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Abstract

Background: Soil salinity is an important factor affecting growth, development, and productivity of almost all land

plants, including the forage crop alfalfa (Medicago sativa). However, little is known about how alfalfa responds and

adapts to salt stress, particularly among different salt-tolerant cultivars.

Results: Among seven alfalfa cultivars, we found that Zhongmu-1 (ZM) is relatively salt-tolerant and Xingjiang Daye

(XJ) is salt-sensitive. Compared to XJ, ZM showed slower growth under low-salt conditions, but exhibited stronger

tolerance to salt stress. RNA-seq analysis revealed 2237 and 1125 differentially expressed genes (DEGs) between ZM

and XJ in the presence and absence of salt stress, among which many genes are involved in stress-related

pathways. After salt treatment, compared with the controls, the number of DEGs in XJ (19373) was about four times of

that in ZM (4833). We also detected specific differential gene expression patterns: In response to salt stress, compared

with XJ, ZM maintained relatively more stable expression levels of genes related to the ROS and Ca2+ pathways,

phytohormone biosynthesis, and Na+/K+ transport. Notably, several salt resistance-associated genes always showed

greater levels of expression in ZM than in XJ, including a transcription factor. Consistent with the suppression of plant

growth resulting from salt stress, the expression of numerous photosynthesis- and growth hormone-related genes

decreased more dramatically in XJ than in ZM. By contrast, the expression levels of photosynthetic genes were lower in

ZM under low-salt conditions.

Conclusions: Compared with XJ, ZM is a salt-tolerant alfalfa cultivar possessing specific regulatory mechanisms

conferring exceptional salt tolerance, likely by maintaining high transcript levels of abiotic and biotic stress

resistance-related genes. Our results suggest that maintaining this specific physiological status and/or plant adaptation to

salt stress most likely arises by inhibition of plant growth in ZM through plant hormone interactions. This study identifies

new candidate genes that may regulate alfalfa tolerance to salt stress and increases the understanding of the genetic

basis for salt tolerance.
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Background
Soil salinization affects more than 800 million hectares

of irrigated land and is a significant factor limiting

agricultural productivity worldwide [1]. Breeding salt-

tolerant crop varieties is therefore critical for the usage

of these saline areas. Even though various traits have

been identified as having an association with salinity

tolerance in crops, including ion exclusion, osmotic tol-

erance, and tissue tolerance [2], a more comprehensive

understanding of how plants respond to high salinity is

still needed to facilitate the breeding of salt-tolerant crops.

High salt levels cause ion toxicity (mainly Na+), hyper-

osmotic stress, and secondary stresses such as oxidative

damage [3]. Na+ stress triggers an increase in cytosolic

Ca2+, and thereafter, Ca2+-binding proteins further acti-

vate downstream pathways [2]. At the same time, other

second messengers linked to Ca2+ signaling, such as

reactive oxygen species (ROS), are also induced [4].

Although ROS act as signaling molecules [5], high levels

of ROS also result in oxidative damage and cell death in

plants subjected to salt stress; thus the dynamic changes

of enzyme activities related to ROS production and

scavenging, are required for salt stress adaption [6]. In

addition, stress-responsive plant hormones such as

ABA also play an essential role in salt stress tolerance

[7, 8]. Activated Ca2+, ROS, and phytohormone signaling

cascades further alter plant transcriptomes by regulating

transcription factors (TFs) such as AP2/ERFs, WRKYs,

and bZIPs, causing changes in the expression of various

genes [2], such as HKT and NHX gene families that

contribute to plant salt-tolerance [9].

Alfalfa (Medicago sativa L.) is widely used as perennial

legume forage due to its high protein content and

biomass production [10]. Compared with many other

crops, alfalfa is relatively tolerant to salt stress [9].

However, soil salinity is still an important environmental

factor limiting yield in alfalfa. Selection of salinity-tolerant

alfalfa germplasm has been attempted via a variety of

approaches. Recently, several genes involved in salt

tolerance have been isolated and characterized in alfalfa,

including TFs [11–13], miRNAs [14], genes related to the

biosynthesis of metabolites [15, 16], and other abiotic

stress resistance-associated genes [17–20]. Moreover, the

rapidly developing analytical chemistry technologies,

transcriptomic [14, 21–23], proteomic [24–26], and

genome-wide association analyses [27], have become

important tools to dissect the mechanisms underlying

alfalfa responses to salt stress.

Although only roots are directly exposed to the saline

soil environment, leaves are also important for adap-

tation to high salinity. In response to salt stress, the

growth of young leaves is inhibited and senescence of

mature leaves is accelerated [9]. Furthermore, the growth

of shoots is more arrested by salt stress than that of roots,

and salt can build up in leaves to excessive levels [9]. It

has been suggested that some salt-responsive genes might

function in the sequestration of Na+ into leaf vacuoles, or

the excretion of Na+ via special structures such as salt

glands [9, 28]. In alfalfa, although both the roots and

whole seedlings have been studied for their responses

to salt stress, little is known about how leaves adapt

to salinity through changes at the physiological and

molecular level. Furthermore, previous studies have

mainly focused on the germination and seedling

establishment stages, and the ways in which mature-

stage alfalfa responds to salt stress have not been

studied in detail [29, 30].

