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Abstract

Background: Alfalfa, the “queen of forage”, is the most extensively cultivated forage legume in the world. The
development and yield of alfalfa are seriously limited by abiotic stress. MADS-box transcription factors are one of
the largest gene families and play a pivotal role in plant development and abiotic stress. However, little is known
regarding the MADS-box transcription factors in autotetraploid cultivated alfalfa.

Results: In the present study, we identified 120 MsMADS-box genes in the alfalfa genome. Phylogenetic analysis
indicated that 75 type-I MsMADS-box genes were classified into the Ma, M3, and My subgroups, and 45 type-lI
MsMADS-box genes were classified into 11 subgroups. The promoter region of MsMADS-box genes containing
several hormone and stress related elements. Chromosomal location analysis revealed that 117 MsMADS-box genes
were unevenly distributed on 32 chromosomes, and the remaining three genes were located on unmapped
scaffolds. A total of nine pairs of segmental duplications and four groups of tandem duplications were found.
Expression analysis showed that MsMADS-box genes were differentially expressed in various tissues and under
abiotic stresses. gRT-PCR analysis revealed that the expression profiles of eight selected MsMADS-box genes were
distinct under various stresses.

Conclusions: In this study, MsMADS-box genes were identified in the cultivated alfalfa genome based on
autotetraploid level, and further confirmed by Gene Ontology (GO) analysis, phylogenetic analysis, sequence
features and expression analysis. Taken together, these findings will provide clues for further study of MsMADS-box
functions and alfalfa molecular breeding.

Our study is the first to systematically identify and characterize the MADS-box transcription factors in autotetraploid
cultivated alfalfa (Medicago sativa L), and eight MsMADS-box genes were significantly involved in response to
various stresses.
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Background

Transcription factors (TFs) regulate gene expression at
the transcriptional level and are involved extensively in
plant growth and development, organ morphogenesis,
stress and hormone signal responses [1]. The MADS-box
gene family is one of the largest families of TFs and is
widely distributed in eukaryotes. The word “MADS” was
derived from the initials of four proteins: Mini Chromo-
some Maintenance 1(MCM]I) of yeast [2], Agamous (AG)
of Arabidopsis thaliana [3], Deficiens (DEF) of snap-
dragon [4], and Serum Response Factor (SRF) of humans
[5]. According to evolutionary relationships, the MADS-
box protein family is clustered into type-I and type-II
groups, which might be derived from gene duplication
events of the same ancestor [6]. Type-I MADS-box pro-
teins typically contain a highly conserved SREF-like do-
main with one to two exons and can be further divided
into three subgroups: Ma, MP, and My [7]. Type-1I
MADS-box genes are also called MIKC-type genes,
which consist of two subgroups: MIKC  and MIKC® [8].
According to differences in gene function and sequence
homology, MIKC®-type genes are classified into 14 sub-
groups, which are defined as AG, SEP/AGL2, AGLS,
AGLI12, AGL15, AGL17, FLC, SQUA, TM3/SOCI,
TM8, STMADS11, GGM13, and DEF/GLO [9]. Notably,
MADS-box genes belonging to the same subfamily often
show analogous expression patterns and related func-
tions [10, 11].

The MADS-box gene family plays not only a regula-
tory role in the development of flower organs but
also important roles in controlling flowering time, de-
termining the differentiation of meristematic tissue,
controlling embryonic development, promoting root
formation, and regulating the development of seeds
and fruits [12, 13]. Recently, many studies have
proven that MADS-box genes play a significant role
in the regulation of plant tolerance to extreme condi-
tions, such as drought, salt, high temperature and
cold stress [14, 15]. In rice, knocking down the ex-
pression of OsMADS26 enhances the resistance of
rice to drought and pathogenic bacterial stress [16,
17]. In wheat, overexpression of TaMADS, a type-II
(MIKC) MADS-box gene, results in early flowering
through upregulation of LUMINIDEPENDENS (LD)
and FLOWERING CONTROL LOCUS A (FCA) ex-
pression under cold treatment [18]. Similarly, overex-
pression of SIMBPI1, an AGL15-like gene isolated
from Solanum lycopersicum, enhances salt tolerance
through an abscisic acid-independent signaling net-
work in tomato [19]. Thus, MADS-box TFs have
major significance in enhancing plant tolerance to
various stresses.

Alfalfa (Medicago sativa L.) is widely cultivated in
North America, Asia and other continents, with an area
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of more than 40 million hectares [20]. In the
Netherlands, two-thirds of arable land has been used for
alfalfa to develop grassland agriculture. Alfalfa is the
fourth largest planted crop in the United States, after
wheat, corn and soybean [21]. In China, alfalfa is planted
in 14 provinces throughout the Northeast, Central North
and Northwest regions of the country. An excellent local
cultivated alfalfa cultivar (‘XinJiangDaYe’) with large
leaves and an autotetraploid genome (2n=4x=32) is
widely planted in Xinjiang, Gansu, Qinghai and other
provinces in China and has the highest resistance. Alfalfa
has a high biomass and crude protein content and is rich
in digestible nutrients and mineral elements, which
greatly reduces the cost of feed supplementation for live-
stock production. Alfalfa is one of the key grasses for
promoting agricultural production and economic devel-
opment in arid and semiarid areas of China [22]. With
the deterioration of the ecological environment in these
areas, the development and quality of alfalfa are limited,
and production is reduced by at least 10-20 % due to
multiple extreme conditions such as deficient water,
freezing temperatures, and high salinity [23]. In 2020,
the complete genome data of the autotetraploid cultivar
XinJiangDaYe  were  published,  generating a
chromosome-level genome assembly with 32 chromo-
somes and high quality rather than eight chromosomes
[21, 24]. This assembly will provide a wide range of data
resources for selecting key stress-related genes and im-
proving alfalfa stress resistance by genetic engineering.
To date, the functions of the MADS-box gene family
involved in abiotic stress have been widely reported in a
variety of plants [25]. Large quantities of MADS-box
genes have been identified and characterized in Oryza
sativa (n=75) [26], Pyrus x bretschneideri (n=95) [27],
A. thaliana (n=109) [28], Zea mays L. (n=142) [29],
and Brassica rapa (n=167) [30]. However, there have
been no reports in terms of MADS-box genes involved
in stress resistance in alfalfa. Cultivated alfalfa genomic
data have been published, and a large amount of tran-
scriptome data are available, providing a reliable experi-
mental resource for the systematic study of MADS-box
genes in alfalfa [31-33]. Based on these data, in this
study, MADS-box genes in the genome of the autotetra-
ploid cultivar XinJiangDaYe were identified and charac-
terized. Detailed information on the physicochemical
properties, phylogenetic relationships, gene structures,
motif composition, chromosomal map, synteny and cis-
regulatory elements of MsMADS-box genes was gener-
ated. In addition, the tissue-specific expression patterns
and the differential expression of MsMADS-box genes
under various abiotic stresses were comprehensively sur-
veyed. The framework of content in this study was
shown in Fig. 1. Our study is the first to report on the
MADS-box gene family in autotetraploid cultivated
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Fig. 1 The framework of content in this study

