymous
(Ka) substitutions were calculated using KaKs_Calculator (v2.0). To
mitigate the impact of noise and artifacts on evolutionary rate estimates,
only gene pairs with Ks values < 2 and P-Value < 0.05 were included in
subsequent analyses. The ratio Ka/Ks was then used to infer the
selection pressure acting on these duplicated genes.

2.6 Pangenome analysis of MADS-box
subfamilies

To assess the conservation and dispensability of MADS-box
subfamilies across the Fabaceae, we conducted a pangenome
analysis. For each subfamily, protein sequences from all 52
species were clustered into orthologous groups (OGs) using
CD-HIT (v4.8.1) a 40% sequence identity threshold (Fu et al.,
2012). The resulting clusters were categorized into four frequency-
based groups according to established pangenome nomenclature
(Tong et al., 2025): (i) core (present in all 52 Fabaceae species), (i)
soft-core (present in >90% of species), (iii) shell (present in 10%—
90% of species), (iv) cloud (present in <10% of species).

2.7 Gene expression analysis in soybean

To investigate the functional divergence of MADS-box genes,
particularly among duplicated pairs, we analyzed a large-scale RNA-
seq dataset for soybean (Glycine max). We retrieved the expression
pro les of 3,638 RNA-seq samples of soybean derived from various
tissues and abiotic and biotic stresses from the soybean RNA-seq
Database (https://plantrnadb.com/soybean/) (Yu et al., 2022)
(Supplementary Table S2). FPKM values were extracted for all
identi ed soybean MADS-box genes. These values were used to
analyze tissue-speci ¢ expression patterns and to compare the
expression divergence between duplicated gene pairs derived from
WGD and SSD events.

To identify organ-speci ¢ expression modules, hierarchical
clustering was performed using the pheatmap package in R. Prior
to clustering, FPKM values were log2-transformed and
standardized using z-scores to highlight expression trends rather
than absolute abundance. A distance matrix was computed using
the Euclidean method, and clustering was conducted using the
Ward’s minimum variance method (Ward.D2). The resulting
dendrogram was cut to de ne four distinct expression modules.
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2.8 Plant cultivation, treatments, RNA
isolation, and gRT-PCR

To validate the expression patterns, soybean seeds were
germinated on moist paper for 5 days and then transferred into a
light chamber under a 16h:8h, light: dark photoperiod with 60%
relative humidity at 25 °C. The seedlings were grown in pots
containing a 2:1 mixture of forest soil: vermiculite for 2 weeks.
Select plants with uniform growth and divide them into four
groups. For drought treatment, the seedlings roots were rinsed with
water to remove adherent soil without damaging root hairs. Then
excess surface water was blotted using Iter papers for the induction
of rapid drought for 0 (CK), 1, 3, 8 and 12 hours. For NaCl treatment,
the seedlings were treated separately with 1/2 Hoagland nutrient
solution, 150 mM NacCl solution and 200 mM NaCl solution on
different periods (0, 1, 3, 8 and 12 hours), respectively. Leaf samples
are collected into test tubes, rapidly frozen with liquid nitrogen, and
subsequently used for RNA extraction. Total RNA was extracted
using the Ultrapure RNA Kit (CWBIO, China), which includes
TRIzon Reagent as a key component, and cDNA was synthetized
with M-MLV reverse transcriptase kit (Takara). Quantitative real-
time polymerase chain reaction (QRT-PCR) was performed with
SYBR Premix Ex (TaKaRa) on the Roche Light Cycler 480 system
(Roche, Germany) with PCR kit (Roche, Germany). The soybean
endogenous gene TUBULIN (Glyma.05G157300) was used as an
internal control, and the relative expression levels of examined
genes were calculated using the 27°°¢' method (Livak and

AP1/FUL

AGL6

FLC SEP

SOC1

AG/STK

AP3/PI

AGL15 svp

FIGURE 1
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Schmittgen, 2001). Three biological replications were performed in
each test. The primers are listed in Supplementary Table S3.