Based on the growth phenotypes under salt treatment

conditions, we selected two cultivars from seven alfalfas,

the relatively salt-tolerant alfalfa Zhongmu-1 (ZM) and

the salt-sensitive alfalfa Xinjiang Daye (XJ), and we

analyzed the responses of mature-stage ZM and XJ to

salt stress at both physiological and transcriptional levels.

Transcriptomic analysis indicated abundant abiotic

and biotic stress resistance-related differentially expressed

genes (DEGs) between ZM and XJ in the absence and

presence of salt stress. The expression levels of many

salt-responsive genes, including TFs, were higher in

ZM than in XJ, even under low-salt conditions. These

candidate genes can be further analyzed for their

functions in alfalfa salt tolerance and used for genetic

engineering or breeding new salt-tolerant cultivars.

Methods

Plant materials and salt treatment

Alfalfa (Medicago sativa) seeds of seven cultivars

(cvs. Zhongmu-1, Longdong, Hexi, Sandli, Eureka,

Tianshui and Xingjiang Daye) were kindly provided

by Prof. Quanwen Dou (Northwest Institute of Plateau

Biology, Chinese Academy of Sciences, Xining, China).

Among these, Zhongmu-1 was bred for being saline- and

alkaline-tolerant in the laboratory of Dr. Qingchuan Yang

in 1997, and has been widely cultivated as a salt-tolerant

cultivar [23]; Xingjiang Daye is an alfalfa cultivar originally

from Xinjiang province, which is adapted to the local

cold and dry weather. Xingjiang Daye is relatively

salt-sensitive at the mature stage [30], but salt-tolerant

at the germination and seedling stage [31]. Alfalfa seeds

were germinated on wet sterile filter paper in Petri dishes,

and the seedlings were transferred to 1-L pots with soil

5 days after germination. Plants were cultivated in a

greenhouse with a 20 to 28 °C temperature range and

16-h-light/8-h-dark cycle. When the plants were

30 days old, they were each watered with 500 mL of

either water (the control group) or 0.5 M NaCl solution

(the treatment group) once, and thereafter all plants were

watered with water regularly to keep normal soil moisture.

Seven days after treatment, the third leaves from the top
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were collected, frozen in liquid nitrogen and stored at

− 80 °C. Twenty days after treatment, the aboveground

dry masses were weighed; 2 months after treatment,

the survival rates were calculated. Furthermore, the

growth phenotypes were recorded 20, 30, and 40 days

after treatment.

Measurement of physiological and biochemical indexes

The total chlorophyll was extracted with acetone

from fresh leaves and measured spectrophotometrically

following the method described by Arnon et al. [32].

Relative water content (RWC) was measured according to

Barrs and Weatherly [33]. Malondialdehyde (MDA) levels

were assessed by determining thiobarbituric acid (TBA)

reactive substances [34]. Superoxide levels were visually

detected with nitro blue tetrazolium (NBT) as described

previously [35]. Protein contents were estimated using the

Bradford method and bovine serum albumin was

used as the standard [36]. The activity of superoxide

dismutase (SOD), peroxidase (POD), ascorbate per-

oxidase (APX), and catalase (CAT) were determined

as described previously [37–40].

Quantification of phytohormones

Phytohormone determination was done following Wu et

al. [41]. In brief, about 150 mg of frozen leaf tissue was

ground in liquid nitrogen, and 1 mL of ethyl acetate

spiked with the internal standards D6-ABA, D4-SA, and

D5-JA was added to each sample. Samples were vortexed

for 10 min, and then centrifuged at 13,000 g for 10 min

at 4 °C. The supernatants were transferred into fresh

tubes and evaporated to dryness in a vacuum concentrator

(Eppendorf, Germany). Each residue was resuspended in

0.4 mL of 70% methanol (v/v) and centrifuged at 13,000 g

for 10 min at 4 °C to remove particles. Supernatants were

transferred to glass vials and hormone measurements

were carried out on an LCMS-8040 (Shimadzu,

Japan) equipped with a Shim-pack XR-ODS column

(2.0 × 75 mm, 2.2 μm) (Shimadzu). The column temperature

was set at 40 °C and the flow rate was 0.27 mL/min.

RNA isolation and RNA-seq analysis

Three biological replicates from each cultivar and

treatment were used for RNA-seq analysis. Total RNA

was isolated from leaf samples using the Trizol reagent

(Invitrogen, USA) according to the manufacturer’s

instructions. RNA quality and quantity were determined

with a spectrophotometer (IMPLEN, Germany) and an

Agilent 2100 Bioanalyzer (Agilent Technologies, USA).

RNA-seq was performed at the Novogene Company

(Beijing, China). The RNA-Seq library was constructed

using the NEBNext® Ultra™ RNA Library Prep Kit for

Illumina® (NEB, USA). The mRNA was purified from

total RNA using poly-T oligo-attached magnetic beads.

The cleaved RNA fragments were transcribed into first-

strand cDNA using reverse transcriptase and sub-

sequently second-strand cDNA synthesis was performed

using DNA polymerase I and RNase H. The fragments

were ligated to sequencing adaptors and the library

preparations were sequenced on an Illumina HiSeq 4000

platform and 150 bp paired-end reads were generated.