alfalfa, which provides valuable information for explor-
ing the functions and molecular mechanisms underlying
abiotic stress tolerance in this important economical
crop.

Results

Identification and Gene Ontology (GO) analysis of
MsMADS-box genes in alfalfa

A total of 120 MADS-box genes were identified in the al-
falfa genome after removal of redundant sequences and
were renamed from MsMADS00I to MsMADSI20 ac-
cording to their order of appearance in the genome an-
notation file. Information on MsMADS-box protein
sequences and gene sequences is provided in Additional
file 1: Table S1. The physicochemical properties of
MsMADS-box proteins were investigated by Expasy-
ProtParam, and detailed information is summarized in
Additional file 1: Table S2. The lengths of the identified
MsMADS-box proteins ranged from 95 to 1288 amino
acids (AAs). The molecular weights (MWs) of the
MADS-box proteins ranged from 11588.13 to 147858.01
Da, and the pls ranged from 4.69 to 9.87. The instability
indices of most MsMADS-box proteins (98 of 120) were
higher than 40, which suggested that they were not
stable proteins. The grand average of hydropathicity of
all MsMADS-box proteins was negative (< 0), indicating
that they were soluble hydrophilic proteins. Moreover,
the subcellular localization analysis of the MADS-box
proteins showed that most of them were located in the
nucleus, followed by the mitochondrial matrix space and
the plasma membrane.

To figure out the functional classification of all
MsMADS-box genes, GO annotation was analyzed by
Blast2GO 5.2 software. All the MsMADS-box genes were
categorized into biological process, molecular function,
and cellular component categories, and the detail infor-
mation was summarized in Table 1 and Additional file 1:
Table S3. For the biological process category, four terms
were assigned to all MsMADS-box genes, including
“regulation of biological process”, “metabolic process”,
“biological regulation”, and “cellular process”, and 108
MsMADS-box genes were assigned to “positive regula-
tion of biological process”. Regarding the molecular
function category, totals of 119 and 120 MsMADS-box
genes were assigned to “binding” and “transcription
regulator activity” terms, respectively. All MsMADS-box
genes were classified as “cellular anatomical entity” term,
which was the only one term identified in the cellular
component category.

Phylogenetic analysis, gene structures and motif
composition of MsMADS-box genes

To examine the evolutionary relationships among
MsMADS-box proteins, a phylogenetic tree was con-
structed between alfalfa and Arabidopsis MADS-box
proteins by MEGA-X using the NJ method. The family
of 75 type-1 MsMADS-box genes was divided into the
Ma, MP, and My subgroups and the 45 type-II
MsMADS-box genes were divided into 13 subgroups
(MIKC', GGM13, AGL17, STMADS11, AGL15, AG,
AGL12, DEF+ GLO, TM3, FLC, SQUA, AGL6, and
AGL2) according to the classification of MADS-box
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Table 1 Gene ontology (GO) analysis of 120 MsMADS-box genes
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GO term Ontology Description Gene number
G0:0050789 Biological Process regulation of biological process 120
G0:0048518 Biological Process positive regulation of biological process 108
GO:0008152 Biological Process metabolic process 120
GO:0065007 Biological Process biological regulation 120
G0:0009987 Biological Process cellular process 120
GO:0005488 Molecular Function binding 119
GO:0140110 Molecular Function transcription regulator activity 120
GO:0110165 Cellular Component cellular anatomical entity 120

genes in Arabidopsis (Fig. 2 and Additional file 2: Fig.
S1). However, subgroups GGM13 and FLC had no
MsMADS-box members, subgroup AGL12 contained the
smallest number of MsMADS-box proteins (only one),
and subgroup My contained the largest number.

Gene structure analysis showed that the number of
exons in MsMADS-box genes varied from one to 17

(Additional file 2: Fig. S2). Among the 120 MsMADS-
box genes, MsMADSI117 possessed the highest number
(n=17) of exons, followed by MsMADS059 and
MsMADS062 (n=16) and MsMADSI44 (n=15). More-
over, a total of 62 MsMADS-box genes had only one
exon, and the number of introns varied among different
subfamilies. The type-1I MsMADS-box genes contained

genes, respectively

Fig. 2 Phylogenetic trees of alfalfa and Arabidopsis MADS-box proteins constructed in MEGA-X using the neighbor-joining method. The tree is
divided into four groups, indicated by different colors. The blue star and red triangle shapes represent Arabidopsis and alfalfa MADS-box
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multiple introns, while most type-I MsMADS-box genes
had zero to two introns, except for MsMADS042 and
MsMADS068 from the MP subfamily, which contained
four and five introns, respectively, and MsMADS090
from the Ma subfamily, which contained six introns.

