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Abstract 21 

Salinity is a major abiotic stress limiting plant productivity. The Salt Overly Sensitive (SOS) 22 

pathway, comprising SOS1, SOS2, and SOS3, is central to ion homeostasis under salt stress. 23 

While the pathway has been extensively studied in model plants, its components remain 24 

uncharacterized in Medicago sativa (alfalfa), a moderately salt-tolerant forage crop of global 25 

economic importance. Here, we report the functional characterization of MsSOS2, a CIPK family 26 

gene and putative ortholog of AtSOS2. Sequence analysis revealed that MsSOS2 possesses 27 

conserved domains essential for kinase activity, including a kinase domain, activation loop, the 28 

phosphatidic acid (PA)-binding site, and NAF motif. Phylogenetic analysis placed MsSOS2 with 29 

AtSOS2 and OsSOS2. Yeast-two-hybrid assays confirmed the interaction between MsSOS2 and 30 

MsSOS3, mimicking the AtSOS2–AtSOS3 complex. Transgenic expression of MsSOS2 in the 31 

Arabidopsis sos2 mutant restored salinity tolerance during seed germination, seedling 32 

development, and late vegetative growth. Ion profiling showed reduced Na accumulation and 33 

enhanced K retention in MsSOS2-expressing lines under salinity. We propose that MsSOS2 34 

activates AtSOS1 to facilitate Na⁺ efflux and disrupts AtCBL10-mediated inhibition of AKT1 to 35 

promote K⁺ uptake. This study provides the first functional validation of an SOS pathway 36 

component in alfalfa and highlights MsSOS2 as a promising candidate for improving salinity 37 

tolerance in legumes. 38 

 39 

Keywords: Alfalfa; Medicago sativa;; salinity; salt stress; SOS2, SOS pathway;  40 
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Abbreviations: aa, amino acids; CBL, calcineurin B-like; CIPK, CBL Interacting Protein 42 

Kinase; NHX, Na
+
/H

+
 exchanger; PA, phosphatidic acid; PC, phosphatidic choline; PLD, 43 

phospholipase D; QDO, quadruple dropout; and SOS, Salt Overly Sensitive 44 

 45 

 46 

Introduction 47 

Salinity is one of the most severe abiotic stressors affecting plant growth, development, 48 

and yield. Excessive salt in soil or irrigation water disrupts physiological processes, ultimately 49 

reducing agricultural productivity and threatening global food security
1
. Increasing salinity in 50 

soils and water resources is driven by both natural processes and anthropogenic factors
2
. An 51 

overabundance of salt in the soil negatively impacts soil structure by decreasing porosity, which 52 

in turn contributes to decreased water uptake by plants. Soil salinity affects more than 800 53 

million hectares of irrigated land and is expected to worsen due to continued expansion of 54 

irrigation into marginal lands and environmentally unsustainable water management practices
3
.  55 

Salinity adversely affects the growth and productivity of both monocot and dicot species, with 56 

the severity of impact varying according to their inherent tolerance levels
4,5

.   57 

 Plants have evolved mechanisms to modulate their root development and growth patterns 58 

in response to various stresses for optimizing resource uptake and enhancing survivability. Roots 59 

are extremely sensitive to their surrounding environment, and their response to salinity stress is 60 

both complex and dynamic in nature
6
. Salinity-induced osmotic stress disrupts water balance, 61 

impairs metabolic functions, and reduces turgor pressure, thereby inhibiting cell division, cell 62 

elongation and overall root expansion
7,8

. Salt stress impedes plant development across multiple 63 
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stages, from seed germination and seedling growth to the late vegetative stage of plant growth 64 

and biomass accumulation
9,10

. Nevertheless, although plants are sessile organisms they possess 65 

adaptive responses to environmental stresses, such as salinity. For example, under mild salt stress 66 

