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Abstract 

Background: External environmental factors, such as salt, alkali and drought, severely limit the acreage and yield 
of alfalfa. The mining of tolerance-related genes in alfalfa and improving the stress resistance of this plant are essen-
tial for increasing alfalfa yield. PLD is the main phospholipid hydrolase in plants and plays an important role in plant 
growth, development, signaling, and resistance to adverse stress. With the availability of whole genome sequences, 
the annotation and expression of PLDs in alfalfa can now be achieved. At present, few studies have investigated PLDs 
in alfalfa. Here, we conducted a study of PLDs in alfalfa and identified and analyzed the expression pattern of PLDs 
under different treatments.

Results: Fifty-nine MsPLDs were identified in alfalfa and classified into six subtypes: MsPLDα, β, γ, δ and ε belong to 
the C2-PLD subfamily, and MsPLDζ belongs to the PXPH-PLD subfamily. Members of the same PLD subtype have 
similar physicochemical properties, sequence structure and domains, but their cis-acting elements are different. A 
qRT-PCR analysis revealed that MsPLDs are expressed in multiple tissues. MsPLDs can respond to alkali, drought, ABA, 
IAA, and GA3 treatments and particularly to salt stress. Different expression patterns were found for the same gene 
under different treatments and different genes under the same treatment. Expression of MsPLD05 improved salt toler-
ance in yeast.

Conclusion: This study represents the first genome-wide characterization of MsPLDs in alfalfa. Most MsPLDs are 
expressed mainly in mature leaves and respond positively to abiotic stresses and hormonal treatments. This study fur-
ther expands the resistance gene pool in legume forage grasses and provides a reference for further in-depth study of 
MsPLDs in alfalfa.
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Introduction
Phospholipids are not only an important component of 
cell membranes but also an important source of intracel-
lular signal generation [1]. Phospholipids can be hydro-
lyzed by phospholipases to produce phosphatidic acid 
(PA), choline, ethanol and diacylglycerol (DAG). Phos-
pholipases are classified as phospholipase Al (PLA1), 

phospholipase A2 (PLA2), phospholipase B (PLB), phos-
pholipase C (PLC) and phospholipase D (PLD) depend-
ing on the hydrolysis site of glycerophospholipids [1, 
2]. Different types of phospholipases show differences 
in terms of reaction conditions, cofactors and substrate 
selection [1, 2]. Phospholipase D is the most important 
phospholipase in plants, can specifically catalyze the 
hydrolysis of phosphodiester bonds at the end of phos-
pholipid molecules and participates in processes such as 
plant growth and development [3, 4].
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Currently, PLDs have been identified in rice (Oryza 
sativa) [5], Arabidopsis (Arabidopsis thaliana) [6], 
soybean (Glycine max) [7], grape (Vitis vinifera), pop-
lar (Populus L.) [8] and Chinese plum (Prunus mume) 
[9] plants, which have more than 10 PLDs. In Arabi-
dopsis, the PLD gene family is divided into six iso-
forms based on information on their physicochemical 
properties and sequence structures: PLDα, β, γ, δ, ε 
and ζ. However, the N-terminal structural domains of 
PLDs show differences: PLDα, β, γ, δ, and ε contain a 
C2 structural domain at the N-terminal end and com-
prise the C2-PLD subfamily, whereas PLDζ has a PX/
PH structural domain at the N-terminal end and forms 
the PX/PH-PLD subfamily. The C2 structural domain 
is involved in  Ca2+-dependent and phospholipid bind-
ing and all members except PLDα2, β2, γ3 and PLDζ 
require  Ca2+ activation, but the amount of  Ca2+ needed 
varies among genes [6, 10, 11]. In addition, the PX 
structural domain is essential for the activity of PLDs in 
the PLDζ subfamily [12, 13].

Several studies have shown that PLDs are involved 
in the production of PAs that are important in plant 
growth, development, signaling, resistance to adverse 
stress. Studies on the function of AtPLDs have revealed 
that the functions exercised by different PLD isoforms 
may vary [14, 15]. AtPLDα and δ members are involved 
in responses to abiotic stresses such as salt and drought 
[16–22]. In addition, AtPLDα1 and AtPLDδ are involved 
in stomatal closure, cell senescence, and cell death [21]. 
AtPLDε promotes primary root and root hair elongation 
under low nitrogen conditions [23, 24]. AtPLDβ is associ-
ated with the defense response to fungal pathogen infes-
tation [25]. This finding further suggests that different 
PLDs perform unique and important functions in specific 
plant growth, development or stress response processes. 
A summary of the mechanism of action of PLDs reveals 
that PLDs mainly function by altering the membrane 
lipid composition, degrading the membrane mass, dis-
rupting membrane function, and participating in cellular 
regulation as signaling molecules [26]. The most in-depth 
studies on PLDα1 in Arabidopsis mainly focused on PLD-
protein interactions, including direct protein interactions 
and protein interactions through PA and other products. 
At present, some PLD target proteins have been identi-
fied, and these include the heterotrimeric G protein Gα 
subunit (Gα) [27] and the aspartate protease cardosin A 
[28]. The identified PA target proteins include NADPH 
oxidase [29], phosphatidylinositol-dependent protein 
kinase 1 (PDK1) [30], mitogen-activated protein kinase 
6 (MPK6) [31], and sphingosine kinase (SPHK) [32]. The 
abovementioned studies reveal that the PLD- and PA-
related signaling pathways form an important compo-
nent of the plant phospholipid signaling pathway.