De novo assembly and functional annotation

Raw reads were cleaned by removing adapters and low-

quality sequences (reads with ambiguous bases ‘N’ and

reads with more than 10% Q < 20 bases) with Cutadapt

(https://cutadapt.readthedocs.io/en/stable/) and Btrim

[42]. The cleaned reads were mapped to the reference

genome of M. truncatula (Mt 4.0), but the mapping

ratio was lower than 50%, probably due to the highly

heterozygous genome of M. sativa, and because M.

sativa is an autotetraploid [43]. Thus, de novo assembly

of the transcriptomes was performed using the Trinity

(v2.1.1) software [44]. Based on the Trinity assembly

results, the gene functions were annotated using the

Trinotate pipeline (http://trinotate.github.io/) with BLAST

and HMMER, which provided information from Uni-

ProtKB/Swiss-Prot, Gene Ontology (GO), Kyoto

Encyclopedia of Genes and Genomes (KEGG) databases,

Pfam database, and Eggnog database using BLAST. In

addition, Trinity assembly results were annotated with

reference to Mt. 4.0.

Differential expression analysis

The cleaned reads were mapped to the assembled

sequences using Bowite2 [45], and for a specific transcript,

the mapped reads were counted and the abundance was

estimated using the RSEM method in the Trinity

transcript quantification pipeline to obtain the FPKM,

TPM, and expected count. The differential expression

between two samples was identified using the Trinity

differential expression pipeline in the DESeq2 package

[46]. The p values were obtained from a differential gene

expression test. FDR manipulation was used to determine

the p value in multiple tests and analyses. Both a

FDR < 0.05 and the absolute value of the Log2 (fold

change) ≥ 1 were used as the threshold to identify

genes with significantly different levels of expression.

Results
Growth status in the presence and absence of salt stress

Comparing seven alfalfa cultivars 2 months after 500 mL

of 0.5 M NaCl treatment, we found that ZM had the

highest survival rate (85%) and showed a strong salt-

tolerant phenotype (Additional file 1: Figure S1). XJ was

identified as the most salt-sensitive (35% survived)

compared with the other six cultivars (Additional file 1:

Figure S1). Therefore, ZM and XJ were chosen for comparing
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their growth under mid-and-long term salt stress. One

month old XJ and ZM plants were treated with 500 mL

of either water (control group) or 0.5 M NaCl solution

(treatment group). Twenty days after treatment, under

the control conditions, the above-ground biomass of

ZM was 33% lower than that of XJ (Fig. 1); salt stress

more strongly suppressed the growth of XJ than that of

ZM (Additional file 1: Figure S2a), resulting in 41%

decreased biomass, but salt treatment did not have a

significant effect on the biomass of ZM (Fig. 1). After

30 days, when XJ started to wither, ZM showed moderate

suppression of growth (Additional file 1: Figure S2b).

After 40 days, the XJ plants had died, whereas the

ZM plants survived with around 50% of dead leaves

(Additional file 1: Figure S2c).

Physiological differences between ZM and XJ cultivars

in response to salinity stress

Under the control condition, compared with ZM, XJ

showed higher leaf chlorophyll content, relative water con-

tent (RWC), and malondialdehyde (MDA) level (Fig. 2a-c).

One week after salt stress, the chlorophyll content and

RWC of XJ were decreased and MDA content was

elevated, but these metrics appeared to have little or

no change in ZM (Fig. 2a-c). Notably, MDA content

remained at lower levels in ZM than in XJ (Fig. 2c).

One week after salt stress, compared to ZM, XJ plants

accumulated higher levels of superoxide than did the

control plants (Fig. 2d). In the absence of salt, the SOD

activity in ZM was 2.24-fold greater than in XJ and did

not change after salt treatment (Fig. 2e); in contrast, salt

stress strongly enhanced the SOD activity in XJ to a level

that is similar to the activity of SOD in ZM (Fig. 2e). Fur-

thermore, similar patterns of POD and APX activity were

also detected in ZM and XJ (Fig. 2f-g). However, CAT ac-

tivity was similar between ZM and XJ and was not signifi-

cantly induced after salt stress in either cultivar (Fig. 2h).

Taken together, these results indicate that the salt-

sensitive XJ responded to salinity stress with high levels

of ROS and elevation of ROS-related enzyme activity,

whereas the salt-tolerant ZM showed relatively lower

levels of ROS production and unaltered activity of ROS-

related enzymes.

Transcriptome sequencing of ZM and XJ cultivars

Samples for RNA-seq were collected on day seven after

treating ZM and XJ with salt solution (0.5 M NaCl) (for

simplicity, in the treatment group, ZM and XJ are desig-

nated as TZM and TXJ, respectively; in the control

group, ZM and XJ are designated as CZM and CXJ,

respectively). In total, 226,165,617 clean reads were

obtained from the 12 RNA-seq datasets, and 555,014

unigenes (≥ 200 bp), with a mean length of 418 bp, were

de novo assembled using the Trinity assembly software

(V2.1.1) (Additional file 1: Figure S3; Additional file 2:

Table S1). For functional annotation, the sequences of

the assembled unigenes were compared to a variety of

databases and 383,958 unigenes were annotated with

putative functions based on hits from at least one

database (Additional file 2: Table S2).