(e.g., 50 mM NaCl), wild-type Arabidopsis seedlings show a proliferation of lateral roots, a 67 

phenomenon known as stress-induced morphogenic response, which is thought to help the plant 68 

tolerate salinity
11

. 69 

Based on salinity tolerance, plants are divided into two primary categories: glycophytes, 70 

which are sensitive to salt, and halophytes, which are tolerant to salt. Halophytes can thrive in 71 

environments with NaCl concentrations exceeding  200 mM, a level at which glycophytes 72 

typically fail to survive
12

. Interestingly, some halophytes not only tolerate but also exhibit 73 

enhanced growth under low salinity compared to non-saline conditions.  74 

Calcium sensors play important roles in both sensing Ca
2+ 

 and transducing the signal in 75 

various cellular processes
13

. Plants have various calcium sensors, including CBLs (calcineurin B-76 

like). Upon sensing calcium, CBL binds to it and interacts with CIPK partner(s), which in turn 77 

allows the CBL-CIPK complex to phosphorylate the target protein, leading to the modulation of 78 

the target protein‘s biochemical activity. In Arabidopsis, CBL4 (also known as salt overly 79 

sensitive 3 or SOS3), CBL8, and CBL10 contribute to salinity tolerance
14

.  80 

CBL-interacting protein kinases (CIPKs) are a family of plant-specific serine/threonine 81 

protein kinases that play crucial roles in various aspects of plant life. In Arabidopsis thaliana, out 82 

of the 26 identified CIPKs, only two – CIPK24 (also known as salt overly sensitive 2 or SOS2) 83 

and CIPK8 are currently known to regulate salinity tolerance by helping to maintain Na
+
 84 

homeostasis
14

. Several CIPKs are also known to regulate K
+
 homeostasis in response to abiotic 85 

stresses, including salinity and low potassium conditions
15

. 86 
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To counteract salinity stress, plants employ mechanisms that regulate intracellular Na
+
 87 

concentration through active efflux of Na
+
 across the plasma membrane and vacuolar 88 

sequestration of sodium ions. These processes are mediated by ion transporters, particularly 89 

Na
+
/H

+ 
antiporters (sodium–proton exchangers: NHX proteins), which facilitate the exchange of 90 

sodium ions across cellular membranes using proton gradients
16,17

. A. thaliana encodes eight 91 

NHX isoforms (NHX1 to NHX8). Among these, AtNHX7—also known as salt overly sensitive 92 

1 (SOS1)—is a plasma membrane-localized Na
+
/H

+
 antiporter that plays a central role in Na⁺ 93 

efflux
18

. Earlier studies suggested that vacuolar-localized AtNHX1 and AtNHX2 contribute to 94 

salinity tolerance by transporting cytosolic Na
+
 into the vacuole

19
. However, subsequent research 95 

revealed that AtNHX1 and AtNHX2 primarily function as K
+
/H

+
 exchangers, maintaining 96 

intracellular K
+
 and pH homeostasis-key processes that support cell expansion, tissue elongation, 97 

and stomatal regulation via K
+
 accumulation

20,21
. Additionally, other components such as CBL10 98 

and SOS2 have been implicated in vacuolar Na
+ 

sequestration, possibly through regulation of yet 99 

unidentified Na
+
 transporters

22
. 100 

Multiple molecular components and signaling pathways contribute to plant salinity 101 

tolerance
10

. Among them, the Salt Overly Sensitive (SOS) pathway plays a primary role in 102 

providing salinity tolerance in plants by regulating the exclusion of excess sodium from the 103 

cell
23

. When plants encounter salinity, the extracellular salt sensor monocation-induced [Ca
2+

]i 104 

increase 1 (MOCA1) plays a role in detecting Na
+
 and a few other monovalent cations