Alfalfa is a perennial legume herb with good palatabil-
ity, high nutritional value and high yield and is known as 
the “queen of forage grasses” [33]. This herb is also used 
as an ecological grass to prevent soil erosion and improve 
soil quality due to its well-developed root system and 
nitrogen fixation ability [34]. Therefore, alfalfa is widely 
planted in many countries. Although the PLD gene fam-
ily has been identified in many plants, no comprehensive 
study of PLDs in alfalfa has been reported thus far. With 
the release of the alfalfa genome [35], we are better able 
to systematically investigate the putative functions of 
PLDs in alfalfa. As a result, we successfully identified 59 
MsPLDs in alfalfa and analyzed the basic physicochemi-
cal properties, evolutionary tree, sequence structure, 
structural domains, and covariance of these 59 MsPLDs. 
These MsPLDs were also analyzed in terms of cis-acting 
elements and by qRT-PCR to further clarify their possible 
functions. The results will lay the foundation for further 
study of these 59 MsPLDs and the mining of resistance 
gene resources.

Result
Identification and characterization of MsPLDs in alfalfa
To identify and obtain the MsPLDs in the alfalfa genome, 
a global search of the alfalfa genome using the hid-
den Markov model (HMM) profile of the HKD domain 
(PF000164) sequence alignment, conserved structural 
domain analysis and other methods identified a total of 
59 MsPLDs, and these MsPLDs were used for subsequent 
analyses (Table  1). Their protein sequences and coding 
sequences are listed in Additional file  1. MsPLD01-59 
were renamed according to their position on the chromo-
some, and the names and IDs of the genes are presented 
in Table 1.

The main information regarding the gene locations, 
subcellular localizations and physicochemical proper-
ties of the proteins are also presented in Table  1. The 
MsPLDs were unevenly distributed on all chromosomes 
except chromosome 6. The analysis of the distribution 
of the genes revealed that chromosomes 1, 7 and 8 had 
a sparser distribution, with 2, 4 and 4 MsPLDs, respec-
tively, whereas each of the remaining chromosomes had 
more than 10 MsPLDs. Subcellular localization predic-
tions showed that most of the MsPLDs were distributed 
in the cytoplasm, followed by the vacuole, endoplas-
mic reticulum and chloroplast. Therefore, we hypoth-
esized that MsPLDs mainly exercise functions in the 
cytoplasm. The analysis of the physicochemical proper-
ties of the proteins relative differences in terms of their 
sequence length, isoelectric point (pI) and molecular 
weight within the ranges of 607 to 1125 aa, 5.5 to 8.31 
and 68.53 to 128.59  kDa, respectively. More than half 
of the sequences had a length of 800–900 aa. With the 
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Table 1 List of basic information on the 59 MsPLDs identified in this study

Gene name Sequence ID chromosome Coordinate (5′-3′) Protein Subcellular localization

Length(aa) pI MW(kDa)

MsPLD01 MS.gene005281.t1 chr1.1 61,898,320:61,912,172 1125 5.92 128.59 Cytoplasm; Vacuole

MsPLD02 MS.gene40819.t1 chr1.2 59,800,826:59,811,385 1117 5.9 127.60 Cytoplasm

MsPLD03 MS.gene23949.t1 chr2.1 1,902,252:1,906,851 667 5.7 75.88 Endoplasmic reticulum; Vacuole

MsPLD04 MS.gene00253.t1 chr2.1 57,314,352:57,332,263 1120 6.3 126.94 Cytoplasm

MsPLD05 MS.gene36409.t1 chr2.2 2,872,450:2,875,877 756 6.17 86.76 Cytoplasm

MsPLD06 MS.gene071874.t1 chr2.2 53,276,118:53,293,622 1119 6.34 126.87 Cytoplasm

MsPLD07 MS.gene86393.t1 chr2.3 1,344,450:1,349,273 809 5.5 92.04 Endoplasmic reticulum; Vacuole

MsPLD08 MS.gene057038.t1 chr2.3 3,388,802:3,392,217 756 6.17 86.76 Cytoplasm

MsPLD09 MS.gene057037.t1 chr2.3 3,400,729:3,404,144 756 6.17 86.76 Cytoplasm

MsPLD10 MS.gene50038.t1 chr2.3 3,502,248:3,505,676 756 6.24 86.80 Cytoplasm

MsPLD11 MS.gene67327.t1 chr2.3 55,372,147:55,389,928 1119 6.3 126.81 Cytoplasm

MsPLD12 MS.gene067395.t1 chr2.4 1,784,846:1,789,476 809 5.5 92.04 Endoplasmic reticulum; Vacuole

MsPLD13 MS.gene89026.t1 chr2.4 1,858,953:1,863,743 809 5.5 92.02 Endoplasmic reticulum; Vacuole

MsPLD14 MS.gene85200.t1 chr2.4 4,122,792:4,126,221 756 6.17 86.73 Cytoplasm

MsPLD15 MS.gene038940.t1 chr2.4 55,568,036:55,587,627 1119 6.26 126.82 Cytoplasm

MsPLD16 MS.gene32629.t1 chr3.1 84,952,195:84,955,138 783 6.37 88.92 Endoplasmic reticulum; Vacuole

MsPLD17 MS.gene32627.t1 chr3.1 84,968,523:84,971,756 825 5.92 93.83 Endoplasmic reticulum; Vacuole