Overall identification and functional annotation of

differentially expressed genes

The differentially regulated genes of ZM and XJ in

response to salt stress were analyzed in the RNA-seq

datasets. In the control group, 1125 genes were differ-

entially expressed between ZM and XJ (CZM vs CXJ)

(Fig. 3a; Additional file 2: Table S3), and GO and

KEGG analyses revealed that many of these DEGs are

involved in abiotic and biotic stress response-related

pathways, such as “response to stimulus” (127 genes),

“immune system process” (9 genes), and “plant-pathogen

interaction” (4 genes) (Additional file 1: Figure S4a-b). In

samples collected 7 days after the salt treatment, 2237

DEGs were identified between ZM and XJ (TZM vs TXJ)

(Fig. 3a; Additional file 2: Table S3), and these DEGs might

ultimately be the cause of the differences between these

alfalfa cultivars’ adaption to salt stress. Many of these

DEGs were annotated with the GO biological process

terms “response to stimulus”, “reactive oxygen species”,

“responding to stress”, “response to hormone”, and other

stress-responsive processes (Additional file 1: Figure S4c).

To explore the biological pathways important for alfalfa

responses to salt stress, the DEGs were further annotated

to the reference pathways in KEGG where a large number

Fig. 1 Biomass differences between XJ and ZM in response to salt

stress. Alfalfa XJ and ZM plants (30 days old) were treated with

0.5 M NaCl (salt stress) or kept in normal soil (control). After 20 days,

the shoot of every plant was harvested, and the aboveground biomass

was measured (n = 50). All data are shown as mean ± standard

error. Different lowercase letters represent significant differences

between cultivars; different uppercase letters indicate significant

differences between treatments (Tukey HSD test; P < 0.05)
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Fig. 2 Salt-induced physiological changes in the leaves of XJ and ZM. XJ and ZM plants, about 30 days old, were treated with 0.5 M NaCl (salt stress)

or kept in low-salt soil (control). After 1 week, leaf chlorophyll content (a), RWC (b), and MDA content (c) were determined, superoxide levels were

visually detected by NBT staining (d), and the activity of antioxidant enzymes SOD (e), POD (f), APX (g), and CAT (h) were also measured.

For chlorophyll, RWC, MDA, and superoxide level analysis, three replicates were used, and the activity of SOD, POD, APX, and CAT was

determined from five replicates. All data are shown as mean ± standard error. Different lowercase letters represent significant differences

between cultivars; different uppercase letters indicate significant differences between treatments (Tukey HSD test; P < 0.05)

Fig. 3 DEGs in XJ and ZM in the presence and absence of salt stress. XJ and ZM were treated with salt solution (treatment group; TXJ and TZM,

respectively) or water (control group; CZM and CXJ, respectively), and subsequently samples were collected on the seventh day. a Summary of

the number of DEGs in the presence and absence of salt stress. b Venn diagram indicating the DEGs from comparisons between CZM and CXJ

and between TZM and TXJ. c Euler diagram of salt-responsive genes, including up- and down-regulated genes, in XJ and ZM

Lei et al. BMC Plant Biology  (2018) 18:35 Page 5 of 14



of them were mapped to the pathways including hor-

mone signal transduction, plant-pathogen interaction,

peroxisome, and biosynthesis of secondary metabolites

(such as phenylpropanoid biosynthesis) (Additional file 1:

Figure S4d). Furthermore, Venn diagram revealed that

185 genes were always differentially expressed between

ZM and XJ, regardless of the presence or absence of

salt stress (Fig. 3b).

To identify genes potentially involved in salt resistance,

we further analyzed the salt-responsive DEGs in both

cultivars. Compared with their respective control

samples (TXJ vs CXJ and TZM vs CZM), 19,373

(11,651 up- and 7722 down-regulated) and 4833 (2848

up- and 1985 down-regulated) DEGs were found in salt-

treated XJ and ZM, respectively (Fig. 3a; Additional file 2:

Table S3). Thus, about three times more salt-responsive

genes were differentially regulated in XJ than in ZM.

Comparison of GO and KEGG annotations between these

two cultivars showed that the salt-responsive gene clus-

ters/pathways enriched in XJ were similar to those in ZM

(Additional file 1: Figure S4a-b). Euler diagram of these

DEGs (Fig. 3c; Additional file 2: Table S3) indicated that

in response to salt treatment: 1) 1663 (926 up- and 737

down-regulated) DEGs were specifically regulated in ZM,

while over 16,000 (9927 up- and 6476 down-regulated)

DEGs were specifically regulated in XJ; 2) 1919 and 1243

genes were co-up- or co-down-regulated in ZM and XJ

compared to their respective controls; 3) 3 and 5 genes

were up- and down-regulated in ZM but were down- and

up-regulated in XJ, compared to their respective controls.

Differentially regulated genes involved in ROS

homeostasis and Ca2+ signaling

Surprisingly, except for a few genes belonging to the

SOD, TRX, and GR families, most genes involved in ROS

scavenging showed lower expression levels in the salt-

tolerant ZM than in the salt-sensitive XJ in the absence

and presence of salt stress, including PODs, GSTs, APXs,

GRXs, and AOXs (Fig. 4a; Additional file 2: Table S4).