3 Results

3.1 Identi cation and phylogenetic
classi cation of MADS-box in Fabaceae

To systematically map the MADS-box gene family across the
Fabaceae, we conducted genome-wide search in 52 species of
legumes that represent three major subfamilies: 38 species from
the Papilionoideae subfamily, 11 from the Caesalpinioideae, and 3
from the Cercidoideae (Supplementary Table S4). A total of 4,872
high-con dence MADS-box genes were identi ed, comprising
2,032 Type | and 2,840 Type Il (MIKC) members (Supplementary
Table S4). To elucidate the evolutionary relationships more clearly,
we included several evolutionarily signi cant outgroup species in
our analysis, encompassing, including Polygala tenuifolia, Vitis
vinifera, Amborella trichopoda, Nymphaea colorata, Arabidopsis
thaliana, Oryza sativa, and conducted identi cation for these
species as well (Supplementary Tables S1, S4). The resulting
phylogeny clearly partitions the family into 16 subfamilies
(Figure 1). The Type | lineage is the largest branch, comprising
the Ma, Mb, and Mg clades, with Mb and Mg showing a closer
relationship. The Type |1 lineage consists of 13 distinct clades, with
clear clustering observed among core oral development genes.

[ Typel
“ Type Il
/ /
./ 7 4 /
/4
Tree scale i
MB
My

Phylogenetic dichotomy partitions the Fabaceae MADS-box family into type | and type Il lineages.
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Among them, AG/STK, SOC1, FLC, AGL6, SEP, and AP1/FUL are
clustered together, suggesting a closer phylogenetic relationship.
Additionally, the AP3/PI, BS, and AGL12 are also clustered
together, indicating a closer relationship. The other clades in
Type Il are relatively independent, indicating that they may have
undergone independent evolution.

3.2 Deep structural dichotomy de nes the
MADS-box family

Beyond their phylogenetic placement, a profound structural
dichotomy between Type | and Type Il genes became immediately
apparent, providing a physical basis for their divergent
evolutionary fates.

10.3389/fpls.2025.1740598

We observed signi cant variation in gene architecture across
both lineages and subfamilies (Figure 2). A comprehensive
structural survey of the MADS-box gene family among 52 legume
species uncovered evolution patterns among different MADS-box
subfamilies in three subfamilies (Papilionoideae, Caesalpinioideae
and Cercidoideae) (Figures 2A—E). Gene length exhibits signi cant
variation across different lineages, with Caesalpinioideae possessing
longer gene (Figure 2A) and intron lengths (Figure 2C). This
suggests that differences in intron length among lineages
may contribute to variations in gene length. In contrast,
amino acid sequence length shows no signi cant differences
among the three lineages (Figure 2B), highlighting the high
conservation of coding regions within the Fabaceae. Regarding
intron number (Figure 2D) and CDS number (Figure 2E),
Cercidoideae consistently have slightly higher values than

A Gene Length B AA Length C Intron Length D Intron Number E CDS Number
4004
20000 20000 . 20 20
rxx — wrnx —_—
3004
10000: 10000 10 10.
2004
0
4 1004 o
2 2 (/) 2 & 2 (7 (] 2 & &
\bq;o . \g;z» A \&f» ) \b?"b . \&f» ' \&Q’ ) \bq;o . \&,p A \&m ) \b@’b . \bep ] \8;» ) \b??' . \bq;» A \bq;z»
& ««\\0 O ) O O ) O &9 ) O S ) O S
N N © N N © §° ~N & Ny & © N N ©
<R 2 & R 2 (¢4 <R %Q,éb [ <N & & <R ,bef;b [éid
¢}
F
300004
ESS
o
20000H &
)
jo}
100001 & é + *
il = — = e - ——
4004
=
300{®
@ —— + —_— —(— —t—
200-5 $ o — = —_—
100+
300004
o=
20004 S
=
:
100004
O
ol s ==
2 - B I =L ==
o & I —_ L W= . —
=z
8
s w2
125
1004 & ::Zl
o
7515 — —Em— — __ — mm __ == —
50@ —
2540
& e} S TR Nk Q © o NS Q ' O
A\ W\ © N R & » N N N o § S oS
S N %) &) S ©) v v Q) O S Q <
AN < MR S
FIGURE 2
Structural dichotomy distinguishes type | and type || MADS-box genes. Boxplot gene length, Amino acid (AA) length, intron length, intron number
and CDS number among three species clades (A—E) and subfamilies (F). Statistical signi cance was assessed using a t.test. Asterisks indicate
statistical signi cance (P < 0.001). Non-signi cant comparisons are not marked.
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Papilionoideae, underscoring the divergent gene structures present
in different species lineages.