MsPLD18 MS.gene52800.t1 chr3.1 90,894,759:90,901,718 851 8.31 96.65 Cytoplasm

MsPLD19 MS.gene072896.t1 chr3.2 87,203,145:87,206,378 825 5.92 93.83 Endoplasmic reticulum; Vacuole

MsPLD20 MS.gene072894.t1 chr3.2 87,219,454:87,222,732 826 6.46 93.45 Endoplasmic reticulum; Vacuole

MsPLD21 MS.gene014379.t1 chr3.2 90,761,398:90,768,367 851 8.19 96.73 Cytoplasm

MsPLD22 MS.gene014832.t1 chr3.3 87,825,233:87,828,519 826 6.24 93.47 Endoplasmic reticulum; Vacuole

MsPLD23 MS.gene014830.t1 chr3.3 87,840,038:87,843,321 825 6.01 93.84 Endoplasmic reticulum; Vacuole

MsPLD24 MS.gene69358.t1 chr3.3 93,688,962:93,695,958 851 8.19 96.70 Cytoplasm

MsPLD25 MS.gene67061.t1 chr3.4 93,241,223:93,245,494 796 6.59 90.01 Endoplasmic reticulum; Vacuole

MsPLD26 MS.gene67059.t1 chr3.4 93,258,522:93,262,462 825 5.92 93.83 Endoplasmic reticulum; Vacuole

MsPLD27 MS.gene064799.t1 chr3.4 98,282,304:98,289,298 851 8.19 96.70 Cytoplasm

MsPLD28 MS.gene026763.t1 chr4.1 85,441,869:85,445,416 808 5.58 91.68 Endoplasmic reticulum; Vacuole

MsPLD29 MS.gene47888.t1 chr4.1 11,906,321:11,909,993 828 7.22 93.51 Cytoplasm

MsPLD30 MS.gene75365.t1 chr4.2 89,727,307:89,730,857 808 5.54 91.58 Endoplasmic reticulum; Vacuole

MsPLD31 MS.gene030945.t1 chr4.3 11,556,291:11,559,963 828 7.22 93.51 Cytoplasm

MsPLD32 MS.gene052137.t1 chr4.3 11,572,534:11,576,203 828 7.22 93.51 Cytoplasm

MsPLD33 MS.gene052138.t1 chr4.3 11,585,594:11,589,266 828 7.22 93.51 Cytoplasm

MsPLD34 MS.gene052139.t1 chr4.3 11,597,424:11,600,973 787 8.19 89.17 Cytoplasm

MsPLD35 MS.gene030946.t1 chr4.3 11,612,495:11,616,167 828 7.22 93.51 Cytoplasm

MsPLD36 MS.gene60041.t1 chr4.3 86,121,962:86,125,511 808 5.58 91.68 Endoplasmic reticulum; Vacuole

MsPLD37 MS.gene27931.t1 chr4.4 12,348,219:12,351,956 828 7.07 93.57 Cytoplasm

MsPLD38 MS.gene034074.t1 chr4.4 88,855,262:88,858,802 808 5.62 91.68 Endoplasmic reticulum; Vacuole

MsPLD39 MS.gene64823.t1 chr5.1 13,898,847:13,907,069 869 6.67 98.53 Cytoplasm

MsPLD40 MS.gene20350.t1 chr5.1 4,652,023:4,656,053 800 7.85 90.53 Cytoplasm

MsPLD41 MS.gene20351.t1 chr5.1 4,658,972:4,663,281 848 7.02 95.59 Cytoplasm

MsPLD42 MS.gene22597.t1 chr5.2 3,876,181:3,880,214 800 7.35 90.48 Cytoplasm

MsPLD43 MS.gene22596.t1 chr5.2 3,882,132:3,887,090 802 6.88 90.62 Cytoplasm

MsPLD44 MS.gene67570.t1 chr5.2 14,035,406:14,043,438 869 6.59 98.54 Cytoplasm

MsPLD45 MS.gene67512.t1 chr5.2 14,068,746:14,076,357 607 6.24 68.53 Cytoplasm

MsPLD46 MS.gene025734.t1 chr5.3 4,671,633:4,675,827 854 7.18 96.32 Cytoplasm

MsPLD47 MS.gene025735.t1 chr5.3 4,677,864:4,682,196 848 6.69 95.58 Cytoplasm

MsPLD48 MS.gene063676.t1 chr5.3 13,420,601:13,428,164 869 6.67 98.52 Cytoplasm
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exception of MsPLD18, MsPLD21, MsPLD24, MsPLD27, 
and MsPLD34, the pI of all the genes was less than 8.0.

Phylogenetic and protein sequence analysis of the MsPLD 
gene family
To investigate the evolutionary relationships of MsPLD 
gene family members, a phylogenetic tree was con-
structed using amino acid sequences of Arabidopsis and 
alfalfa (Fig. 1). The results showed that the 59 MsPLDs in 
alfalfa were divided into six isoforms, namely MsPLDα, 
β, γ, δ, ε, and ζ. This result was consistent with findings 
in Arabidopsis, where the maximum number of MsPLDα 
was 16, and the minimum number of MsPLDζ and 
MsPLDε were 6 in alfalfa.