24
. 105 

MOCA1 is responsible for the biosynthesis of glycosyl inositol phosphorylceramide (GIPC) 106 

sphingolipids in the plasma membrane. Binding of Na
+
 to GIPC is proposed to cause 107 

depolarization of the cell-surface potential, which in turn activates calcium influx channels and 108 

raises intracellular Ca
2+

 levels-triggering the SOS signaling cascade
25

.  109 
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The SOS pathway was first discovered in A. thaliana and primarily consists of three 110 

components: SOS1 (a Na
+
/H

+
 antiporter); SOS2, a CIPK family protein; and SOS3, a CBL 111 

protein
9,18,26,27

. In response to elevated cellular Ca
2+

 levels triggered by elevated salinity, SOS3 112 

binds Ca
2+

 and subsequently, calcium-bound SOS3 interacts with and activates SOS2. Activated 113 

SOS2 then phosphorylates SOS1, facilitating transport of Na
+
 from inside the cell to outside the 114 

cell
28,29

. Under both low and high salt stress conditions, SOS3, SOS2, and SOS1 play a role in 115 

salinity tolerance. Under high-salt stress, additional components such as CBL8 (which partners 116 

with SOS2 and SOS1) and the CBL10–CIPK8 module also become involved, indicating a 117 

layered regulatory mechanism that enhances plant resilience under high salt conditions
14

. 118 

SOS2, a protein kinase that belongs to the CIPK family, plays a critical role in the salt 119 

stress signaling pathway
9
. CIPKs contain a conserved N-terminal protein kinase domain 120 

responsible for their catalytic activity. Within this domain, the activation loop-typically 20–30 121 

amino acids in length-extends from DFG motif (Asp-Phe-Gly) to the APE motif (Ala-Pro-Glu) 122 

30
. The activation loop is essential for autophosphorylation, which converts a protein kinase from 123 

its inactive state to an active state
30,31

. Another defining feature of CIPKs is the NAF motif (also 124 

known as the FISL motif; Pfam # PF03822), which serves as a distinctive self-inhibitory motif
32

. 125 

The NAF motif inhibits the kinase activity of CIPK by directly interacting with its catalytic 126 

domain
33

. Upon stress-induced elevation of intracellular Ca²⁺, calcium-bound CBL proteins bind 127 

to the NAF motif, disrupting its inhibitory interaction and activating the CIPK. This CBL–NAF 128 

interaction is essential not only for relieving autoinhibition but also for the formation of 129 

functional CBL–CIPK complexes, such as the SOS3–SOS2 interaction crucial for salinity 130 

tolerance
34,35

.  131 
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Maintaining potassium (K
+
) homeostasis is a significant factor in plants' salinity tolerance 132 

and a determining element in their survival under saline conditions. A variety of K
+
 channels, 133 

such as AKT1, and potassium transporters, such as HAK5, are essential for this K
+
 134 

homeostasis
36,37

. Various factors regulate K
+
 uptake in plants, including membrane potential and 135 

the SOS signaling pathway components, which control both high- and low-affinity uptake 136 

systems. Additionally, calcium signaling, through the action of CBL and CIPK proteins, plays a 137 

key role in K
+ 

uptake
38,39

. 138 

Alfalfa (Medicago sativa) is an economically important perennial legume forage crop. It 139 

is commonly referred to as the ―Queen of Forages‖ due to its ability to produce nutritious and 140 

palatable forage under diverse climatic and soil conditions. Importantly, alfalfa hay can contain 141 

more than 20% protein
40,41

. In the United States, more than 15 million
 
acres are dedicated to 142 

alfalfa cultivation
42

. Salinity severely impairs growth of alfalfa and productivity. Salinity‘s 143 

detrimental effects include inhibiting seed germination, negatively impacting root system 144 

architecture, causing the loss of vital nutrients like potassium, elevating sodium to toxic levels, 145 

and suppressing shoot development, including both stems and leaves
17,43

. Although alfalfa is 146 

generally considered a moderately salt-tolerant species, substantial variation in salinity tolerance 147 

exists among different alfalfa cultivars. A previous study has evaluated the salinity responses of 148 

multiple M. sativa genotypes by assessing growth traits, ion accumulation, and the expression of 149 