Perhaps the low levels of ROS in ZM do not require

high activity of ROS scavenging enzymes; thus, these

ROS scavenging enzyme genes showed low transcript

levels. In response to salt stress, the genes encoding

RBOH proteins, known as plant enzymatic ROS-generating

Fig. 4 Expression of genes involved in second messenger signaling (ROS and Ca2+) in XJ and ZM. XJ and ZM were treated with salt solution (TXJ

and TZM, respectively) or water (CZM and CXJ, respectively), and subsequently samples were collected on the seventh day. a Heatmap of

the relative expression of the genes important for ROS catabolism. b Box plot indicating the expression changes of the genes involved in

ROS homeostasis, in XJ and ZM, in response to salt treatment. c Heatmap of the relative expression of the genes important for Ca2+ downstream

signaling. d Box plot indicating the expression changes of the salt-responsive genes involved in Ca2+ downstream signaling in XJ and ZM.

Further detailed information is given in Additional file 2: Tables S4 and S5
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systems, were induced or suppressed in both cultivars;

however, RBOHs in XJ were more strongly elevated than in

ZM (Fig. 4b; Additional file 2: Table S4). Moreover, certain

salt-responsive genes involved in ROS scavenging systems,

including CATs, SODs, APXs, GPXs, MDHARs, GRs, PRXs,

and GSTs, were strongly upregulated in XJ but only slightly

changed in ZM (Fig. 4b; Additional file 2: Table S4).

Salt stress-induced Ca2+ signaling likely plays an

important role in plant adaptation to salt stress. In the

absence and presence of salt stress, some genes encoding

proteins of the CAM, CMATA, and CML families were

expressed at higher levels in ZM than in XJ, whereas the

expression levels of CDPKs and CIPKs were at lower levels

in ZM than in XJ (Fig. 4c; Additional file 2: Table S5).

Notably, CBL4 (SOS3), which is an important calcium

sensor in plant salt tolerance [47], had higher expression

levels in ZM than in XJ under control conditions, but

decreased to similar levels under salt stress conditions

(Fig. 4c; Additional file 2: Table S5). In response to salt

stress, except for CBLs, which showed decreased levels,

most Ca2+-trigger downstream genes were upregulated in

both cultivars, including CAMs, CAMATs, CDPKs, CIPKs

and CMLs (Fig. 4d; Additional file 2: Table S5), and

compared with those in XJ, salt-induced CAMs,

CAMATs, and CIPKs were less strongly affected on the

expression levels in ZM (Fig. 4d; Additional file 2: Table S5).

Phytohormone levels and DEGs involved in

phytohormone biosynthesis

Salt stress increased the ABA content of XJ 3.55-fold,

whereas ZM only exhibited 92% elevated ABA content

(Fig. 5a). The concentration of JA was not altered by salt

treatment in XJ, whereas it was increased by 50.8% in

ZM; furthermore, the JA content was always greater in

XJ than in ZM (Fig. 5b). We did not detect different

levels of SA between these two alfalfa cultivars under

control or salt stress conditions (Fig. 5c).

Next, we inspected the DEGs involved in plant hormone

biosynthesis between ZM and XJ in the absence and

presence of salt stress. The ethylene biosynthetic genes

ACSs did not show a consistent pattern in either alfalfa

cultivar (Fig. 5d; Additional file 2: Table S6). Nevertheless,

Fig. 5 ABA, JA, and SA levels and expression of phytohormone biosynthetic genes in XJ and ZM. XJ and ZM were treated with salt solution (TXJ

and TZM, respectively) or water (CZM and CXJ, respectively), and subsequently samples were collected on the seventh day. ABA (a), JA (b),

and SA (c) levels in ZM and XJ cultivars (n = 5). All data are shown as mean ± standard error. Different lowercase letters represent significant differences

between cultivars; different uppercase letters indicate significant differences between treatments (Tukey’s HSD test; P < 0.05). d Heatmap of the relative

expression of the genes encoding phytohormone biosynthesis enzymes. e Box plot indicating the expression changes of the salt-responsive genes

involved in phytohormone biosynthesis in XJ and ZM. Further detailed information is given in Additional file 2: Table S6
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two ETOL2s, which encode negative post-transcriptional

regulators of ACS [48], showed higher levels of expres-

sion in ZM than in XJ following salt stress (Fig. 5d;

Additional file 2: Table S6). In the absence and presence

of salt stress, the ABA and SA biosynthetic genes ABA1

and PAL were at higher level in ZM than in XJ, respect-

ively; in contrast, the expression level of GA2ox, which

is involved in gibberellin (GA) catabolism, was

lower in ZM than in XJ with and without salt stress

(Fig. 5d; Additional file 2: Table S6). Similarly,

OPR2, D27, and LOG1, which are involved in JA,

strigolactone (SL), and cytokinin (CK) biosynthesis,

had also lower levels of expression in ZM than in XJ,

respectively (Fig. 5d; Additional file 2: Table S6).

The salt stress-induced and suppressed genes in

ZM and XJ involved in phytohormone biosynthesis,

were also examined. Most of the ABA biosynthetic

genes, such as ABA1, ABA2, and NCEDs, displayed

enhanced expression in XJ but not in ZM (Fig. 5e;

Additional file 2: Table S6). Strikingly, the expression

levels of ABAHs/CYP707As, which are related to

ABA catabolism, were enhanced at least 8-fold in XJ,

but not in ZM (Fig. 5e; Additional file 2: Table S6).