The diversity of the gene structures supported phylo-
genetic grouping to some extent [36]. To better show the 
sequence structure of MsPLDs in alfalfa, we constructed 
a phylogenetic evolutionary tree using the protein 
sequences of 59 MsPLDs (Fig. 2a). The comparison of the 
exon–intron organizations of different MsPLDs showed 
that the gene structures of MsPLDs were relatively dif-
ferent but similar among the same isoforms (Fig.  2b). 
Among the MsPLDs, gene members belonging to the 
MsPLDβ, γ and δ subtypes all contain 8 or 9 introns. In 
contrast, the number of introns in the MsPLDα mem-
bers ranged from 1 to 4. With the exception of MsPLD56, 
all other members of the MsPLDε subtype contained 3 
introns. The maximum number of introns obtained for 
the MsPLDζ subtype was between 18 and 20. We specu-
late that this finding is related to the longer sequences of 
the MsPLDζ subtype members.

To further investigate the structural features of alfalfa 
PLD proteins, the conserved motifs were analyzed. A 
total of 10 conserved motifs were obtained (Fig. 2c). The 
logos and basic information of these base sequences are 

shown in Additional files  2 and 3. All members of the 
MsPLDα, β, γ, δ and ε subtypes contained motifs 1–10 
with the exception of MsPLD03, which did not con-
tain motifs 2 and 7, and MsPLD48, which did not har-
bor motif 8. In contrast, the members of the MsPLDζ 
subtype contained only motifs 1, 4, 5, 6 and 9. A CDD 
analysis revealed that the 59 MsPLDs contained a total 
of 7 domains, and all of these proteins were related to 
phospholipase D (Fig. 2d). The subsequent analysis using 
the Pfam and InterPro websites revealed that the PLDζ 
subtype members all contained the PXPH structural 
domain and classified these members into the PXPH-
PLD subfamily, whereas the remaining five subtypes all 
harbored the C2 structural domain and were classified 
into the C2-PLD subfamily. Subsequent sequence align-
ment revealed that the two HKD structural domains were 
highly conserved (except for the mutation of D in the sec-
ond HKD structural domain of MsPLD03 to K and the 
deletion of D in the second HKD structural domain of 
MsPLD56) and separated by 271–400 amino acids (Addi-
tional file  4). The structures predicted for the two PLD 
subfamilies are shown in Fig.  2e. These results are con-
sistent with the classification results obtained in species 
such as Arabidopsis. We thus hypothesize that PLDs are 
highly conserved in plants and the location of each struc-
tural domain varies from species to species.

Collinearity and gene duplication analysis of MsPLDs
Gene duplication events have played an important role 
in the expansion of many gene families; therefore, a 
homologous BLAST of amino acids of alfalfa was per-
formed with the MCScan toolkit, and 139,504 synteny 
gene pairs and 9733 groups of tandem duplication genes 
were identified at the genome level in alfalfa. The MsPLD 
gene family of synteny gene pairs and tandem duplication 

Table 1 (continued)

Gene name Sequence ID chromosome Coordinate (5′-3′) Protein Subcellular localization

Length(aa) pI MW(kDa)

MsPLD49 MS.gene015516.t1 chr5.4 5,638,597:5,642,787 862 7.62 97.22 Cytoplasm

MsPLD50 MS.gene015515.t1 chr5.4 5,644,824:5,649,159 848 6.77 95.57 Cytoplasm

MsPLD51 MS.gene42387.t1 chr7.1 27,281,427:27,286,953 1112 7.57 124.38 Cytoplasm

MsPLD52 MS.gene27622.t1 chr7.2 29,824,181:29,829,710 1113 7.57 124.47 Chloroplast; Cytoplasm

MsPLD53 MS.gene42212.t1 chr7.3 29,807,554:29,813,088 1113 7.57 124.44 Chloroplast; Cytoplasm

MsPLD54 MS.gene96040.t1 chr7.4 29,490,914:29,496,124 995 7.96 111.18 Cytoplasm

MsPLD55 MS.gene019429.t1 chr8.1 68,377,847:68,384,748 1045 6.67 117.16 Chloroplast; Cytoplasm

MsPLD56 MS.gene072112.t1 chr8.1 81,395,694:81,405,783 921 5.8 106.32 Cytoplasm; Vacuole

MsPLD57 MS.gene36927.t1 chr8.2 64,475,923:64,482,575 1047 6.67 117.35 Chloroplast; Cytoplasm

MsPLD58 MS.gene37538.t1 chr8.3 60,823,389:60,830,276 1049 6.68 117.65 Chloroplast; Cytoplasm

MsPLD59 MS.gene63691.t1 chr8.4 62,837,893:62,844,731 1028 6.72 115.28 Chloroplast; Cytoplasm
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gene pairs were selected and visualized using TBtools 
(Fig. 3 and Additional file 5). In the MsPLD gene family 
of alfalfa, 59 synteny gene pairs including 4 pairs of seg-
mental duplication gene events, were identified. In addi-
tion, 8 tandem duplication events occurred. Information 
on these gene pairs is provided in Additional file 5. Rep-
lication events regarding PLDs have not been reported 
in Arabidopsis. Thus, the findings demonstrate that gene 
duplication events enabled expansion of the MsPLD gene 
family in alfalfa, which may also explain why the num-
ber of PLDs in alfalfa is markedly higher than that in 
Arabidopsis.

