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Abstract

Backgroud: Soil salinization is a major issue of global concern today. Under salt stress, the growth and
development of plants are slowed down and the yield is reduced, so it is particularly important to
understand the salt resistance mechanism of plants. Meanwhile, amino acid metabolism has been
shown by many studies to effectively alleviate most abiotic stresses including salt stress.

Results: In this study, transcriptomics and proteomics were used to study the salt resistance mechanism
of Medicago sativa and Medicago truncatula and the role of amino acid metabolism under salt stress.
The results showed that the growth and development of the two alfalfa species were significantly
inhibited under 50 mM NaCl stress, after KEGG enrichment analysis, it was found that most DEGs / DEPs
were involved in amino acid metabolism. GSEA analysis showed that the two amino acid metanolism of
Valine, leucine and isoleucine degradation and Tyrosine metabolism played important roles in the
process of salt resistance. At the same time, leucine (Leu), isoleucine (lle) and tyrosine (Tyr) were
quantitatively determined. The results showed that under salt stress, the contents of the three amino acid
increased significantly, and it was found that leucine had an important effect on the salt resistance of
Medicago sativa while tyrosine effected more on the salt resistance of Medicago truncatula.

Conclusion: This experiment revealed that the role of amino acid metabolism in Medicago sativa and
Medicago truncatula under salt stress, meanwhile some amino acids can significantly improve the
damage of plants to salt stress, which provides some help and theoretical basis for the growth and
development of alfalfa spp. plants in saline-alkali land and the increase of yield in the future.

1. Introduction

In recent years, land salinization has become a global problem for crop cultivation ['l. In many regions,
land salinization has become increasingly serious due to misuse, overuse of groundwater or over-

exploitation of land [2l. Salinization is accompanied by a loss of soil fertility, which has an impact on the
cultivation and growth of plants and, consequently, on the development of national agriculture and the
environment 3%, Salinization is mainly caused by the high content of sodium salts in the soil, which
causes a difference in infiltration between the soil and the plants, making it difficult for the plants to
absorb free water and nutrients from the soil, as well as limiting their growth and development due to ion

poisoning and a number of other reasons, ultimately leading to the death of the plants [,

Amino acid metabolism is a very important part of the plant metabolic pathway. Moreover, in recent
years, amino acid metabolism has been shown to be involved in many types of abiotic stresses. Proline,
for example, is effective in protecting plants from osmotic stress and its role in storing plant energy under

drought stress [78l. At the same time, its content is one of the most important indicators of abiotic stress
in plants 71, In addition to proline, other free amino acids such as Glu have been shown to rise in their
accumulation in plants under drought stress 191, Besides drought stress, amino acids are also involved
in abiotic stresses such as dehydration stress, light stress, and salt stress in plants. This shows that
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amino acid metabolism has a very important relationship with plant response to stress ['"13]. Amino
acids are also the important components of the plant body, and it is closely related to the synthesis of
secondary metabolites and signaling molecules. For example, aromatic amino acids, one of the essential
amino acids, are precursors for the synthesis of many hormones and have an important impact on the
regulation of plant growth and development ['4LIt is also known to promote the production of a variety of
secondary metabolites that are beneficial to plants ['5. In terms of signaling in plants, immune signals
require lysine as a raw material for transformation [}, Arginine can synthesize polyamines to participate
in signal transduction ['7]. TOR signaling in plants, on the other hand, is activated by 15 amino acids and
is regulated by individual amino acids (e.g., leucine, etc.) 8191, Leucine, isoleucine and tyrosine are
strongly associated with each other, and in previous studies, they were found to act together on abiotic
stresses such as heavy metal stress, osmotic stress and biological signaling (2022,