To explore the distribution and structural diversifica-
tion of conserved motifs of alfalfa MsMADS-box pro-
teins, the MEME tool was applied to identify conserved
motifs, most of which played significant roles in protein-
protein interactions and transcriptional activity. A total
of 20 conserved motifs were identified and renamed mo-
tifs 01 to 20, some of which exhibited similar composi-
tions and positions in the same subfamilies of MsMADS-
box genes (Additional file 1: Table S4 and Additional file
2: Fig. S3). According to the NCBI CDD (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) search results,
motif 01 and motif 04 were recognized as the MADS do-
main and the K domain, respectively. Motif 01, a highly
conserved motif, consisted of approximately 60 amino
acids in the N-terminus of type-I MsMADS-box pro-
teins, except for MsMADS04, MsMADS027,
MsMADS033, MsMADS034, and MsMADS068. Motif
04, which plays a significant role in protein-protein in-
teractions in MADS-box gene family, appeared in all
type-1I MsMADS-box genes.

Chromosomal mapping and synteny analysis of MsMADS-
box genes in alfalfa

All MsMADS-box genes were unevenly distributed on
the 32 chromosomes of alfalfa, except for MsMADSI118,
MsMADSI119, and MsMADS120 (Fig. 3). Chromosome
3.4 (Chr 3.4) contained the largest number of MADS-
box genes (n=11), Chr 4.4 contained 10 members, Chr
5.4 and Chr 1.2 each had 7 members, and Chr 7.2 had
no MsMADS-box genes. In addition, there were six
MsMADS-box genes located on Chr 1.3, Chr 3.3, Chr
5.3, Chr 8.1, and Chr 8.4, and five MsMADS-box genes
were found on Chr 1.4, Chr 2.4, Chr 3.2, and Chr 4.3.
Only one MsMADS-box gene was distributed on Chr
1.1, Chr 2.3, Chr 4.1, Chr 5.1, Chr 6.1, Chr 6.2, Chr 6.4,
Chr 7.3, and Chr 8.3.

We used TBtools software to perform collinearity ana-
lysis to detect the gene duplication events of MADS-box
genes in alfalfa. A total of nine pairs of duplicated seg-
ments in MsMADS-box genes and four groups of tan-
demly duplicated MsMADS-box genes (MsMADS002/
MsMADS004, MsMADS009/MsMADSO013,
MsMADS033/MsMADS034, and MsMADS070/
MsMADSO071) were identified (Fig. 4).

Cis-regulatory element analysis of MsMADS-box gene
promoters

Cis-regulatory elements are specific DNA sequences that
are located upstream of gene coding sequences and
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regulate the expression of stress-responsive genes by
binding with TFs. Thus, we explored the distribution of
six cis-regulatory elements in the promoter regions of
these changed MsMADS-box genes during abiotic
stresses. The GT1 motif had the largest number of cis-
regulatory elements, with 168, followed by ABREs (n =
165), MBSs (17 = 101), CGTCA motifs (# = 100), TC-rich
repeats (n=63), and LTRs (n=38) (Additional file 2:
Fig. S4). Moreover, we found that MsMADS033,
MsMADS051, and MsMADSO75 contained all six cis-
regulatory elements, while MsMADS048, MsMADS056,
MsMADS073, and MsMADS084 had only one cis-regula-
tory element each.

Expression pattern analysis of MsMADS-box genes in M.
sativa tissues

Tissue-specific expression is associated with the specific
function of MADS-box genes in particular tissues. Thus,
we used microarray datasets of the alfalfa B47 genotype
obtained from the CADL-Gene Expression Atlas to as-
sess the expression levels of MsMADS-box genes in six
tissues, including leaf, flower, pre-elongated stem, elon-
gated stem, root, and nodule tissues, of alfalfa. A total of
95 MsMADS-box genes were identified, and the
remaining 25 genes were not found in the dataset. A
heatmap of MsMADS-box genes was generated by using
TBtools software, and 95 MsMADS-box genes were di-
vided into eight groups, namely, A to H, based on their
expression levels in different tissues (Fig. 5 and Add-
itional file 1: Table S5). Most of the MsMADS-box genes
had variable expression profiles, except group B, which
was not expressed in any tissues. Groups C, E, F, G, and
H showed the highest expression levels in elongated
stems, nodules, flowers, pre-elongated stems, and leaves,
respectively. Groups A and D exhibited variable expres-
sion patterns in these six tissues.

Expression analysis of MsMADS-box genes in response to
abiotic stresses

To detect dynamic changes in the expression levels of
MsMADS-box genes under cold, drought, and salt
stresses and ABA treatment, BLASTN against four tran-
scriptome datasets previously collected by our laboratory
was performed. A total of 104 MsMADS-box genes were
identified under these four treatments. A heatmap of
these identified MsMADS-box genes under cold treat-
ment was separately constructed because the sequenced
tissue samples were different from those in the other
three treatments. The results are shown in Additional
file 1: Table S6 and Additional file 2: Fig. S5. In total,
104 MsMADS-box genes were divided into eight groups,
namely, groups A to F, according to their expression
patterns at different time points under cold treatment.
The expression of group A significantly increased at 0 to
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Fig. 3 Distribution and position of the MsMADS-box genes across the 32 chromosomes in the alfalfa genome. Chr 1.1 to Chr 84 represent the
linkage groups of alfalfa. The green bars represent each chromosome, and black lines indicate the position of each MsMADS-box gene. Red lines
represent the tandemly duplicated genes
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2 h and gradually declined at later time points. The ex-
pression levels of groups B and D were significantly up-
regulated under cold stress and peaked at 2 h. Group C
did not exhibit expression at any time point under cold
treatment. Group E showed downregulated expression at
the treatment times. The expression of group F was de-
creased from 0 to 6 h and increased at 24 h.