The Ka, Ks and Ka/Ks of the MsPLD gene pairs 
were calculated to study the evolutionary functional 

constraints in alfalfa (Additional file  6). In the present 
study, the Ka values for each gene pair were found to be 
in the range of 0 to 0.083 whereas Ks values ranged from 
0 to 0.80. All of the MsCSase gene pairs with Ka/Ks > 1 
were subjected to positive selection. The results suggest 
that purifying selection was the main force driving the 
evolution of MsPLDs.

Regulatory elements in the MsPLD promoters
To identify putative cis-elements involved in MsPLD 
transcriptional regulation, a 2.0-kb promoter region 
upstream from the ATG translation start codon of each 
MsPLD was analyzed. We selected 24 major putative 
cis-elements and grouped them into three categories: 6 

Fig. 1 Phylogenetic analysis of PLDs in alfalfa and Arabidopsis. The amino acid sequences of PLD proteins from alfalfa and Arabidopsis were used 
for the phylogenetic analysis. The phylogenetic tree was constructed with MEGA 6.0 using the maximum likelihood method with 1000 bootstrap 
replicates. The different colors on the evolutionary tree branches represent different PLD subfamilies, and the symbols ○, △ and ◇ represent PLDs 
in alfalfa, Arabidopsis, and Drosophila, respectively
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cis-elements that respond to stress, 8 cis-elements that 
respond to hormones, and 10 light-responsive elements 
(Fig.  4). DRE, MYB and MYC are typical promoter cis-
elements involved in abiotic stress induction in plants 
and can positively respond to stresses such as high salt, 
low temperature and drought. The hormone-responsive 
elements identified were associated with hormones such 
as salicylic acid, anxin, gibberelline and abscisic acid. In 
addition, MYB, MYC, ARE, ABRE, G-box, GT1 motif 
and Box  4 were the most abundant. However, no clear 
correlation was found between the type and number 
of cis-acting elements and the distribution of subfam-
ily members. Thus, we speculate that MsPLDs may be 
involved in abiotic stress and hormonal regulation, and 
different members of the same subfamily may have differ-
ent response patterns.

qRT-PCR analysis of MsPLDs in different samples
To further clarify the potential functions that may exist 
for MsPLDs, we performed a qRT-PCR analysis of 

different samples of alfalfa. First, twelve MsPLDs were 
selected from different subfamilies based on the phyloge-
netic analysis and the analysis of the cis-acting elements 
in the promoter region. The experimental results (Fig. 5) 
showed that the 12 selected MsPLDs were expressed in 
the roots, stems and leaves of alfalfa. These results are 
consistent with findings in Arabidopsis [23, 37]. PLDs 
can be expressed in multiple plant tissues. MsPLD47 and 
MsPLD59 were mainly expressed in roots, whereas the 
other 10 MsPLDs were mainly expressed in leaves, and 
the levels of the same gene showed differences between 
young and mature leaves. MsPLD05 was similarly 
expressed at higher levels in stems and young leaves. This 
finding may be related to the fact that different genes act 
in different tissues.

Based on the results from the cis-acting element anal-
ysis and studies of the PLD gene family in Arabidop-
sis, we determined the relative expression of 12 MsPLD 
genes under various abiotic stresses and different hor-
mone treatments. A qRT-PCR analysis under salt, alkali, 

Fig. 2 Sequence structure analysis of MsPLDs in alfalfa. a Phylogenetic analysis of the amino acid sequences of 59 MsPLDs using MEGA 6.0. b Exon–
intron structure of MsPLDs. c Motif distribution of MsPLD proteins. Different motifs (1–10) are indicated by different colors. The sequence logos and 
information for each motif are provided in Additional files 2 and 3. d Domain distribution of MsPLD proteins. Different domains are indicated by 
different colors. e Schematic depiction of alfalfa MsPLD domain structures
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and drought stresses revealed that MsPLDs responded 
to abiotic stresses through different expression patterns 
(Fig.  6a-c). Most of the MsPLDs responded to drought 
and salt stresses via upregulation (Fig.  6a, c), whereas 
under alkali stress, most MsPLDs showed a downregu-
lated expression pattern (Fig.  6b). Under salt stress, all 
MsPLDs except MsPLD07 and MsPLD13 showed the 
highest expression at 3 h, whereas no obvious change was 
detected under drought and alkali stresses. A comparison 

of the expression patterns among different subfam-
ily members under the same stress treatment revealed 
that most subfamily members presented similar expres-
sion patterns, for example, MsPLDα, β, δ and ζ under 
drought stress, MsPLDα, γ, δ and ζ under alkali stress 
and MsPLDβ, γ, δ and ζ under salt stress. The remain-
ing subfamily members exhibited similar expression pat-
terns among the differential expression patterns of the 
remaining subfamily members and need to be further 

Fig. 3 Gene duplication analysis of the MsPLDs. The 59 MsPLDs were mapped to 7 chromosomes. The gray lines indicate all synteny blocks in the 
alfalfa genome, and the duplicated gene pairs of MsPLDs are connected with red lines
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investigated. The expression pattern of MsPLD05 was 
most representative of the three stresses: the relative 
expression of this gene significantly upregulated under 
salt stress, was not significantly altered under drought 
stress but was significantly downregulated in response to 
alkali stress.