Alfalfa (Medicago.spp.) is an annual or perennial herb of the legume family and is the most cultivated
forage grass in the world [23-24], |t is the most important source of protein in animal feed 25261 and has
the ability to fix nitrogen with rhizobia 271, which helps to improve soil fertility and plant growth
environment. Medicago sativa L. is a perennial alfalfa crop that is grown on more than 6 million hectares
in China [28] and is one of the most important crops in China's agriculture and livestock industry [29-30],
Medicago truncatula L. is a very important legume with a small genome, self-pollination, short life cycle,
high fruit set and a stable genetic transformation system, which has been favoured by many scholars in
recent years 131, In previous studies, we have found that different varieties of alfalfa have great
differences in their salt tolerance. Among the species of alfalfa, Medicago arborea L. is one of the oldest
species and it has been confirmed by previous data to have good salt tolerance 32331, Medicago falcata
L. is questioned as a common alfalfa specie and has also been argued by scholars to be extremely
resistant to salt stress 34l Four annual varieties of alfalfa were analyzed by M. Karami et al 31, |t was
found that under salt stress, salt resistance genes were significantly expressed in Medicago polymorpha
and Medlicago laciniata, so their salt tolerance was better than Medicago truncatula Karaj and Medicago
truncatula Qom whose genes were not significantly expressed.

In this study, we used transcriptomics and proteomics to investigate the response of amino acid
metabolism during salt stress in Medicago sativa and Medicago truncatula under salt stress. The results
provide new findings for the study of differences in salt resistance mechanisms in alfalfa and contribute
to the subsequent revelation of salt resistance mechanisms in alfalfa spp.

2. Materials and methods
2.1. Plant growth conditions and stress treatment

Chifeng F2(M. sativa) and r108(M. truncatula) were used as test materials. The M. sativa varieties were
obtained from the Chifeng region of Inner Mongolia through self-propagation, and the M. truncatula
varieties were taken from the test material of Yangzhou University(32.38°N, 119.42°E).
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The seeds of M. sativa and M. truncatula were treated with 50 mM NaCl and a blank control (0 mM NaCl)
was used in this study. The different alfalfa species and salt concentration gradients were divided into
four groups of SO, TO, S50 and T50 samples, with three additional replicates for each sample. A thin
sponge and a layer of filter paper were placed inside the germination box to ensure that the seeds were
kept at the corresponding NaCl concentration for germination tests, and then placed in an artificial
incubator at a temperature of 25°C during the day and 20°C at night, with the number of germinations
counted daily for the first seven days and the growth index measured after seven days.

2.2. Transcriptome sequencing and data analysis

In this study, each sample group was made in three independent biological replicates, and RNA was
extracted from alfalfa seedlings using the Tiangen kit method. 1 ug of RNA was used for library
construction for each sample, and the quality control method was mainly by Agilent 2100 bioanalyzer,
and the insert size of the library was detected, and after the insert size met the expectation. gRT-PCR was
used to accurately quantify the effective concentration of the library (above 2nM) to ensure the quality of
the library.

The sequencing platform used for this study was illumina NovaSeq 6000 (illumina, USA), S4 Suite kit,
provided by NovoZero Beijing. The reference genome and gene model annotation file is
ftp://ftp.ensemblgenomes.org/pub/plants/release-55. The reference genome was indexed using HISAT2
v2.0.5 and paired-end clean reads were aligned to the reference genome using HISAT2 v2.0.5.
featureCounts (1.5.0-p3) was used to calculate the number of reads mapped to each gene. The FPKM for
each gene was then calculated based on the length of the gene and the number of reads mapped to that
gene was calculated. Genes with adjusted P-values < 0.05 and fold change = 2 were found to be DEGs by
DESeq2. GSEA analysis was performed on the GO and KEGG datasets for this species separately using
the native version of the GSEA analysis tool http://www.broadinstitute.org/gsea/index.jsp.

2.3. Proteome profiling and data analysis

In this experiment, TCA-acetone extraction was used to extract total protein. 0.1g sample of each of the
roots of M. sativa and M. truncatula was ground in liquid nitrogen, added to the lysate, treated with
ultrasound on an ice box for 5min and then centrifuged at 12,000g for 15min at 4°C. The supernatant
was collected. The supernatant was mixed with 5 times the volume of pre-cooled 10% TCA-acetone and
shaken thoroughly. After natural precipitation at -20°C for 2h, the precipitate was collected by
centrifugation at 12,000g for 10min at 4°C. An appropriate amount of pre-cooled acetone was added and
the precipitate was collected by centrifugation at 12,0009 for 15min at 4°C. After the precipitate was
dried, it was dissolved in the sample lysate at 30°C for 1h, then centrifuged at 12000g for 10min at room
temperature, and the supernatant was taken after 3 repetitions.