For the other three treatments, the expression profiles
of 104 MsMADS-box genes are shown in Additional file
2: Fig. S6, and the results were similarly classified into
groups A to I. For ABA treatment, most MsMADS-box
genes were either inhibited or not expressed at some
time points, such as those in groups A, B, C, D, and E.
Group F showed significantly upregulated expression
when subjected to ABA treatment. The expression levels
of groups G, H and I were significantly upregulated at
3 h and reached their peak values at 12 h.

Under drought treatment, most of the genes showed
significant upregulation when subjected to drought
treatment and reached their peak values at 1 h, such as

those in groups B and D, which indicated that these
genes can quickly respond to drought stress. The expres-
sion levels of groups A, E, and H were significantly up-
regulated at 6 h and declined at later time points. The
expression levels of groups F and G gradually increased
under exposure to drought stress from 1 to 12 h, sug-
gesting positive regulation. The expression of group I
was inhibited or repressed from 1 to 24 h, which was
different from that in the other groups. Notably, almost
all groups showed the minimum relative expression or
recovered to the initial transcription level upon drought
removal for 1 or 12 h.

Salt treatment also led to serious increases in the
transcription levels of groups A, B, C, and D at 1 h,
similar to the expression profiles under drought
stress. The expression levels of groups E, F, and G
reached the minimum upon salt removal for 12 h.
The expression pattern of group H was distinct from
those of the other groups, which exhibited a dynamic
change during salt treatment. For group I, in which
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Fig. 5 Expression levels of all MsMADS-box genes of alfalfa in six
tissues (leaf, flower, pre-elongated stem, elongated stem, root, and
nodule). The red and green colors indicate the expression levels of
MsMADS-box genes from high to low, and black indicates the
median expression level in the heatmap. Groups A to H exhibited
eight expression patterns of MsMDAS-box genes in six tissues. The
heatmap was generated by using TBtools software

expression gradually increased, the peak value ap-
peared at 12 h of salt removal.

RT-PCR validation of gene expression

To further verify the RNA-Seq data, eight MsMADS-box
genes (MsMADS001, 029, 059, 062, 065, 075, 090, and
112) that were significantly induced by cold, drought,
and salt stresses and ABA treatment were selected for
qRT-PCR validation, and the Ct values of qRT-PCR
were provided in Additional file 1: Table S7. The expres-
sion trends of most of the tested MsMADS-box genes
were consistent with the RNA-Seq analysis results
(Figs. 6, 7 and 8, and 9). Expression of most of the tested
genes was upregulated upon exposure to cold, drought,
and salt stresses and ABA treatment, indicating positive
regulation. For example, the expression levels of
MsMADS001 and MsMADS075 were gradually upregu-
lated with time under ABA treatment, which was similar
to the RNA-Seq analysis results. The expression of the
MsMADSO075 gene showed a trend of initially increasing
and then decreasing under drought treatment compared
with the control in both the RNA-Seq and qRT-PCR
results.

In addition, to examine the effect of circadian rhythm
for gene expression, we performed qRT-PCR analysis of
eight MsMADS-box genes in plants grown without treat-
ments and these results were shown in Additional file 2:
Figs. S7, S8 and S9. we found that the expression level of
few MsMADS-box genes showed circadian rhythm, and
the fold change of expression level was not significant.
For example, in the absence of drought and salt treat-
ments, the expression level of MsMADS001 decreased
initially, followed by an increased, but then again de-
creased, while the expression level of MsMADS00I ex-
hibited a trend of gradual increase, and showed a
significant difference compared with CK group under
drought and salt treatments. Moreover, after ABA treat-
ment, the expression trend of MsMADS001 was opposite
to that of untreated, indicating that the expression of
MsMADS001 was mainly affected by abiotic stress rather
than circadian rhythm. It is worth noting that the ex-
pression of MsMADS029 showed a similar fold change
and pattern between salt treatment and without salt
treatment, suggesting that the expression of
MsMADS029 may be mainly affected by circadian
rhythm rather than stress. Similarly, the expression
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pattern of MsMADS065 under cold treatment was simi-
lar to without cold treatment, indicating that
MsMADS065 was also mainly related to circadian
rhythm.

Discussion

MADS-box TFs are one of the most widely studied
superfamilies in plants. To date, most studies on MADS-
box function have focused on the regulation of plant

organogenesis and flowering time [34]. Some MADS-
box TFs involved in stress-responsive processes have
been found in many plants [19]. For example, many
MADS-box proteins in wheat were induced under abi-
otic stress [15], and CaMADS isolated from pepper was
also rapidly upregulated by high temperature and salt
stress as well as some plant exogenous hormones [35].
However, there have been no studies on the molecular
function of MADS-box TFs in response to abiotic stress

vegetative and reproductive development, floral in alfalfa. Therefore, this study was focused on
N
54 MsMADS001 < 15 MsMADS029 =3 MsMADS059 5 25 MsMADS062
g3 £ £ g ;
2 . £ 10 g2 2
= 8 . £ . g g1
g =2 & g &
S i o x o 3 1.0
(] .aza i g 0.5 » E 1 E
g i £ F £os :
2] < 9 ]
"5 & = 0.0 = = 0.0
8 RS A 0\\ '\P‘i‘)\\v\\,\:@ RS \,\:o u‘i&\’; \,\:o RS A v‘oﬁ\@\\,\}\
s & S & S &
& O
: && &&e < c‘é\ {@é“z&s
= MsMADS065 = 8 MsMADSO075 -3 MsMADS090 s 5 MsMADSI12
= = 6 = =
=} = =} =]
z Z Z 2 * Z
: £ g g
Q 1) b by g 2
£ B 2! £
£ £ £ R
3 3 2 3
& - 0 -7 0 & 0
Ck' RPN A \,\:o ,\y‘\&\“\(\? c& AP A \""\ w&v‘b\\v\o‘o c&- AP A \,\:o whv&\‘o\o‘o C&' RPN A \,\:o b‘vq’\\v\ 0\\
&e‘ & &QA & &@ & S
¢ & ¢ & € & & &