To better understand the role of MsPLDs in phyto-
hormone signaling pathways, a qRT-PCR analysis of 
alfalfa under ABA, IAA and GA3 hormone treatments 

(Fig.  7a-c) was performed, and the results revealed 
that the MsPLD07, MsPLD13, MsPLD51, MsPLD55, 
MsPLD59, and MsPLD41 genes could respond positively 
to these three hormone treatments. With the excep-
tion of the downregulated trend observed for MsPLD11 
under GA3 treatment, all the responding genes roughly 
showed upregulated expression, but the expression lev-
els of same genes under different hormone treatments 
and those of different genes under the same hormone 

Fig. 4 Cis-elements in putative promoter regions of MsPLDs in alfalfa. The numbers in the boxes indicate the number of cis-acting elements
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treatments exhibited differences. For example, the rela-
tive expression of MsPLD01 was significantly upregu-
lated after 12  h and 24  h of ABA treatment, whereas 
the relative expression of MsPLD13 was significantly 
upregulated after 1 and 3 h of this treatment. The rela-
tive expression of MsPLD13 was significantly upregu-
lated after 12 and 24  h of ABA treatment. Although 
both genes were upregulated in response to stress, some 
responded during the pretreatment period, whereas 
others exhibited responses in the posttreatment period. 
Taken together, the results reveal that MsPLDs can 
respond to hormone treatment and that the responsive 
genes show differences at different time points.

Expression of MsPLD05 improves salt tolerance in yeast
Combining the results of sequence analysis and qRT-
PCR experiments, we finally cloned MsPLD05 and 
expressed it in yeast. Under normal growth condi-
tions, there was no significant phenotypic difference 
between yeast containing pESC-HIS and pESC-HIS-
MsPLD05. However, under salt stress, pESC-HIS-
MsPLD05 yeast had a better phenotype, and the 
phenotypic differences became more pronounced 
with increasing salt concentrations (Fig.  8). This 
result also implies that this gene can respond posi-
tively to this stress and can improve stress resistance 
when expressed.

Fig. 5 Analysis of the expression patterns in different alfalfa tissues. YL: Young leaf; MF: mature leaf; ST: stem; and RO: root. Different lowercase 
letters indicate that the difference is significant (P < 0.05); and this statement also applies to subsequent figures
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Fig. 6 Analysis of expression patterns under abiotic stresses. a, b, and c represent the expression patterns of genes under salt, alkali and drought 
stresses, respectively

Fig. 7 Analysis of expression patterns under hormone treatment. a, b, and c represent the expression patterns of genes under ABA, IAA, and GA3 
treatment, respectively
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Discussion
Phospholipase D is the most important class of phospho-
lipid hydrolases in plants and plays an important role in 
regulating cell membrane lipid metabolism, participat-
ing in plant growth and development and responding to 
stress [3, 4, 18, 20, 29, 38]. To date, most studies on PLDs 
have focused on responses to specific stresses, such as 
salt, cold, and ABA. However, the identification of PLDs 
in alfalfa and their response under multiple stresses have 
not been reported. Therefore, in this study, the PLDs in 
alfalfa were identified and analyzed with respect to their 
bioinformatics and expression patterns under various 
stresses. The present study has furthered our understand-
ing of MsPLDs and provides insight into the functions of 
MsPLDs.

Evolution of the alfalfa MsPLD gene family
The number of PLDs varies among species. Fewer than 
20 PLDs have been identified in other species, such as 
Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa 
L.), and apple (Malus × domestica) [5, 9, 39]. A total of 
59 MsPLDs were identified in the alfalfa genome. The 
number of PLDs in alfalfa was markedly higher than 
that in other diploid plants. We speculate that this 
result was obtained because alfalfa is a tetraploid plant, 
whereas all ither abovementioned plants are diploid; in 
addition, our identification results may include alleles, 
which would, in turn, leads to an excess number of 
PLDs in alfalfa. In addition, a comparison of the gene 
duplication events of PLDs (Fig. 3) revealed more tan-
dem duplication events and synteny duplication events 
in alfalfa, which also directly leads to an increase in the 
number of PLDs in alfalfa.

The 59 PLDs in alfalfa were classified into six iso-
forms, MsPLDα, β, γ, δ, ε, and ζ, and into two sub-
families according to differences in their structural 
domains (Fig.  1). Members of the same isoform have 
similar sequence lengths, physicochemical properties, 
gene structures and motif distributions; however, dif-
ferences in these features were observed among differ-
ent isoforms, and the largest differences were detected 
between members of the MsPLDζ isoform and the 
other isoforms (Table  1, Fig.  2b-d). This finding may 
be related to differences in the N-terminal structural 
domain. These results also further support the results 
from the evolutionary analysis. Although the gene 
classification results were consistent with the results 
obtained in Arabidopsis, the gene structural domain 
analysis revealed that the two were more different, with 
271–407 amino acids between the two HKD struc-
tural domains in alfalfa (Fig.  2e) and approximately 
320 amino acids between the two HKD structural 

domains in Arabidopsis [6, 39]. This finding suggests 
that although PLDs are highly conserved in plants, they 
show differences among species, but whether these dif-
ferences lead to new functions of PLDs in alfalfa needs 
to be further investigated. Duplication events in the 
active regions, the coding sequence (CDS), and/or the 
regulatory sequence, the promoter region, can cause 
members of a gene family to acquire new functions [40, 
41].