The total proteins obtained were subjected to TMT proteomics analysis using the database 929452-

merge.fasta and the library search software Proteome Discoverer 2.4. To improve the quality of the

analysis results and reduce the false positive rate, the Proteome Discoverer software further filtered the

search results: peptides with a confidence level of Peptide Spectrum Matches (PSMs) with 99% or more
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confidence were considered as plausible PSMs, proteins containing at least one unique peptide (unique
peptide) were considered as plausible proteins, only plausible spectral peptides and proteins were
retained, and FDR verification was done to remove peptides and proteins with FDR greater than 1%.

2.4. Determination of amino acids

Leaves and roots of M. sativa and M. truncatula were separated from plants for amino acid assay and 3
biological replicates were done for samples from each treatment. The experimental method was as
follows: weigh about 50 mg of the sample, add 1 steel bead and 10 ceramic beads, homogenise for 1
min, add 1 mL of 50% methanol aqueous solution, and extract by vortexing and shaking for 1 h. Then
place the centrifuge tube in a low-temperature centrifuge and centrifuge for 10 min at 4°C and 12000
rpm, take 10 pL of supernatant, putitin a 1.5 mL centrifuge tube, add 10 pL of ultrapure water, 5 pL of
internal standard and 40 pL of isopropanol (0.1% formic acid), and vortex for 2 min. After that, place the
tube in a low-temperature centrifuge and centrifuge for 10 min at 4°C and 12000 rpm, take 10 pL of the
supernatant, put itin a 1.5 mL centrifuge tube, add 70 pL of boric acid buffer salt, 20 yL of AccQ Tag
derivatisation reagent (Kairos amino acid kit, USA), and immediately shake for 10 s. After 1 min, the
excess derivatisation agent was hydrolysed, and the derivatisation reaction was finished; put the
centrifuge tube in a centrifuge tube and heat it up at 55°C for 10 min; then, add 400 pL of water to dilute it
for measurement.

For the preparation of standards, the gradient dilution method was used in this study, in which the
solutions of each amino acid with concentrations of 400, 200, 100, 40, 20, 10, 4, 2 and Tpymol/L were
prepared sequentially, and an equal volume of isotope internal standard was added, mixed and left to be
measured. The chromatographic separation was performed by Waters ACQUITY UPLC I-CLASS ultra
performance liquid chromatography, followed by mass spectrometry analysis using Waters XEVO TQ-S
tandem quadrupole mass spectrometry system. The positive ion source voltage was 3 kV and the cone-
well voltage was 10 V; the desolventisation temperature was 500 °C, and the desolventisation gas flow
rate was 1000 L/h; the cone-well gas flow rate was 10 L/h. The peak areas were calculated by using the
MassLynx quantitative software for data processing, and the retention time was allowed to have an error
of 15 s. The quantitative results were obtained by the standard curve method.

2.5. Integrated analysis of transcriptome and proteome

Venn diagrams of transcriptome and proteome were performed, and correlation analysis was also
performed for the differential ploidy of genes (proteins) identified jointly by transcriptome and proteome
in the two histologies, and finally GO and KEGG enrichment analysis was performed for the collected
data.

2.6. Assays of antioxidant enzyme activities

In order to be able to better observe the differences in salt resistance between the two alfalfa species,
oxidase activity was measured in this experiment. SOD (Superoxide Dismutase) and POD (Peroxidase)
are widely existed in plants and animals, SOD is the main enzyme of H,0, generation, which can
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scavenge anions, while POD can catalyse the oxidation of phenolic and amine compounds by H,0, and
has the effect of eliminating the toxicity of peroxides. POD can catalyse the oxidation of phenolic and
amine compounds by H,0, and can eliminate the toxicity of peroxides. Both of them were positively
correlated with salt stress in alfalfa. In this study, alfalfa seedlings were collected and homogenised in an
ice bath, and then the enzyme activity was determined by the kit method (Suzhou Keming Bio).

2.7. Statistical analysis

All data from this study were collated using Excel 2007, and statistical analysis was performed using
SPSS 18.0 for ANOVA, with p <0.05 as the criterion for significance.