key salinity-related genes such as MsSOS1, MsSOS2, and MsSOS3, which are presumed to play 150 

roles in ion homeostasis and salt tolerance
4
. Transcriptomic analyses across various alfalfa 151 

genotypes have revealed differential regulations of numerous signaling pathways and molecular 152 

components associated with salinity stress
44-46

. In particular, genotype-specific expressions of 153 

SOS genes of M. sativa have been reported
4
 and a full-length transcript sequencing study in 154 
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alfalfa roots further confirmed the activation of the SOS core pathway alongside other stress-155 

responsive pathways
47

. Despite these advances, none of the core SOS signaling components in 156 

M. sativa—such as MsSOS1, MsSOS2, or MsSOS3—have been functionally validated to date, 157 

highlighting a key gap in understanding the molecular basis of salinity tolerance in this species. 158 

This study focused on characterizing MsSOS2, a key component of the SOS signaling 159 

pathway in M. sativa. Sequence analysis confirmed that MsSOS2 contains all conserved domains 160 

necessary for kinase function and shares strong homology with SOS2 proteins from Arabidopsis 161 

and rice. Protein interaction assays showed that MsSOS2 interacts with MsSOS3, supporting its 162 

role in the SOS regulatory complex. Functional complementation of the Arabidopsis sos2 mutant 163 

(hereafter sos2) with MsSOS2 restored salinity tolerance during seed germination, seedling 164 

growth, and at the late vegetative stage. Additionally, MsSOS2-expressing lines maintained 165 

improved Na⁺ and K⁺ balance under salt stress, indicating that MsSOS2 contributes to ionic 166 

homeostasis and enhances plant resilience to salinity. 167 

  168 

Results 169 

Computational analysis of MsSOS2 protein sequence  170 

We identified and cloned the full-length MsSOS2 cDNA from a salt-tolerant M. sativa genotype 171 

SISA 14. The cloned cDNA was 1341 bp in length and encoded a protein of 446 amino acids, 172 

consistent with the sequence available in the Medicago database 173 

(https://medicago.legumeinfo.org/), with no observed variation. The predicted molecular weight 174 

of the MsSOS2 protein is 50.8 kDa, with an isoelectric point (pI) of 9.2.   175 
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 The SOS2 protein belongs to the CIPK family. All CIPKs are expected to have a protein 176 

kinase domain, an ‗activation loop‘ within the protein kinase domain, and a ‗NAF‘ domain. 177 

Protein sequence alignment of MsSOS2 with Arabidopsis thaliana SOS2 (AtSOS2) and Oryza 178 

sativa SOS2 (OsSOS2) revealed that MsSOS2 has a conserved protein kinase domain (9 – 265) 179 

(Figure 1a). Furthermore, the phosphatidic acid (PA) binding site, Lysine57 (K57) of MsSOS2, 180 

critical for membrane localization under salt stress, is conserved across all three species (orange 181 

arrow, Figure 1a). This membrane localization promotes the interaction of SOS2 with SOS1, a 182 

step necessary for Na⁺ extrusion under salt stress. In addition, the activation loop, extending from 183 

the DFG motif to the APE motif (152 – 179) is also conserved, supporting its role in kinase 184 

activation (Figures 1a and 1b).  Furthermore, the C-terminal NAF motif (305 – 328), a hallmark 185 

of CIPKs required for interaction with CBL proteins, is present and well conserved in MsSOS2 186 

(Figures 1a and 1c). These findings confirm that the MsSOS2 protein retains all defining 187 

structural features of a functional SOS2 kinase. 188 

 To investigate whether the gene we cloned, MsSOS2, represents the structural SOS2 189 

ortholog in M. sativa, we conducted a phylogenetic analysis including all 26 Arabidopsis CIPK 190 

proteins and 34 rice CIPK proteins. While both species have a single CIPK (AtSOS2 and 191 

OsSOS2) involved in SOS signaling pathway, MsSOS2 was found to cluster with these orthologs 192 