Potential roles of MsPLDs in alfalfa
The tissue-specific expression analysis of MsPLDs 
revealed that the 12 selected genes were expressed in dif-
ferent tissues, but the majority of the MsPLDs were highly 
expressed in leaves, and only MsPLD47 and MsPLD59 
were mainly expressed in roots (Fig. 5). This finding also 
implies that MsPLD47 and MsPLD59 may exercise their 
functions mainly in the roots. Interestingly, the subcellu-
lar localization prediction shows that MsPLD59 is local-
ized in chloroplasts and the cytoplasm (Table  1). It has 
been shown that the subcellular localization of genes is 
affected by the growth period of plants, and different 
developmental stages are specifically expressed in dif-
ferent tissues [42]. Whether this finding is also the case 
for MsPLD59 and whether MsPLD59 functions in alfalfa 
roots need to be further verified. In addition, the relative 
expression of the same gene showed differences between 
young and mature leaves, which suggests that MsPLDs 
regulate the growth and development of alfalfa leaves 
through different expression patterns at different devel-
opmental periods. Overall, most of the MsPLDs were 
localized in the leaves, where they exert their actions.

We performed a qRT-PCR analysis of alfalfa under abi-
otic stress and hormone treatments, and this expression 
pattern analysis can provide insight into the potential 
functions of the MsPLD gene family. The experimental 
results showed that PLDs could respond positively to abi-
otic stress and hormone treatments, and the expression 
patterns of PLDs exhibited differences between different 
treatments (Figs. 6 and 7). The MsPLDs responded most 
significantly to salt stress among the different treatments, 
which was similar to the findings obtained in Arabidop-
sis. The exposure of Arabidopsis to salt stress activates 
and induces PLDα1 to produce PA in the plant, and this 
step is followed by activation of related enzymes down-
stream of PA [20, 31, 43–45], whereas AtPLDα3 regu-
lates the salt stress response by promoting root growth 
[37]. This finding shows that different PLDs have differ-
ent modes of action in response to salt stress. Based on 
this result, we hypothesized that different MsPLDs may 
have different modes of action under the same stress, 
which subsequently leads to different expression pat-
terns. Thus, whether the same genes that show different 
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expression patterns when subjected to different stresses 
also have different modes of action needs to be further 
investigated.

In the present study, we found that MsPLDs show dif-
ferences in terms of gene structure, predicted subcel-
lular localization, and expression patterns. Moreover, 
PLDs can be activated in different ways, have distinguish-
able functions in Arabidopsis, and are involved in plant 
growth, development, and responses to multiple stresses. 
A model summarizing MsPLDs in response to abiotic 
stress and hormonal treatments is shown in Fig.  9, and 
this model is based on the results from previous stud-
ies [15, 46] as well as the present study. Different PLDs 
in alfalfa plants exhibit different expression patterns 
after abiotic stress and hormone treatments. PLDs can 
directly bind to effector proteins such as GAPC, Gα, and 
actin and indirectly interact with PA effector proteins 
such as protein kinases, protein phosphatase, and lipid 
kinase through PA, which can jointly participate in rele-
vant physiological processes after stress and improve the 
plant’s ability to adapt to variable environments.

Conclusion
In conclusion, a total of 59 MsPLDs were identified in the 
alfalfa genome, and these 59 MsPLDs were divided into 6 
subtypes based on their phylogenetic relationships and 2 
subfamilies based on their structural domains. Members 
of the same isoform have similar physicochemical prop-
erties, sequence structure, and domains. Duplications 

have likely been important for the expansion and evolu-
tion of MsPLDs. These MsPLDs contain cis-acting ele-
ments that respond to abiotic stress, hormones and light. 
A qRT-PCR analysis showed that most MsPLDs could 
respond positively to abiotic stress and hormone treat-
ments, particularly to salt stress. To our knowledge, this 
study involves the first systematic and in-depth analysis 
of alfalfa MsPLDs, and these data provide a foundation 
for elucidating the molecular mechanism of MsPLDs 
underlying stress biology. This study expands the genetic 
resources for improving plant tolerance and serves as a 
reference for future functional investigations and molec-
ular breeding in alfalfa.

Materials and methods
Identification and phylogenetic analysis of alfalfa MsPLDs
First, we obtained the hidden Markov model of the 
PF00164 domain from the Pfam 34.0 database (https:// 
pfam. xfam. org/). The genome assembly files of alfalfa 
(cultivar XinJiangDaYe) [35] were downloaded from the 
website (https:// figsh are. com/ proje cts/ whole_ genome_ 
seque ncing_ and_ assem bly_ of_ Medic ago_ sativa/ 66380). 
We searched the alfalfa genome using HMMER 3.0 soft-
ware [47] and used online sites such as Pfam [48] and 
InterPro (http:// www. ebi. ac. uk/ inter pro/) for screen-
ing and identification. The protein sequences of the 12 
PLDs of Arabidopsis were obtained from The Arabi-
dopsis Information Resource (https:// www. arabi dopsis. 
org/ index. jsp). A phylogenetic tree was generated with 

Fig. 8 Phenotypic identification of the yeast strain Y187 transformed with MsPLD05 under salt stress

https://pfam.xfam.org/
https://pfam.xfam.org/
https://figshare.com/projects/whole_genome_sequencing_and_assembly_of_Medicago_sativa/66380
https://figshare.com/projects/whole_genome_sequencing_and_assembly_of_Medicago_sativa/66380
http://www.ebi.ac.uk/interpro/
https://www.arabidopsis.org/index.jsp
https://www.arabidopsis.org/index.jsp
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MEGA 6.0 using the maximum likelihood method with 
1000 bootstrap replicates.