3. Results

3.1. Physiological responses of alfalfa to NaCl stress

To test whether two species of alfalfa have distinct abilities to deal with saline conditions, The optimal
test conditions such as salt treatment time and salt stress concentration were determined by the
preliminary test. The seedlings were harvested after 7 days of salt stress treatment and subsequent tests
were carried out. The experimental results showed that the growth of two alfalfa species was
significantly inhibited and not lethal after being treated with 50 mM NaCl (Fig. 1). Because M. truncatula
has been reported that its salt tolerance is lower than that of M. sativa, this experiment studied the
physiological and biochemical indexes of two alfalfa species under salt stress to compare the
differences of index and observe their salt tolerance mechanism.

Compared with the control, the root length, seedling length and germination index of M. sativa were
reduced by 44.97%, 35.12% and 25.5%, respectively, while the root length, seedling length and
germination index of M. truncatula were reduced by 55.43%, 42.03% and 41.32%, respectively under NaCl
stress (Table S1). Na*, MDA, H,0,, CAT, SOD and POD activities were significantly higher in both M.

sativa and M. truncatula seedlings after 50 mM NaCl treatment (Fig. 2 A-F). Na* content and MDA
content of M. sativa seedlings were significantly lower than those of M. truncatula seedlings treated with
after 50 mM NaCl treatment (P<0.05) (Fig. 2 A-B). While the CAT and H,0, contents and SOD and POD
activities of M. sativa seedlings were significantly higher (P<0.05) than those of M. truncatula seedlings
treated with 50 mM NaCl (Fig. 2 C-F). The results proved that M. sativa was more salt resistant than M.
truncatula during seed germination, while M. truncatula exhibited sensitivity to NaCl stress.

3.2. Amino acid metabolism during stress

To further assess the importance of amino acids in enhancing plant tolerance in alfalfa

species, Transcriptome sequencing was performed after 50 mM NaCl treatment of M. sativa and M.
truncatula seedlings, and a total of 75.76 Gb of pure data were obtained. The results showed that the
sequencing results of M. sativa and M. truncatula seedlings after 50 mM NaCl treatment were highly

correlated with the sequencing results of the respective controls (R?>0.8), indicating reliable biological
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replicates (Fig. S1). The results of principal component analysis (PCA) showed that PCA values were
distributed more discrete between M. sativa and M. truncatula species and separated mainly in the PC1
direction (Fig. S2), indicating that compared with SO and T0, S50 and T50 showed significant differences
in transcript levels.

The KEGG heatmap of transcriptional sequencing was drawn based on the expression of DEGs in control
and experimental groups of M. sativa and M. truncatula. From Fig. 3, we can know that most of the DEGs
are involved in the metabolism of other amino acids and lipid metabolism these 2 KEGG pathways.
Compared with the control groups, the expression of DEGs contained in metabolism of other amino acids
and carbohydrate metabolism of M. sativa and M. truncatula subjected to salt treatment did not change
significantly, the expression of DEGs in the amino acid metabolism pathway showed a decreasing trend,
while the expression of DEGs in the lipid metabolism pathway showed a significant increasing trend.

In this experiment, genes with adjusted Pvalue < 0.05 and absolute fold changes = 2 were considered
significant DEGs. The differentially expressed amino acids involved in the KEGG pathway in this study
were statistically analysed and the results are shown in Table 1. The results showed that after 50 mM
NaCl treatment, there were no significantly expressed amino acid metabolic pathways in M. sativa (SO vs
S50), while valineg, leucine and isoleucine degradation was significantly expressed in M. truncatula (TO vs
T50) and most of the DEGs which participate in the pathways were down-regulated. When comparing the
control group of M. sativa and M. truncatula (SO vs T0), tyrosine metabolism was found to be
significantly expressed and most DEGs were down-regulated. When comparing the treatment groups of
M. sativa and M. truncatula (S50 vs T50), not only tyrosine metabolism but also glutathione metabolism
was significantly expressed, with the difference that the majority of DEGs involved in tyrosine metabolism
were down-regulated, while those involved in glutathione metabolism were up-regulated.