Type 1l genes are structurally complex, with an average length
of 8,325 bp and typically containing 6 to 8 introns; some
subfamilies, such as AGL17 (12,673 bp), SOC1 (13,148 bp), and
FLC (12,916 bp), are particularly long due to extensive introns
(Figure 2F). In stark contrast, Type | genes are structurally
streamlined, with averaging over 9 introns per gene. Their
average gene length is only 1,251 bp, and a remarkable 68.6% of
genes are intronless and 91.04% have one or fewer introns. This
pattern holds across Type | subfamilies, with 75.38% of Ma genes,
65.58% of Mb genes, and 61.20% of Mg genes lacking introns
entirely (Figure 2F).

Motif analysis of the MADS domain further reinforces this
dichotomy (Figure 3). Key MADS domains SRF-like domain
(CDD:238166) were identi ed in Type-1 (Figure 3A) and MEF2-

10.3389/fpls.2025.1740598

like domain (CDD:238165) were identi ed in Type-1I (Figure 3B).
The MADS domain, typically ranging from 71 to 83 amino acids in
length, is highly conserved and merits a detailed analysis of its
sequence. All Type | proteins contain a highly conserved SRF-like
domain (CDD:238166) characterized by two consensus motifs:
“MGRKKIELKKISNDSARKVTFSKRKKGLFKK” and
“ASELSTLCGVEACAIVFSPGD”. All Type Il proteins feature a
MEF2-like domain (CDD:238165), also de ned by two motifs, but
their primary consensus sequences “MGRGKIEJK
RIENKTNRQVTFSKRRNGLLKKAYELSVLCDAEVALIIFSS” and
“TGKLYEYASSSMMEK?” are more highly conserved than its Type |
counterpart and shows distinct positional variations among
subfamilies. For example, in the AG/STK subfamily, it starts at
the 21st amino acid from the N-terminus, while in the FLC
subfamily, it begins at the 11th amino acid. In the AGL6
subfamily, there are 10 amino acids with higher divergence
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FIGURE 3

(E-value) for each motif is indicated next to its label in the gure key.

Conserved motif analysis reinforces the divergence of type | and type Il MADS domains. Conserved MADS-domain motifs for (A) Type | subfamilies,
and (B) Type Il subfamilies. Sequence logos illustrate amino acid conservation; schematics below show motif positions. The statistical signi cance
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between the two motifs. It suggests ne-scale structural evolution
even within this conserved domain.

3.3 Dynamic history of lineage-speci ¢
expansion and gene loss

The total MADS-box gene count varies dramatically across the
Fabaceae, from 60 in Cercis canadensis to 177 in Melilotus albus,
re ecting a dynamic evolutionary history of gene gain and loss
(Figure 4). Gene number expansion is often linked to polyploidy;
the recent WGD in Glycine genus, which contrasts with other
species. For example, the Type-1 subfamily in soybean comprises
70 MADS-box genes, with the Ma, Mb, and Mg subfamilies
containing 38, 10, and 22 genes, respectively. The Type-II

FIGURE 4

Fabaceae clade.

The MADS-box family exhibits a dynamic history of expansion and contraction across the Fabaceae. MADS-box gene family size mapped onto a
species cladogram for 52 Fabaceae species. Heatmaps show total gene count and counts per subfamily, revealing wide variation, lineage-speci c
expansions, and frequent gene loss. The outgroup species Polygala tenuifolia (Polygalaceae) is highlighted in a distinct color to visually root the

10.3389/fpls.2025.1740598

subfamily has a total of 96 genes, with the number of genes in
different subfamilies ranging from 2 to 12. Furthermore, we
observed speci ¢ expansions in some subfamilies in some species.
Speci cally, the number of genes in the Type-l Ma and Mg
subfamilies in Glycine, Medicago, Melilotus, and Lupinus is
signi cantly higher than in other species. Similarly, the number of
genes in the SVP and AGL17 subfamilies of Type-II in Prosopis
exceeds that in other species.

Conversely, gene loss has also sculpted this family. TM8 genes were
lost in all Fabaceae species surveyed but present in other species, such
as grape and Amborella. FLC orthologues were mainly detected in
Glycine, Dalbergia (Figure 4) and BS, as a sister group of AP3/PI, also
lost in 6 species (Acacia crassicarpa, Bauhinia championii, Biancaea
sappan, Delonix regia, Senna siamea, Vicia faba, and Vigna umbellata),
suggesting recurrent, lineage-speci ¢ gene loss events.
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