Nucleotide and base sequence analysis
The chromosome location and sequence information 
of MsPLDs in alfalfa was obtained from the website 
(https:// figsh are. com/ proje cts/ whole_ genome_ seque 
ncing_ and_ assem bly_ of_ Medic ago_ sativa/ 66380). Pro-
tein sequences were analyzed using the ExPASy data-
base (https:// prosi te. expasy. org/) to obtain information 

such as the relative molecular mass, amino acid length 
and theoretical isoelectric point. The protein sequences 
were analyzed for motifs and domains using MEME 
Suite 5.3.3 (https:// meme- suite. org/ meme/ index. 
html) [49] and NCBI (https:// www. ncbi. nlm. nih. gov/), 
respectively. All the analytical results were visualized 
using TBtools software [50]. In addition, amino acid 
sequence alignment was performed with DNAMAN. 
The cis-acting element of the promoter region 2000 bp 
upstream of the CDS region of MsPLDs was predicted 

Fig. 9 Model summarizing the roles of MsPLDs based on their gene expression profiles in alfalfa

https://figshare.com/projects/whole_genome_sequencing_and_assembly_of_Medicago_sativa/66380
https://figshare.com/projects/whole_genome_sequencing_and_assembly_of_Medicago_sativa/66380
https://prosite.expasy.org/
https://meme-suite.org/meme/index.html
https://meme-suite.org/meme/index.html
https://www.ncbi.nlm.nih.gov/
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using the PlantCARE (http:// bioin forma tics. psb. ugent. 
be) online analysis website [51].

Collinearity and multiple synteny analysis of MsPLDs
The MCScanX tool was used to identify all tandem 
blocks and colinear gene pairs in the alfalfa genome, 
and relevant information about MsPLDs was extracted 
and visualized using TBtools [50]. In addition, the syn-
onymous substitution rate (Ks) and nonsynonymous sub-
stitution rate (Ka) of MsPLDs and the Ks/Ka ratio were 
calculated with TBtools [50].

Plant materials and treatments
In this study, alfalfa (cultivar XinJiangDaYe) was used as 
the plant material. Alfalfa seeds with uniform morphol-
ogy and full seeds were selected, cultured in vermiculite 
and watered with 1/10 Hoagland nutrient solution. All 
plants were grown under a 16-h light/8-h dark photoper-
iod with day/night temperatures of 22 °C/18 °C. When the 
seeds were 4  weeks of age, plants with uniform growth 
were treated with 15% PEG-6000, 150  mmol/L NaCl, 
150  mmol/L  NaHCO3, 100  mmol/L ABA, 100  mmol/L 
IAA and 100 mmol/L GA3. Samples were collected at 0 h 
(CK) and 1  h, 3  h, 6  h, 12  h, and 24  h after treatment. 
Samples of roots, stems, mature leaves and young leaves 
were collected from one-month-old alfalfa for tissue-
specific expression analysis. All sample collections were 
set up with three biological replicates. The samples were 
snap-frozen in liquid nitrogen after sampling, transferred 
to -80 °C and stored for subsequent analysis.

Validation of MsPLD expression levels by qRT-PCR
Total RNA extraction and reverse transcription of the 
collected plant samples were performed based on the 
instructions provided with the kit. The quality of the 
reverse-transcribed cDNA was examined using the 
GAPDH gene as an internal reference. The reaction system 
was 1 µl of  ddH2O, 5 µl of 2 × Phanta Max Master Mix, 1 µl 
of GAPDH S (10 µM), 1 µl of GAPDH AS (10 µM) and 1 µl 
of cDNA. The samples were loaded on the PCR system and 
subjected to the following conditions: 180  s at 95  °C fol-
lowed by 40 amplification cycles consisting of denaturation 
for 10 s at 95 °C, annealing for 30 s at 58 °C, and extension 
for 30  s at 72  °C. The qRT-PCR experiments were per-
formed using high-quality cDNA and 2 × Cham Q Univer-
sal SYBR q PCR Master Mix, and the rest of the reaction 
system and conditions were consistent with those used in 
the PCR analysis. Each reaction was performed with three 
replicates. The sequences of the internal reference primers 
are shown in Additional file  7. The relative levels of gene 
expression were determined by the  2–ΔΔCT method [52].

Yeast expression vector construction and the salt tolerance 
of MsPLD05
In this experiment, the coding sequence of the 
MsPLD05 gene was obtained by PCR using the cDNA 
that was reverse transcribed from RNA extracted from 
alfalfa leaves under normal growth conditions. The 
MsPLD05 fragment was ligated to pESC-HIS using 
T4 DNA ligase, and the recombinant expression plas-
mid was obtained and named pESC-HIS-MsPLD05. 
pESC-HIS and pESC-HIS-MsPLD05 were transformed 
into brewer’s yeast Y187 using the LiAc/SS-DNA/PEG 
transformation method [53]. The recombinant strains 
were screened on nutrient-deficient SD-HIS medium. 
Yeast strains transformed with pESC-HIS and pESC-
HIS-MsPLD05 were isolated and then used for gradi-
ent dilution and inoculation into SD-HIS medium with 
NaCl (0, 0.5 and 1  mol/L). The results were obtained 
after 2  days of culture at 29  °C. The sequences of the 
primers are shown in Additional file 7.

Statistical analysis
Statistical analysis was performed using SPSS statistics 
22.0 software. Data were subjected to analysis of vari-
ance, and the means were compared using Student’s 
t-test at the 5% significance level.
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