Table 1 Summary of amino acid metabolic pathways involved in DEGs of the transcriptome in each
groups

Groups Name of KEGG pathways up-regulation  down-regulation  Total

S0 vs S50 - - - -

TOvs T50 Valine, leucine and isoleucine degradation 3 16 19

SO0vsTO Tyrosine metabolism 1 5 6

S50vs TS50  Tyrosine metabolism 3 7 33
Glutathione metabolism 20 3

Note: SO stands for M. sativa control group; TO stands for M. truncatula control group; S50 stands for M.
sativa under 50 mM NaCl treatment; T50 stands for M. truncatula under 50 mM NaCl treatment;

The GSEA analysis was used to analyze whether the amino acid metabolism was the important pathway
which many DEGs participate in. The results showed that a total of 24,460 genes were detected in the SO
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and S50 groups, 28,444 genes in the TO and T50 groups, and 27,968 genes in the S50 and T50 groups. A
total of 2 KEGG pathways which were acid metabolism with significant differences were detected in this
experiment, namely valine, leucine and isoleucine degradation (NES=1.887, FDR=0.045, P=0.000)
detected in TO and T50 groups, another is tyrosine metabolism (NES=1.769, FDR=0.085, P=0.043) which
was found in S50 and T50 groups (Fig. 4). Meanwhile ,the significantly expressed amino acid metabolic
pathways were expressed as shown in Fig. 5, which shows that the metabolism of leucine, isoleucine and
valine showed an increasing and then decreasing trend, while tyrosine and glutathione showed a
decreasing trend.

The 50 mM NaCl treatment of M. sativa and M. truncatula seedlings for proteome sequencing yielded a
total of 266,819 spectra, including 71,265 matched spectrum, 42,350 peptides, 7,192 proteins identified,
and 7,154 total proteins for all quantifiable proteins (Table 2). The results of principal component
analysis (PCA) showed that the PCA values of T50 were discrete in the PC2 direction compared with the
control, while the PCA values between M. sativa and M. truncatula species were discrete in the PC1
direction (Fig. S3), indicating that there was species were significantly different from each other at the
protein level.

Table 2. General overview of protein identification

Total spectra  Matched spectrum  Peptide Identified protein ~ ALL
266819 71265 42350 7192 7154

We also used the expression data of DEPs to draw the heatmap of proteomics and find whether there
were many amino metabolism involved in, from the results of proteomic analysis, the expression of most
of the DEPs in the KEGG pathway was significantly increased in M. sativa compared to M. truncatula.
Meanwhile, after 50 mM NaCl treatment, the expression of the majority of DEPs which involved in
metabolism of other amino acids and carbohydrate metabolism did not change significantly, as can be
seen from Fig. 6. Compared with the control, the expression of the majority of DEPs involved in lipid
metabolism showed an upward change, and the expression of DEPs involved in amino acid metabolism
showed a downward trend, which was consistent with the changes in the results of transcriptomics
analysis(Fig. 3).

In this experiment, we selected to screen up-regulated expression proteins when FC = 2.0 while Pvalue <
0.05, and down-regulated expression proteins when FC < 0.50 while Pvalue < 0.05. The results showed
that there were 0 differentially expressed DEP which participate in amino acid metabolism detected in M.
sativa after 50 mM NaCl treatment compared with the control (S0 vs S50). Only 1 DEP which was down-
regulated was detected in seedlings of M. truncatula treated with 50 mM NaCl compared with the control
in amino acid metabolism (T0 vs T50). Comparing M. sativa and M. truncatula control-treated seedlings,
a total of 21 DEPs were detected in amino acid metabolism, of which 14 were up-regulated and 7 were
down-regulated (S0 vs T0). Comparing 50 mM NaCl-treated M. sativa and M. truncatula seedlings, there
were 3 significant amino acid metabolism expressed (S50 vs T50), among these 3 pathways, DEGs in
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tryptophan metabolism and tyrosine metabolism were predominantly down-regulated, while DEGs in
glutathione metabolism were predominantly up-regulated (Table 3).