(Figure 2). Specifically, MsSOS2 grouped with AtSOS2 and OsSOS2 in a well-supported 193 

subclade with high bootstrap values, indicating strong evolutionary conservation (Figure 2). 194 

Notably, MsSOS2 showed closer relationship to AtSOS2 than to OsSOS2 (Figure 2), suggesting 195 

greater sequence similarity with the dicot counterpart. These findings support the identity of 196 

MsSOS2, as the structural SOS2 homolog in M. sativa. 197 

 198 
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MsSOS2 directly interacts with MsSOS3  199 

To determine if the MsSOS2 gene is a functional SOS2 ortholog, we hypothesized that it should 200 

interact with MsSOS3, analogous to the well-characterized interaction between AtSOS2 and 201 

AtSOS3. A yeast two-hybrid assay confirmed that MsSOS2 directly interacts with MsSOS3 202 

(Figure 3). This finding indicates that the cloned MsSOS2 and MsSOS3 are likely orthologs of 203 

AtSOS2 and AtSOS3, respectively and that they retain conserved interaction capabilities 204 

essential for SOS signaling. 205 

 206 

MsSOS2 is induced in response to salinity in M. sativa plants 207 

To investigate whether MsSOS2 is regulated at the transcriptional level in response to salinity, 208 

we performed time kinetics of MsSOS2 expression from 0 to 48 hours. We used both a salt-209 

tolerant genotype (SISA 14-1) and a salt-sensitive genotype (SISA 10), treating them with either 210 

a control solution or a saline solution. MsSOS2 expression was analyzed by RT-qPCR. Our 211 

results revealed that the expression of MsSOS2 was induced at 4 hours in the tolerant genotype, 212 

whereas significant induction in the sensitive genotype was observed at 48 hours (Figure 4). 213 

Additionally, the expression level of MsSOS2 in the tolerant genotype was significantly higher 214 

from 24 to 48 hours compared to the sensitive genotype (Figure 4). The quicker and higher 215 

expression of MsSOS2 suggests a potential role for it in mediating salinity tolerance in the M. 216 

sativa tolerant genotype ‗SISA 14-1‘. 217 

 218 

Verification of the transgenic lines 219 
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A homozygous A. thaliana T-DNA insertional sos2 mutant line (sos2), Salk_056101, previously 220 

used by other researchers, was used to generate two independent homozygous constitutive 221 

MsSOS2 expressing lines: MsSOS2 4-7 and MsSOS2 9-7 (see Materials and Methods).  222 

Genotyping PCR confirmed the background of Col-0 (wild-type), the sos2 mutant, and the two 223 

MsSOS2-expression lines. Using the Salk_056101 T-DNA specific primer pairs (LB + RP) 224 

amplification was observed in the sos2 mutant, and both transgenic lines, but not in Col-0, 225 

confirming the presence of the T-DNA insertion (Figure S1a). In contrast, amplification of gene 226 

specific primers (LP + RP) occurred only in Col-0 (wild-type), and was absent in sos2, and two 227 

transgenic lines (MsSOS2 4-7, and MsSOS2 9-7), indicating that the sos2 mutant used in this 228 

study is homozygous and that both transgenic lines were generated in this homozygous sos2 229 

mutant background (Figure S1b). In addition, the MsSOS2 gene specific primers amplified a 230 

product only in the transgenic lines, confirming the presence of the MsSOS2 transgene (Figure 231 

S1c). These results collectively verify that the two MsSOS2-expressing lines carry the transgene 232 

and were established in a homozygous sos2 mutant background. 233 

 The RT-qPCR data confirmed the expression of MsSOS2 in two transgenic lines, 234 

MsSOS2 4-7 and MsSOS2 9-7 (Figure 5). As expected, no expression was detected in Col-0 or 235 

the sos2 mutant. Among the transgenic lines, the MsSOS2 expression was 1.9-fold higher in 236 