In both cultivars, the genes involved in the ET and

JA biosynthesis were also enhanced despite lack of

changes in the JA contents (Fig. 5e; Additional file 2:

Table S6). In contrast to ABA, the contents of SA and the

expression of its biosynthetic genes were not significantly

enhanced or decreased (Fig. 5e; Additional file 2:

Table S6). Expression levels of most salt-responsive

SL, GA, and CK biosynthetic genes showed decreases

in both alfalfa cultivars (Fig. 5e; Additional file 2:

Table S6). Moreover, the levels of the brassinosteroid

(BR) and auxin biosynthetic genes were decreased in

XJ but unchanged in ZM after salt-stress treatment

(Fig. 5e; Additional file 2: Table S6). The expression

levels of JMT, SAMT, GA2ox, and CKX, which are

involved in JA, SA, GA, and CK catabolism respectively,

showed less change in ZM than in XJ cultivars after salt

treatment (Fig. 5e; Additional file 2: Table S6).

Thus, in response to salt stress, the salt-susceptible XJ

increased ABA-, ET-, and JA-related transcripts, but

decreased the expression of SL, GA, BR, CK, and auxin

biosynthetic genes involved in growth. By contrast, ZM

exhibited relatively smaller changes in the levels of these

genes, particularly the ABA-related transcripts (Fig. 5e;

Additional file 2: Table S6). This is consistent with the

growth phenotypes following salt treatment, in which XJ

was arrested in growth but ZM was only slightly influenced.

DEGs encoding Na+/K+ transport proteins for ion

homeostasis

Our analysis also revealed DEGs related to ion transporters

(especially Na+/K+ transporters) which are important for

ion homeostasis (Fig. 6a; Additional file 2: Table S7).

Under salt-stress conditions, POT8, AVP1, and CHX3 were

expressed at higher levels in ZM than in XJ; nevertheless,

two VHAs had lower levels of expression in ZM than

in XJ (Fig. 6a; Additional file 2: Table S7). Notably,

the levels of POT3 and two AVPs were always higher

and lower in ZM than in XJ, respectively (Fig. 6a;

Additional file 2: Table S7).

In response to salt stress, the genes encoding HKT,

AKT/KAT, and AVP families, which are essential Na+

transporters that mitigate elevated Na+ concentrations

[49], were hardly changed in ZM, but were strongly

suppressed in XJ (Fig. 5b; Additional file 2: Table S7).

Why these Na+ transporter genes were down-regulated

Fig. 6 Expression of the genes involved in ion transport in XJ and ZM. XJ and ZM were treated with salt solution (TXJ and TZM, respectively) or

water (CZM and CXJ, respectively), and subsequently samples were collected on the seventh day. a Heatmap of the relative expression levels of

genes encoding ion transporters. b Box plot indicating the expression changes of the salt-responsive genes of ion transporters in XJ and ZM.

Further detailed information is given in Additional file 2: Table S7
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in XJ remains unclear. Other genes encoding Na+/K+

transporters, including CHX, CNGC, NHX, PM, and

VHA, were enhanced or suppressed by salt stress in

both alfalfa cultivars but had no significant difference

in expression levels between ZM and XJ (Fig. 6b;

Additional file 2: Table S7). These results suggest that

ZM and XJ might have very different strategies to regulate

cytoplasmic Na+ levels and maintain ion homeostasis in

response to salt stress.

DEGs encoding transcription factors

Salt stress induced or suppressed many more TFs in XJ

than in ZM: 158 and 78 TF genes were up- and down-

regulated in ZM, while 533 and 298 were up- and down-

regulated in XJ, respectively (Fig. 7a-b; Additional file 2:

Table S8). Furthermore, WRKY, NAC, AP2/ERF,

MYB, Zinc finger, and bZIP were the top six most

upregulated TF families, while bHLH, TCP, MYB, and

Zinc finger were the top four most downregulated TF

Fig. 7 Expression of the genes encoding transcription factors in XJ and ZM. XJ and ZM were treated with salt solution (TXJ and TZM, respectively) or

water (control group; CZM and CXJ, respectively), and subsequently samples were collected on the seventh day. In response to salt treatment, the

up- and down-regulated transcription factor gene families (gene numbers are shown in the brackets) in XJ (a) and ZM (b) were identified

with RNA-seq analysis. c Venn diagram showing the numbers of DEGs encoding transcription factors between ZM and XJ under control and salt treatment

conditions. Heatmaps indicate the relative gene expression levels of the DEGs. Further detailed information is given in Additional file 2: Table S8
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families in these two cultivars (Fig. 7a-b; Additional file 2:

Table S8).

In the control group, comparing XJ and ZM, 29

differentially expressed transcription factors (DETFs)

were detected; after salt treatment, there were 40

DETFs between XJ and ZM. Among all these DETFs,

two TFs (a bZIP and a MYB) always exhibited greater

or lower levels of expression in ZM than in XJ (Fig. 7c;

Additional file 2: Table S8), regardless of salt stress or

control conditions. It is possible that these TFs could

function in regulating plant adaptation to salt stress and

partly account for the salt tolerance of ZM.

Gene expression related to plant photosynthesis

Expression patterns of the genes involved in plant

growth, such as photosynthesis-related genes, also

differed between these alfalfa cultivars. In the plants

of the control group, most of the photosynthetic

genes, such as Lhcs, Pets, Psas, and Psbs, expressed

at lower levels in ZM than in XJ (Fig. 8; Additional file 2:

Table S9). Following salt treatment, most of photosyn-

thetic genes were repressed in both alfalfa cultivars,

whereas the expression levels decreased more strongly

in XJ than in ZM and the expression levels of many

photosynthetic genes were not significantly different

between these two alfalfa cultivars anymore (Fig. 8;

Additional file 2: Table S9).