Table 3. Summary of amino acid metabolic pathways involved in DEGs of the proteomics in each groups

Groups Name of KEGG pathways up-regulated down-regulated  Total
S0 vs S50 - - - -
TOvs TS50 Valine, leucine and isoleucine degradation 0 1 1
SOvsTO Glutathione metabolism 14 7 21
S50vs T50  Tryptophan metabolism 2 4 49
Tyrosine metabolism 1 8
Glutathione metabolism 24 10

To investigate the function of amino acid metabolism in M. sativa and M. truncatula after 50 mM NaCl
treatment, a combined transcriptomics and proteomics analysis was performed. The results showed that
M. sativa and M. truncatula obtained a few differentially expressed DEGs/DEPs after treatment with 50
mM NaCl compared with the control,respectively. While there were a total of 563 DEGs/DEPs were
obtained with differential expression at the gene and protein levels comparing between the seedlings of
M. sativa and M. truncatula treated with 50 mM NaCl. At the same time, the KEGG enrichment analysis
showed that there were 19 KEGG pathways were detected as co-enriched by M. sativa and M. truncatula
after treatment with 50 mM NaCl. After analyzing the 563 shared proteins, these proteins were found to
be predominantly enriched in 3 categories, including amino acid metabolism, metabolism of other amino
acids and lipid metabolism(Table S2). Among these pathways, we found that proteins which participate
in glutathione metabolism are most, following the pathway linoleic acid metabolism, and finally are
tryptophan metabolism. The results of the correlation analysis showed that amino acid also played an
important role in 2 alfalfa species, which is consistent with heatmap analysis and GSEA analysis.

3.3. Quantitative analysis of amino acids

Based on the results of transcriptome and proteomics, this experiment selected Tyr, Leu and lle this 3
amino acids to determine the contents of in leaves and roots of M.sativa and M. truncatula were detected
respectively. The results are shown in Fig.7. From Fig. 7, it can be seen that the content of three amino
acids in leaves was significantly higher than that in roots. The Leu content in M. sativa and M. truncatula
is the highest, followed by the Ile content, and the Tyr content is the lowest. After 50 mM NaCl treatment,
the contents of three amino acids in leaves and roots of M. sativa and M. truncatula were significantly
higher than those of their respective control groups (P< 0.05). At the same time, this study found that in
the whole plant (root + leaves), the Leu content of M. sativa was always higher than that of M. truncatula,
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while the Tyr content was always lower than that of M. truncatula, indicating that Leu and Tyr may be
important amino acids that affect the salt resistance of determine the 2 species of alfalfa.

3.4. Epitaxial experimental validation

In order to verify the effect of Leu, lle and Tyr on the salt tolerance of M. sativa and M. truncatula, a series
of epitaxial experiments were done in this experiment. At the same time, due to the Pro has been shown
to have a mitigating effect on salt stress, it was used as a marker to assess whether the other three
amino acids have a positive effect on alfalfa salt stress. From Fig. 8, it can be seen that after adding
three amino acids, compared with the salt treatment groups, all biochemical indexes of M.sativa and M.
truncatula showed a decreasing trend. After adding Leu, the chlorophyll content of the two alfalfa was
significantly higher than that of other amino acids ( P< 0.05), and the CAT and POD content of alfalfa
was significantly lower than that of Pro ( P< 0.05). Interestingly, after adding Tyr, the content of SOD and
H,0, in M. truncatula was significantly lower than that of Pro group ( P< 0.05). While after adding lle
treatment, most of its indicators are between the two. In conclusion, the three amino acids all improved
the salt resistance of the two alfalfa species, and Leu had a better effect on M. sativa while Tyr on M.
truncatula, which was consistent with the quantitative results of amino acids, indicating that Leu and Tyr
may be important factors affecting the salt resistance mechanism of the 2 species of alfalfa.

4. Discussion
4.1. Changes in reactive oxygen species (ROS)

Reactive oxygen species (ROS) are a class of reactive molecules derived from oxygen and more active
than oxygen molecules (05) 361 which play an important role in plant response to adversity stress and

during growth and development. In plants, subcellular basal metabolism is the main pathway for ROS
production, which includes aerobic respiration in mitochondria, photosynthesis in chloroplasts,

respiration in peroxisomes and NADPH oxidase 7], and studies have shown that the abundance of ROS

increases under biotic and abiotic stresses [38l. Therefore, in plant cells, excessive ROS can cause damage,
so it is particularly important to maintain the stability of ROS-active molecules between cells. MDA,
whose main component is unsaturated fatty acids, is one of the markers indicating whether plant cellular
conserved matter is damaged B399.. H,0, is a type of ROS, which can be cleared by CAT® . while SOD and

POD are oxidoreductases, which protect major plant cellular components and remove excess O, ions.