MsSOS2 4-7 compared to MsSOS2 9-7 (Figure 5).  237 

 238 

MsSOS2 expression in the sos2 background promotes seed germination under salinity 239 

To evaluate whether the expression of MsSOS2 could enhance salinity tolerance in the sos2 240 

mutant, we first assessed seed germination under salt stress. On the ½ MS-Agar plates containing 241 
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50 mM NaCl, relative germination rates were 99.3% for Col-0, 57.2% for sos2 mutant, 100.0% 242 

for MsSOS2 4-7, and 85.2% for MsSOS2 9-7 (Figure 6a, 6b, 6d). At 75 mM NaCl germination 243 

rates dropped to 87.3% for Col-0, 18.0% for sos2 mutant, 93.3% for MsSOS2 4-7, and 49.4% for 244 

MsSOS2 9-7 (Figure 6a, 6c, 6e).  These data indicated that the sos2 mutant exhibited the lowest 245 

germination under salinity, while both transgenic lines outperformed the mutant. MsSOS2 4-7 246 

showed statistically similar seed germination to Col-0, whereas the MsSOS2 9-7 line exhibited 247 

lower germination than Col-0 but higher than sos2 (Figure 6). Moreover, MsSOS2 4-7 248 

consistently outperformed MsSOS2 9-7. Our findings demonstrate that heterologous expression 249 

of MsSOS2 enhances seed germination under salinity in the sos2 background. 250 

 251 

MsSOS2 expression in the sos2 background enhances seedling growth under salinity 252 

We next examined whether the expression of MsSOS2 could increase seedling growth in 253 

response to salinity in the sos2 mutant background. Under control conditions, seedlings of all 254 

four genotypes showed comparable seedling growth, including similar number of lateral roots 255 

(Figure 7a, 7c). However, in response to salinity (60 mM NaCl), sos2 exhibited the greatest 256 

growth inhibition, while Col-0 displayed the least (Figure 7 b, c, d). Both transgenic lines 257 

outperformed the sos2 mutant under salinity, showing improved primary root length and lateral 258 

root development (Figure 7 b, c, d). Among the transgenic lines, MsSOS2 4-7 seedlings 259 

performed better than MsSOS2 9-7, including longer primary roots and more lateral roots, 260 

although the difference in lateral root numbers was not statistically significant (Figure 7 b, c, d). 261 

As shown in Figure 7d, the MsSOS2 4-7 and MsSOS2 9-7 transgenic lines displayed significantly 262 

reduced primary root growth and lesser number of lateral roots compared to Col-0 plants under 263 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

salinity stress. This observation suggests that the expression of MsSOS2 in the Arabidopsis sos2 264 

mutant was not sufficient to fully restore root development to wild-type levels under salinity. 265 

 266 

MsSOS2 expression in the sos2 background enhances salinity tolerance during late 267 

vegetative stage 268 

We also examined whether the expression of MsSOS2 in the sos2 mutant background could 269 

improve tolerance to salinity at the late vegetative stage. Treatment of three-week-old plants 270 

from all genotypes with 75 mM NaCl for an additional three weeks revealed clear differences in 271 

salinity tolerance. Under control conditions, plants from all four genotypes appeared more 272 

vigorous than their corresponding salt-treated counterparts (Figure 8). In contrast, salt treatment 273 

appeared to inhibit growth in all four genotypes compared to their corresponding controls 274 

(Figure 8). Phenotypically it appears that both transgenic lines showed improved tolerance 275 

relative to the sos2 mutant, with better overall growth and under salt stress, suggesting that 276 