Discussion

In wild species, genetic diversity is the driving force

behind the adaptation to local environments. In crops,

cultivars with diverse genetic backgrounds are important

for breeding new varieties with improved agronomic

traits. It is known that alfalfa cultivars which are not

sensitive to salt during the germination or seedling stage

may be sensitive to salt during the later vegetative

growth [10]. Thus, studying the responses of mature-

stage alfalfa plants to salt stress may provide additional

important insight into the mechanisms underlying alfalfa

salt tolerance. Here, we therefore utilized two alfalfa

varieties ZM and XJ at the mature stage and explored

how their leaves respond to salinity. In this study, we

found that at the mature stage, ZM likely uses a cons-

titutive salt-resistance strategy at the cost of relatively slow

growth, while XJ uses an inducible strategy but overall

cannot adapt so well to salt stress.

Transcriptional variation in adaptation to salinity exist

in different alfalfa tissues

Although many pathways involved in plant responses to

salt stress may be conserved in most plants, their relative

importance may vary with species, varieties, and even

tissues [9]. For instance, salt-stress rapidly induced more

ABA accumulation in maize roots than in leaves [50].

Following salinity stress, the expression levels of most

genes regulating ABA biosynthesis in leaves were in-

creased in both alfalfas (Fig. 5e; Additional file 2:

Table S6). This is in contrast to the ABA receptor

genes PYL6s, which were down-regulated in alfalfa

roots [22]. Sodium-proton exchangers, such as plasma

and vacuolar membrane Na+/H+ exchangers, are key

regulation factors that maintain low cytoplasmic Na+

concentrations in plant cells [2, 7]. Among most of

the 12 alfalfa genotypes subjected to salt stress, SOS1

(encoding a plasma membrane Na+/H+ exchanger) is

expressed at higher levels in root than in leaf tissue

[51]. However, in our leaf transcriptomics experiments

in both alfalfa cultivars, some of CHX/VHAs encoding

vacuolar membrane Na+/H+ exchanger, rather than SOS1,

were induced to very high levels in response to salinity

stress (Fig. 6b; Additional file 2: Table S7), which supports

the notion that these plants prevent excessive cytosolic Na+

accumulation by compartmentalizing Na+ into vacuoles via

the corresponding vacuolar Na+/H+ exchangers [52].

Some of the ERF TFs are involved in plant resistance

to salinity [11, 12, 53]. Our results show that in response

to salt stress, among all the differentially regulated AP2/

ERFs in XJ and ZM, 65 (77%) and 12 (92%) AP2/ERFs

Fig. 8 Comparison of photosynthesis-related genes in XJ and ZM

under low-salt and salt-stress conditions. XJ and ZM were treated

with salt solution (TXJ and TZM, respectively) or water (control group;

CZM and CXJ, respectively), and subsequently samples were collected

on the seventh day. Heatmap indicates the relative transcript

levels of the genes from four genes families, Lhcs, Pets, Psas and

Psbs, which are important for photosynthesis. Further detailed

information is given in Additional file 2: Table S9
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were up-regulated, respectively (Fig. 7; Additional file 2:

Table S8). However, Postnikova et al. found that a

majority of salt-responsive AP2/ERFs were down-regulated

in alfalfa roots [22]. Furthermore, the expression

levels of RD22s (mediated by ABA) in alfalfa roots

were enhanced by salt stress [22]; nevertheless, we

found that most RD22s were suppressed by salt stress

in our alfalfa leaves (Additional file 2: Table S3). Stress-

responsive genes ERDs and DRPEs were down-regulated

in alfalfa root [22], but most of these genes were up-

regulated in ZM and XJ leaves (Additional file 2:

Table S3). These results support the idea that variations in

transcriptional regulation during adaptation to salt stress

exist in different tissues of alfalfa.

Phytohormone interactions for trade-off between

salt-resistance and growth in alfalfa

Plant hormones including GAs, BRs, auxin, CKs, and

SLs are central for the regulation of plant growth and

development [54–56]. Under low-salt conditions, XJ

grew faster than did ZM, and the above-ground biomass

of XJ was greater (Fig. 1); consistently, the genes D27 and

LOG1 (CK and SL biosynthetic genes, respectively) were

more highly expressed in XJ (Fig. 5d; Additional file 2:

Table S6). Following salt treatment, however, most of the

growth-related phytohormone biosynthetic genes were

repressed following salt stress, especially in XJ (Fig. 5e;

Additional file 2: Table S6) and this is in agreement

with the growth of these two cultivars (Fig. 1). Further-

more, salt stress down-regulates photosynthetic genes,

due to the combined effects of dehydration and osmotic

stress [57]. Under low-salt conditions, ZM grew slower

than did XJ (Fig. 1); accordingly, most of photosynthesis-

related genes were expressed at lower levels in ZM than

in XJ (Fig. 8; Additional file 2: Table S9). After salt

treatment, plant growth was inhibited and most of

the photosynthetic genes were highly down-regulated

in XJ, while ZM was not affected in growth and exhibited

moderate down-regulation of photosynthesis-related

genes (Figs. 1 and 7; Additional file 2: Table S9). Recent

studies also have shown that plant hormones affect photo-

synthesis in response to different abiotic stress conditions

[58]. Furthermore, salt-triggered pathways increase the

levels of growth-repressing DELLAs, at least partly

through a reduction in the contents of bioactive GAs [59].