In the present study, after 50 mM NaCl treatment, the concentrations of MDA, CAT, H,0,, SOD and POD of
M. sativa and M. truncatula showed an increasing trend, indicating that both alfalfa species showed
changes in their physiological and biochemical functions under salt treatment. Liu ZB " et al. found that
the model plant Arabidopsis thaliana under NaCl stress showed an increase in SOD and MDA.Yang

Hongbing 42! et al. found that the SOD activity, MDA content and photosynthetic rate of wheat increased
under salt stress, and the SOD activity and photosynthetic rate increased faster compared to the MDA
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content.Long Ruicai et al. 1% found that SOD, H,0,, POD, Pro, ABA and MDA concentrations contained
under 20 mM salt stress increased, which is consistent with the results of the present study. The results
of this study showed that, compared with the control, the concentrations of H,0,, CAT, SOD and POD
increased more in M. sativa seedlings after 50 mM NaCl treatment than in M. truncatula, while the
increase in MDA content was lower than in M. truncatula, indicating that there are differences in the
regulatory mechanisms of M. sativa and M. truncatula to NaCl stress, and M. truncatula showed more
sensitive characteristics to NaCl compared with M. sativa.

4.2. Relationship between amino acid metabolism and salt
resistance mechanism of alfalfa

In this experiment, after sequencing the salt stress treatment groups of M. sativa and M. truncatula by
transcriptomics and proteomics, the significantly up-regulated / down-regulated pathways were screened
by KEGG enrichment analysis. The results showed that most of the pathways belonged to amino acid
metabolism, so this experiment speculated that it had a key effect on the salt resistance mechanism of
alfalfa. Amino acid metabolism, as one of the important metabolic pathways in plants, has been shown
to improve a variety of abiotic stresses 3744l Under salt stress, the metabolism of serine and threonine in
Leymus chinensis was significantly increased 5], and the metabolism of alanine and glutamic acid in
Leymus chinensis was significantly increased 6!,

The results of this study show that glutathione metabolism is one of the main pathways involved in the
differential proteins / genes after salt stress in the KEGG pathway analysis of M. sativa and M.
truncatula. Meanwhile, Hernandez!*”! et al.found that because of the increase of glutathione reductase
activity, glutathione was confirmed to be involved in the salt resistance mechanism of Arabidopsis
thaliana, this finding is consistent with the results of this study. Bao et al.studied Suaeda salsa plants
through metabolomics and found that under salt stress, the concentrations of many metabolites amino
acids including Leu and Tyr increased 48] and the pathways in which they were located also became
significantly enriched, confirming that these amino acid-involved pathways may play an important role in
plant salt stress 9. Interestingly, GSEA analysis of this experiment found that two amino acid metabolic
pathways, Valine, leucine and isoleucine degradation and Tyrosine metabolism, were significantly
expressed, indicating that these two pathways are also important factors affecting salt stress. In
summary, amino acid metabolism can improve the resistance of M. sativa and M. truncatula to salt
stress to some extent.

4.3. Effects of Leu, Tyr and lle on salt stress of alfalfa

Leucine and isoleucine belong to branched-chain amino acids, and they have a strong correlation with
glucose metabolism. It has been reported that the addition of glucose to green algae is mainly involved in
photosynthesis, biosynthesis of Leu and lle, etc [°%. Meanwhile Scarponil®!l found that exogenous
addition of Leu and lle to soybean can effectively reduce the synthesis of glucose and starch. Tyrosine is
an aromatic a-amino acid, which has a positive effect on plant leaves and photosynthesis. Previous
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studies have shown that Tyr plays an important role in the metabolism of photosynthetic system in
plants, which can promote the transition of plants from photosystem I to Il 2], and the metabolism of
tyrosine can enhance photosynthesis in carrots [°3]. Secondary metabolites have also been proved to be a
key factor in plant salt tolerance. Cui 54 et al.found that the content of secondary metabolites of amino
acids increased significantly under salt stress, and these secondary metabolites have a significant
improvement effect on salt stress [l Leu and lle accumulate in radish after abiotic stress and are
positively correlated with the number of secondary metabolite precursors [56]. As aromatic amino acids,
Tyr can accelerate the stimulation of the meridian to produce many kinds of phenolic secondary
metabolites 57}, indicating that these three amino acids have an important relationship with the synthesis
of secondary metabolites. The results of this study showed that Leu was related to secondary
metabolism such as Terpenoid backbone biosynthesis, and acetyl-CoA carboxylase and methylcrotonyl-
CoA carboxylase beta chain were up-regulated. lle is associated with biosynthesis of 12-, 14-and 16-
membered macrolides, and the up-regulated proteins are 3-ketoacyl-CoA thiolase 2, peroxisomal-like
protein and acyl-CoA dehydrogenase family protein. At the same time, Isoquinoline alkaloid biosynthesis
is associated with Tyr, and the protein tyrosine / DOPA decarboxylase is up-regulated.