"CK", and P < 0.05 () was considered highly significant

Fig. 7 Gene expression analysis of eight MsMADS-box genes under drought treatment for 0, 1, 3, 6, 12, and 24 and 1 and 12 h after removal
using gRT-PCR. The error bars indicate the standard errors of three biological replicates. Asterisks represent significant differences compared with




Dong et al. BMC Genomics (2021) 22:603 Page 10 of 16

< 8 MsMADS001 < L5 MsMADS029 < 25 MsMADS059 < 25 MsMADS062
2 3 z 3
s 6 E £ 2.0 s 2.0
Z Z 1.0 Z Z
] $ $ 15 3
s 4 i 2 i ) E
= g 5 5 1.0 5
: o o 0.5 o @
z 2 z z Z
o s 3 £ 05 €
] S ] ]
E 0 = % 00 &
N SCAT TS A U S R O 4 SCATG TS A I S SR
< COANT DT 0Ty i\&\ \\"' AT Y S ot eﬁ\\ q’\\-\,
S & &
Q ‘m& ‘L&e &é‘ z&e
b b4 <
) =20 MsMADS065 < 4 MsMADS075 < 4 MsMADS090 < 2.0 MsMADS112
— 3 . 3 3 H 5 -
Cg £15 . 53 : £ 3 £ 15
7 Z Z Z
$ $ 8 * g
21.0 2 2 g 2 1.0
3 3 H ]
@ 3 @ o
Z0.5 Z 1 2 1 Z 05
2 = = = .
< ] * 3 2]
% 0.0 = = A
ST Wp@@\o&\ RSN -\?‘:‘;\v\ o RS A 0«\ "‘&t&\v\ o8 S A \,\;e quw\go\ \,\’v
S P S @ S O S @
&&‘z&e {“‘6\‘@&0 @‘Q@QQ 5'&‘@6‘0

Fig. 8 Gene expression analysis of eight MsMADS-box genes under salt treatment for O, 1, 3, 6, 12, and 24 and 1 and 12 h after removal using
gRT-PCR. The error bars indicate the standard errors of three biological replicates. Asterisks represent significant differences compared with “CK”,
and P < 0.05() was considered highly significant

systematically exploring the potential molecular func-
tions of MsMADS-box genes. First, we investigated
the features of MsMADS-box genes by using genome-
wide identification. Moreover, the gene structure,
motif  composition,  phylogenetic  relationships,
chromosomal location, synteny, cis-regulatory ele-
ments, tissue-specific expression and responses to
cold, drought, and salt stresses and ABA treatment
were investigated. These results will enrich our un-
derstanding of the MsMADS-box gene family and

provide a foundation for further exploring the func-
tions of MsMADS-box genes.

In our study, a total of 120 MsMADS-box genes were
identified in the alfalfa genome. The number of MADS-
box genes in alfalfa was higher than those in A. thaliana
(n=109) [28], Oryza sativa (n="75) [26], Lactuca sativa
(n=82) [36], Erigeron breviscapus (n=44) [37], and
Phyllostachys edulis (n = 42) [38] but lower than those in
tomato (n=131) [39], Zea mays (n=142) [29], Brassica
rapa (n=167) [30], and Gossypium hirsutum (n=207)

159 MsMADS029

207 MsMADS065

ABA treatment

] ]
> >
2 5
£ 1.5 . g
2 2 4 g
) 9]
& 1.0 =
] ] i
@ o 21
£ 0.5 £
= =
& &

0.0- 0-

CK 1h 3h 12h CK 1h 3h

highly significant

< 57 MsMADS001 =
> * >
z 2
= 41 * s
= 2 1.0
(=" (=7
5 2- 5
2 £ 0
s 1 =
& &
. 0.0
CK 1h 3h 12h CK 1h 3h 12h

64 MsMADSO075 N

12h

Fig. 9 Gene expression analysis of eight MsMADS-box genes under ABA treatment for 0, 1, 3, and 12 h using gRT-PCR. The error bars indicate the
standard errors of three biological replicates. Asterisks represent significant differences compared with “CK’, and P < 0.05() was considered

~N

< 67 MsMADS059 < 87 MsMADS062
g 5 :
= = 64

.2 4 * .é

2 2

e 2 44

b 5 .
EY 2 2

= =

Y Y

[ 04 [~ 0-

CK 1h 3h 12h CK 1h 3h 12h
= 37 MsMADS090 < 1.57 MsMADS112
g s g
g g
'% 24 % 1.0+
—- e
. .

5 5
g £
= =
Q QD
& o] -7 |
CK 1h 3h 12h CK 1h 3h 12h




Dong et al. BMC Genomics (2021) 22:603

[25]. The nucleotide sequence lengths, molecular
weights and theoretical isoelectric points of the
MsMADS-box genes varied. GO annotation analysis in-
dicated that most of MsMADS-box genes were related to
“regulation of biological process”, “positive regulation of
biological process”, “metabolic process”, “biological regu-
lation”, and “cellular process”, which was consistent with
the findings in Helianthus tuberosus L. [40]. In addition,
many GO terms were also assigned to “Molecular Func-
tion” and “Cellular Component”, including “binding”,
“transcription regulator activity”, and “cellular anatom-
ical entity”, which suggesting that MsMDAS-box genes
are involved in various biological processes. The gene
structure and motif composition were conserved in the
same subgroups, indicating that these genes may have
subgroup-specific functions [39]. Phylogenetic analysis
revealed that 75 MsMDAS-box genes belong to type-I
genes, which was higher than the numbers in Arabidop-
sis and rice, suggesting that type-I genes have a higher
duplication rate during evolution [41]. In contrast to
those in A. thaliana and rice, the alfalfa MADS-box gene
family lost the GGM13 subgroup, which is involved in
seed pigmentation and endothelial cell development
[42]. This difference may be due to interspecific differ-
ences or other undetermined causes.