Therefore, it is likely that in alfalfa, salt-stress responses

(such as growth inhibition) are regulated at least in part

by changed levels of plant hormones.

ABA content in plants exposed to drought or high

salinity increases dramatically, inducing stress-tolerance

effects that help plants to adapt and survive under stress

conditions [60]. Many phytohormones also function in

inhibiting plant growth during stress adaptation [61],

such as ABA’s inhibition of the BR and GA pathway [62, 63].

Following salt treatment, although the levels of ABA were

observed to increase in both alfalfa cultivars, XJ showed a

greater increase than did ZM (Fig. 5a). This was consistent

with the stronger growth arrest in XJ (Fig. 1). Therefore, the

results suggest that phytohormone interactions may play a

part in the trade-off between salt-resistance and growth

during alfalfa adaptation to salt stress.

Diverging strategies regulating resistance to salt stress

in alfalfa cultivars

Previously, it was found that in many alfalfa cultivars,

salt treatment led to decreased chlorophyll content and

RWC, and these were higher in the salt-tolerant cultivars

than in the salt-sensitive ones [26, 30, 64, 65]; in con-

trast, MDA were increased, and these were lower in the

salt-tolerant cultivars than in more salt-sensitive ones

[26, 31, 66]. In this study, following salt stress, a similar

effect was detected in XJ but not in ZM except for the

chlorophyll content (Fig. 2a-c). Moreover, the activity of

antioxidant enzymes SOD, APX, and POD increased in

XJ after salt treatment and reached similar levels to

those in ZM, and these enzymes’ activity did not change

in ZM (Fig. 2e-g). Compared with XJ, the growth

phenotype of ZM and its relatively small changes in

enzymatic activity suggest that ZM likely uses a constitu-

tive resistance strategy to adapt to salt stress, while XJ

responses to salt stress in an inducible manner.

From the transcriptomic data, we found that several

abiotic stress-related genes were constitutively expressed

at higher levels in ZM than in XJ (Figs. 4, 5, 6 and 7;

Additional file 2: Table S3). It was previously shown that

the constitutive high expression of noted abiotic stress-

related genes, such as TEM1 [67], MYB4 [68], HDA6

[69], NFD4 [70], and ADF3 [71], which are known to

confer salt tolerance to plants, were at higher levels in

ZM than in XJ not only following salt stress but also

under low-salt conditions (Additional file 2: Table S3).

Therefore, it is likely that the constitutively overexpressed

abiotic stress resistance-related genes at least partly

account for the salt tolerance phenotype of ZM.

The regulatory factors shaping the differences between

ZM and XJ in salt tolerance remain unclear. We found

various genes involved in phytohormone pathways, ion,

and ROS homeostasis to be differentially regulated

between these two cultivars. Generally, XJ showed stron-

ger changes in genes involved in these pathways, while

in ZM they had much smaller alterations. Notably, a

bZIP transcription factor was found to be constitutively

expressed more highly in ZM than in XJ (Fig. 7). In

Arabidopsis, a bZIP gene has been found to be a positive

regulator of plant tolerance to salt, osmotic and drought

stresses [72]. Further functional analyses are needed

to confirm the role of this bZIP in alfalfa tolerance to

salt stress.
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Plants perceive salt stress through a yet unknown

mechanism and rapidly activate Ca2+ messengers and

ROS production [9]. Immediately thereafter, Ca2+

sensors (e.g., CBLs, CIPKs, and CDPKs, etc.), ROS

signaling, and phytohormones (probably at least partly

modulated by Ca2+ and ROS), further regulate trans-

criptome reconfiguration, increasing the plant’s cap-

ability to adapt to salt stress [2]. Given the large

differences of the transcriptome profiles of ZM and XJ, it

is plausible that a number of the upstream regulatory

genes were selected during ZM breeding, leading to high

salt-tolerance in ZM. More research, including using QTL

mapping, is needed to identify the main genetic elements

that contribute to the strong salt tolerance in ZM.

In the field, unlike our experimental setup, soil salt

contents do not sudden increase. Plants have to adapt to

salt conditions even starting from germination. Although

ZM is more salt-tolerant than is XJ both under our lab

conditions (sudden salt application) and in the field (ZM

was bred for salt tolerance, while XJ was bred for cold

and drought resistance), very likely these two cultivars

use different mechanisms to adapt to the field saline soil

from how they respond to sudden/short-term salt stress,

and this should be further studied.

Conclusions
Previously, changes in expression of salt-responsive

genes among 12 alfalfa genotypes indicated that most

stress tolerance genes were more dramatically upregu-

lated in salt-tolerant genotypes compared to the sensitive

ones [51]. Here, we found that the salt-tolerant ZM

showed almost no changes in growth after salt treat-

ment, while that of the salt-sensitive XJ was strongly

arrested. Phytohormone quantification, enzyme activity

assay, and transcriptomic analysis all suggested that ZM

uses a constitutive strategy to adapt to salt stress,

although with the cost of slower growth under low-salt

conditions. Further reverse genetic analysis of the DEGs

between ZM and XJ, especially the TFs, might further

reveal the mechanisms underlying salt tolerance of ZM.
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