In order to better observe the effects of Leu, lle and Tyr on salt stress in M. sativa and M. truncatula, the
contents of three amino acids were determined in this experiment. The results showed that the content of
the three amino acids in the roots of the plant was lower than which in the leaves, which may be that the
amino acids were transported from the roots to the leaves during plant growth. Many studies have shown
that the accumulation of amino acids in the cytoplasm of plants can alleviate the cell water potential to a
certain extent, thereby reducing the harm of osmotic stress to plants [°8l.As an osmotic regulator 9, Pro
accumulates more than other common amino acids 6%, and it mainly alleviates salt stress by balancing
osmotic pressure 911 By studying the salt resistance mechanism of soybean, Yang et al.found that Tyr,
Leu, Ile and many other amino acids were accumulated in soybean seedling leaves after salt stress!®2.
When studying the salt tolerance of Arabidopsis seedlings, Huang et al.found that the accumulation of
branched-chain amino acids ( Leu, lle and Val ) increased, and even the accumulation of some amino
acids exceeded that of Pro [63] After transcriptome and metabolomics analysis of Zygophyllum, Wang et
al. 164l found that the accumulation of Leu and lle increased significantly, and proved that the metabolic
pathways they participated in could affect their salt tolerance.nterestingly, the quantitative results of the
three amino acids in this study showed that the content of Leu was the highest, followed by lle and Tyr,
which was consistent with the previous research results. In addition, in alfalfa, the activities of POD and
CAT in the salt treatment group after adding Leu were significantly lower than those in the Pro treatment
group ; after adding Tyr in the salt treatment group of Medicago truncatula, it was found that the SOD
enzyme activity and H,0, content were significantly lower than those in the Pro treatment group,
indicating that the accumulation of Leu and Tyr was significantly higher than that of Pro, and the
metabolism of these two amino acids was the key to affecting alfalfa. In general, the accumulation of
Leu, lle and Tyr increased significantly after salt treatment, while Leu and Tyr had better effects on the
corresponding alfalfa.
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5. Conclusion

After the analysis of transcriptome and proteomics results, we found that amino acid metabolism was
significantly enriched, and Leu, lle and Tyr were accumulated after salt stress. The results showed that
amino acid metabolism could well alleviate the salt stress damage of alfalfa, and Leu could better exert
its resistance to salt stress on M. sativa and Tyr on M. truncatula. This study puts forward new insights
on the salt tolerance and amino acid metabolism of alfalfa plants, and provides a theoretical basis for
future research on the salt resistance of alfalfa spp.
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Figure 1

Experimental scheme and response to salt stress of two alfalfa species
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Figure 2

Morphological and physiological analysis of M. sativa and M. truncatula seedlings. (A-F) SOD, CAT, MDA,
POD, H,0,, and Na* concentrations of M. sativa and M. truncatula seedlings treated with 50 mM NacCl.

Different letters indicate significant differences between the two groups. (P<0.05)
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GSEA analysis (A)Valine, leucine and isoleucine degradation. (B) Tyrosine metabolism
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Determination of amino acid content. (A) Contents of three amino acids in roots (B) Contents of three
amino acids in leaves.Different letters indicate significant differences between the two groups. (P<0.05)
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Physiological and biochemical indexes of epitaxial experiment.(A-F) SOD, CAT, MDA, POD, H,0,, and Na*
concentrations of M. sativa and M. truncatula seedlings treated with 50 mM NaCl. Different letters
indicate significant differences between the two groups. (P<0.05)
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