It is well known that gene duplication plays an import-
ant role in the rapid expansion and evolution of gene
families [27]. There were nine pairs of segmental dupli-
cations and four pairs of tandem duplications in the
MsMADS-box genes. Duplication of MADS-box genes
has been found in many species, including Arabidopsis
thaliana, rice and tomato [39]. Chromosome location
analysis showed that the MsMADS-box genes were un-
evenly distributed on 32 chromosomes. Moreover, the
MADS-box gene family in alfalfa was found to have a
gene cluster on Chr 3.4, which indicated that the
MsMADS-box gene family was characterized by a gene
duplication phenomenon. Ren et al. identified 110
MIKC-subgroup genes in Gossypium hirsutum, which
were distributed on 25 chromosomes, and no MIKC-
subgroup genes were distributed on chromosome D01
[43]. In our study, 45 MIKC-subgroup genes were iden-
tified in the alfalfa genome, and no MIKC genes were
found on many chromosomes, suggesting that the differ-
ences in mapping results may be related to the reference
genomes used. The promoter regions of MADS-box gene
family members in alfalfa contained a variety of response
elements, mainly includes hormone-related elements
and stress-related elements, among which the GT1 motif
elements were the most abundant, followed by ABREs.
This result was similar to the experimental discovery of
MADS-box genes in Eudicots [44]. In fact, a lot of stud-
ies have also been verified that common cis-regulatory
elements also existed in the promoter region of stress-
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responsive genes, such as MYB, WRKY, and Dof genes
[45-47]. Moreover, previous studies have reported that
ABREs are the main cis-regulatory elements of ABA re-
sponse genes, which can be activated to improve plant
stress tolerance through interacted with upstream TFs
[48]. Therefore, these results further suggest the prob-
able function of MsMADS-box genes in response to abi-
otic stresses, and further study need to verify their
potential roles.

MADS-box gene family is the most powerful TFs that
regulate fruit development and ripening and have been
extensively studied in A. thaliana [28] and perennial
woody plants such as Malus x domestica [49], Prunus
persica [50], Pyrus x bretschneideri [27] and Morella
rubra [51]. Gene expression profiles provide important
information for gene function exploration. As a result,
we found that 58/95 MsMADS-box genes were expressed
in all six examined tissues, while some of the other genes
showed tissue-specific expression patterns. For example,
MsMADS033, MsMADS083,  MsMADSI110, and
MsMADS117 were expressed only in flowers, suggesting
that these genes play key roles in the regulation of floral
organogenesis and flowering time. This phenomenon
was also observed in rice [52], wheat [53], and soybean
[54]. In addition, tissue-specific overexpression of
MADS-box genes has been reported to regulate flower-
ing time. For example, overexpression of TaMADS in
Arabidopsis leads to early flowering [18], and overex-
pression of NtMADS133 in tobacco significantly reduces
the flowering time from 58 days to 38 days [55]. More-
over, MsMADS009, MsMADS057, and MsMADS095
were expressed at high levels in all tested tissues
(FPKM > 20), suggesting that these genes play important
roles throughout the plant life cycle. Therefore, we
speculate that MADS-box genes with tissue-specific ex-
pression have important regulatory functions in related
tissues, which provides insight into how we can utilize
MADS-box genes to promote tissue growth and
development.

The related role of MADS-box TFs in plant stress re-
sistance has been reported in earlier studies in various
plants, such as rice [56], tomato [14], sheepgrass [57],
Brassica rapa [30], and wheat [15]. For example, in
maize, the expression of ZZM7-L, an AGLI12-like
MADS-box gene, was upregulated by NaCl, cold, and
mannitol treatments and downregulated by exogenous
ABA, and overexpression of ZZM7-L in Arabidopsis
thaliana resulted in a significantly lower germination
rate of the transgenic plants than of the wild type, sug-
gesting that ZZM?7-L had a negative function [29]. Simi-
larly, the expression of CaMADS was induced by low
temperature, salt, and ABA, and CaMADS-overexpress-
ing Arabidopsis plants were more tolerant to these
stresses than WT plants [39]. In Ginkgo biloba, a recent
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study also demonstrated that GbMADS9, a GGM13-
clade MADS-box protein, enhanced the tolerance of
transgenic Arabidopsis plants to osmotic stress, suggest-
ing that GBMADS9 had a positive function in response
to osmotic stress [58]. In this study, the expression pat-
terns of 104 MsMADS-box genes under multiple abiotic
stresses were determined in previous RNA-Seq data.
Most MsMADS-box genes showed different responses to
abiotic stress at the transcriptional level. In addition, we
found  that MsMADS00I, MsMADS075  and
MsMADS090 were significantly induced by drought and
salt stresses, suggesting that these genes might have
multiple stress resistance-related functions in alfalfa.
The expression levels of eight MsMADS-box genes
under cold, drought, and salt stresses and ABA treat-
ment were studied by qRT-PCR. However, there were
variations in the degrees of gene expression fold change
between the RNA-seq and qRT-PCR analyses, which
also appeared in several previous studies [59, 60] and
may be due to genetic diversity among alfalfa individuals
[31]. Moreover, we performed qRT-PCR experiments on
the expression of eight MsMADS-box genes at different
time points in the plants grown without stresses treat-
ment to investigate whether MsMADS-box genes expres-
sion was induced by circadian rhythm. These results
showed that only small proportion of MsMADS-box
gene was involved in circadian rhythm, which was con-
sistent with the found in pineapple [61]. In conclusion,
the transcriptional responses of MsMADS-box genes to
cold, drought, and salt stress and ABA treatment will
provide a solid foundation for further studies of abiotic
stress response mechanisms in alfalfa.

Conclusions

In this study, we comprehensively and systematically an-
alyzed the MADS-box transcription factor family in the
autotetraploid cultivated alfalfa genome. A total of 120
MsMADS-box genes were extensively identified via
genome-wide screening. The physicochemical properties,
phylogenetic relationships, exon-intron structures, con-
served motifs, chromosomal location, gene duplication,
cis-regulatory elements, tissue-specific expression pat-
terns, and expression levels under cold, drought and salt
stress and ABA treatment were analyzed. Expression
analysis of MsMADS-box genes provides insights for fur-
ther understanding the molecular mechanisms of
MsMADS-box genes underlying development and re-
sponses to abiotic stress in autotetraploid cultivated al-
falfa. This study provides clues for understanding the
potential molecular function of MADS-box gene in al-
falfa, and lay a foundation for enhancing alfalfa tolerance
to abiotic stresses by overexpressing, RNA interference,
or CRISPR/Cas9 technology in the future.
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Methods

Identification and Gene Ontology (GO) analysis of the
MsMADS-box gene family in alfalfa

The genome assembly files of alfalfa were downloaded
from the figshare projects (https://figshare.com/projects/
whole_genome_sequencing_and_assembly_of_
Medicago_sativa/66380). To more comprehensively in-
vestigate the MADS-box family genes, the MADS-box
protein sequences of Arabidopsis and rice were obtained
from The Arabidopsis Information Resource (TAIR9)
(www.arabidopsis.org) database and the Rice Genome
Annotation Project (http://rice.plantbiology.msu.edu/),
respectively. Moreover, to further accurately identify the
MADS-box gene family in the alfalfa genome, the
MADS-box protein sequences of Medicago truncatula, a
model plant for legumes, were acquired from the LIS-
Legume Information System (https://legumeinfo.org/
home). First, these protein sequences were used as query
sequences for BLAST analysis against the cultivar Xin-
JiangDaYe genome database with an E-value cutoff of
0.00001. Furthermore, a hidden Markov model (HMM)
profile of MADS-box (PF00319) was downloaded from
the Pfam database (http://pfam.xfam.org/) for further
confirmation of alfalfa MADS-box proteins with HMME
R 3.0 software using default parameters, and an E-value
of 1.0 was set as the threshold. The CD-HIT web server
(http://www.bioinformatics.org/cd-hit/) with default pa-
rameters was used to remove redundant data. Subse-
quently, these purified sequences were considered
MsMADS-box genes for further analysis. The ProtParam
tool (https://web.expasy.org/protparam/) was used to de-
termine the physicochemical properties of each
MsMADS-box protein, including the molecular weight
(MW), theoretical isoelectric point (pI), instability index
and grand average of hydropathicity (GRAVY) index. In
addition, the subcellular localization of all MsMADS-box
genes was predicted by WoLF-PSORT (https://www.
genscript.com/wolf-psort.html). In addition, GO annota-
tion was performed to investigate the functional role of
MsMADS-box genes using Blast2GO 5.2 software, with
default parameters [62].

Phylogenetic analysis, gene structures and motif
composition of MsMADS-box genes

To analyze the evolutionary relationships of the obtained
MADS-box genes in alfalfa, multiple sequence alignment
was performed by Clustal W (http://www.clustal.org/
clustal2/) with default parameters, and a phylogenetic
tree of 120 alfalfa MADS-box and 107 Arabidopsis
MADS-box genes was then constructed using the
neighbor-joining (NJ) method in MEGA 6.0 software
(https://www.megasoftware.net/) with a p-distance
model, 1000 bootstrap replicates, and pairwise detection.
All MsMADS-box genes were classified into the Ma, M
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and My subgroups and type-II groups according to their
evolutionary relationships with MADS-box genes in
Arabidopsis.

Understanding the gene structure can help reveal gene
functions, regulation and evolution. To investigate the
diversity of gene structures of MADS-box genes, the
Gene Structure Display Server (GSDS) (http://gsds.cbi.
pku.edu.cn) program was applied. The MADS domain is
the core of MADS-box TFs, which can activate the
downstream genes through interact with the promoter
of them. The MEME 4.12.0 online tool (http://meme-
suite.org) was used to identify the conserved motifs of
these 120 alfalfa MADS-box proteins. The parameters
were set as follows: the maximum number of motifs was
20; zero or one occurrence per sequence (zoops) was se-
lected as the site distribution; the minimum and max-
imum motif widths were set to 6 and 200, respectively;
and other parameters were set to the default values.

Chromosomal mapping and gene duplication analysis

In order to better recognize the genomic distribution of
MsMADS-box genes, MapGene2Chrome (http://mg2c.
iask.in/mg2c_v2.0/) was used to draft a chromosomal lo-
cation map of the MADS-box genes based on the gen-
ome annotation files of alfalfa. Gene duplication is a
major source to produce new genes and lead to the pro-
liferation and diversification of TFs genes in the plant
kingdom. TBtools software was used to perform a collin-
earity analysis of 120 MsMADS-box genes in order to
detect gene duplication events [63].

Cis-regulatory element analysis

In-depth analysis of the cis-regulatory elements con-
tained in MsMADS-box genes will provide further
insight into their roles in plant stress resistance. The
PlantCARE database (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/) was used to identify the
cis-regulatory elements within the sequence 2000 bp
upstream of transcriptional initiation sites of
MsMADS-box genes whose expression changed under
abiotic stresses. A total of six cis-regulatory elements
known to be associated with stress and hormones
have been identified in the promoter regions of
MADS-box genes in alfalfa, including ABRE, TC-rich
repeats, MBS, LTR, GT1-motif, and CGTCA-motif,
which are involved in abscisic acid-responsive,
defense- and stress-responsive, drought-inducible,
low-temperature-responsive,  light-responsive,  and
MeJA-responsive processes, respectively.

Tissue-specific expression analysis of MsMADS-box genes
in alfalfa

The expression pattern of the MsMADA-box genes in
different tissues can infer the role in the process of
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tissue development of alfalfa. Genome-wide transcrip-
tome data were used to explore the expression pro-
files of MADS-box genes in different tissues during
the development of alfalfa, which were downloaded
from the CADL-Gene Expression Atlas (https://www.
alfalfatoolbox.org) provided by the Noble Research In-
stitute [64]. The expression data of six tissues, includ-
ing leaves, flowers, pre-elongated stems, elongated
stems, roots, and nodules, were analyzed. TBtools
software was used to cluster these expression data
and generate a heatmap.

Expression analysis of MsMADS-box genes under abiotic
stresses

In previous studies, to acquire additional genetic infor-
mation on alfalfa under abiotic stresses, four RNA-Seq
projects of alfalfa under cold (SRR7091780-
SRR7091794), drought, salt and ABA treatments
(SRR7160313-SRR7160357) were performed. In this
study, to realize the roles of MsMADS-box genes in re-
sponse to abiotic stresses, the nucleotide sequences of all
MsMADS-box genes were used as query sequences for
local nucleotide blast (BLASTN) against these four tran-
scriptome datasets [65]. Subsequently, TBtools software
was applied to calculate the gene expression values and
draw a heatmap of MsMADS-box genes under abiotic
stresses.

Plant materials and stress treatments

The plant material used in this experiment was culti-
vated ‘XinJiangDaYe’ alfalfa. All experimental mate-
rials were obtained using a hydroponic method in this
study. First, we selected seeds that were full and uni-
form in shape. After alfalfa seeds were surface steril-
ized, they were regularly placed onto two layers of
filter paper moistened with distilled water in square
Petri dishes at 22 ‘C. After germination for 5 days,
seedlings with the same taproot length were uni-
formly transferred into a hydroponic pot containing
1/2 MS nutrient solution (pH =5.8) that was changed
every two days. Subsequently, the seedlings were cul-
tivated under the following conditions: 16 h light/8 h
dark cycle, relative humidity of 80%, and a
temperature of 22 °C. The alfalfa seedlings were sub-
jected to different stress treatments when the third
leaf appeared (approximately 10 days after germin-
ation). For the cold treatment, alfalfa seedlings were
transferred to an artificial climate chamber at 4 C
for 0, 2, 6, 24, and 48 h, and then whole seedlings of
alfalfa were collected. For exogenous ABA treatment,
10 pM ABA dissolved in 1/2 MS nutrient solution
was used. The root tips of alfalfa seedlings were col-
lected at 0, 1, 3 and 12 h after ABA treatment. To
simulate drought and salt stress conditions, individual
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alfalfa seedlings were immersed in 1/2 MS nutrient
solution containing 400 mM mannitol and 250 mM
NaCl, respectively. Subsequently, the root tips of the
alfalfa seedlings were harvested after drought and salt
stress conditions at different time points (0, 1, 3, 6,
12, and 24 h and 1 and 12 h after stress removal). In
order to be consistent with the experimental materials
used in the previous transcriptome sequencing in our
laboratory, total of six whole seedlings were harvested
and mixed into frozen tubes at each time point for
cold treatment, and six root tips were collected in the
same method for ABA, drought, and salt treatment.
All samples were quickly frozen in liquid nitrogen
and stored at -80 °C until use.

Quantitative real-time PCR analysis

Eight MsMADS-box genes were selected for qRT-PCR
experiments to validate the RNA-Seq data. The TRIzol
method (Sangon Biotech, Shanghai, China) was used to
isolate the total RNA of the whole seedlings under cold
treatment (0, 2, 6, 24, and 48 h) and root tips under
drought and salt treatments (0, 1, 3, 6, 12, and 24 h and
1 and 12 h after stress removal) and ABA treatments (0,
1, 3 and 12 h). Subsequently, a NanoDrop ND1000 spec-
trophotometer (Thermo Scientific, Waltham, MA, USA)
was applied to determine the concentration of each sam-
ple. The first-strand cDNA of each sample was synthe-
sized using a FastKing RT Kit (Tiangen Biotech, Beijing,
China) according to the manufacturer’s instructions.
The expression patterns of MsMADS-box genes were ex-
plored by using a CFX96 Real-Time PCR Detection Sys-
tem (Bio-Rad, Los Angeles, CA, USA) with 2xSG Fast
qPCR Master Mix (Sangon Biotech, Shanghai, China).
The total reaction system was 10 pL, containing 5 pL of
2xSG Fast qPCR Master Mix, 2.6 pL of ddH,O, 1 pL of
DAF buffer, 1 uL of ¢cDNA, 0.2 pL of upstream primer,
and 0.2 pL of downstream primer. The qRT-PCR proto-
col was as follows: 95 ‘C for 30 s, followed by 40 cycles
of 95 °C for 5 s and 60 °C for 30 s. Primer Premier 6
software (Premier Biosoft International, Palo Alto, CA,
USA) was applied to design the specific primers for
qRT-PCR, and the primer sequences are listed in Add-
itional file 1: Table S8. The Medicago actin gene was
used as the reference gene. Three biological replicates of
each of the samples for qRT-PCR analysis were analyzed.
The relative quantification method (2722CTY was used to
calculate the relative expression levels of MsMADS-box
genes [66]. In addition, it is known that the expression
of few genes exhibits circadian rhythm, which oscillates
a rhythm signal with a 24 h cycle. Therefore, we exam-
ined the expression pattern of eight MsMADS-box genes
over time under unstressed conditions to verify the ef-
fect of circadian rhythm. For example, in the case of cold
treatment, we investigated eight MsMADS-box genes
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expression levels of 0, 2, 6, 24, and 48 h in plants grown
without cold treatment. For drought and salt treatments,
we explored these genes expression of 0, 1, 3, 6, 12, and
24 h and removal 1 and 12 h in plants grown in water.
As for ABA treatment, we surveyed the gene expression
of 0, 1, 3 and 12 h in plant grown under without treat-
ment conditions.
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