MsSOS2 expression mitigates salt-induced damage (Figure 8). Notably, MsSOS2 4-7 plants 277 

appeared heathier and more vigorous than MsSOS2 9-7 plants (Figure 8) suggesting MsSOS2 4-7 278 

plants may have better tolerance. 279 

 280 

MsSOS2 expression in the sos2 background regulates Na
+ 

and K
+
 homeostasis 281 

To investigate whether MsSOS2 expression in the sos2 mutant could enhance Na⁺ and K⁺ 282 

homeostasis under salt stress, five-week-old Col-0, the sos2 mutant, and two MsSOS2-expressing 283 

transgenic lines, MsSOS2 4-7 and MsSOS2 9-7, were treated with either control solution or a 75 284 

mM NaCl, respectively, for 12 days. 285 
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Ion data revealed that under control treatment, the sos2 mutant accumulated significantly 286 

more leaf Na than Col-0 and both transgenic lines (Figure 9a). MsSOS2 4-7 had the lowest Na 287 

content, followed by Col-0, while MsSOS2 9-7 showed intermediate levels—higher than Col-0 288 

but lower than the sos2 mutant (Figure 9a).  Under salinity, Na accumulation increased across all 289 

genotypes, with the sos2 mutant exhibiting the highest levels. MsSOS2 4-7 maintained Na levels 290 

comparable to Col-0, while MsSOS2 9-7 again showed intermediate accumulation. These results 291 

indicate that MsSOS2 expression reduces Na accumulation, contributing to improved salt 292 

tolerance. 293 

In contrast to Na, K concentration declined in all genotypes in response to salt stress 294 

(Figure 9b). Under control and salinity conditions, K accumulation was also measured in all four 295 

genotypes. Under control conditions, Col-0 and MsSOS2 4-7 maintained high K levels, 296 

compared to the sos2 mutant and MsSOS2 9-7 (Figure 9b). Under salinity stress, the sos2 mutant 297 

accumulated the lowest level of K among the four genotypes. Col-0 and MsSOS2 4-7 plants 298 

accumulated similar levels of K, which were significantly higher than those observed in the 299 

MsSOS2 9-7 (Figure 9b). These findings suggest that the expression of MsSOS2 in the sos2 300 

mutant enhanced K accumulation under salinity stress, contributing to salinity tolerance. 301 

 302 

Discussion 303 

 This research marks the first report on the functional characterization of MsSOS2, a signaling 304 

component of the M. sativa SOS pathway. Our work details the cloning and characterization of 305 

the MsSOS2 gene and demonstrated its functional relevance in conferring salinity tolerance, 306 

thereby establishing its role as a bona fide SOS2 homolog in M. sativa. 307 
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The decision to focus on MsSOS2 was based on the central role of SOS2 in the SOS 308 

pathway and its broader interaction network in other plant species
48,49

.  Multiple lines of 309 

evidence from our study support that MsSOS2 is a CIPK family member and a conserved 310 

component of the SOS signaling pathway in M. sativa: 1) MsSOS2 shows high sequence 311 

conservation with the well-characterized CIPKs, AtSOS2 and OsSOS2, as demonstrated by 312 

protein sequence alignment (Figure 1a). 2) MsSOS2 possesses a highly conserved protein kinase 313 

domain, including a conserved activation loop, as observed in other CIPKs (Figure 1a and 1b). It 314 

also retains the conserved PA binding site, consistent with AtSOS2 and OsSOS2 (Figure 1a).  3) 315 

The presence of a conserved NAF motif in MsSOS2, a hallmark of CIPKs, suggests it has 316 

potential to interact with CBL proteins (Figure 1a and 1c)
14,34

. 4) Phylogenetic analysis places 317 

MsSOS2 with SOS2-specific subclade of the CIPK family, clustering closely with AtSOS2 and 318 

OsSOS2 (Figure 2). 319 

We also provide experimental evidence demonstrating that MsSOS2 is a functional 320 

protein. Yeast two-hybrid assays confirmed a specific interaction between MsSOS2 and 321 

MsSOS3, supporting the functional activity of MsSOS2 and its role in the SOS signaling 322 

pathway (Figure 3). The in-planta function of MsSOS2 was assessed by comparing the 323 

performance of these lines with the sos2 mutant and wild-type Col-0 across multiple 324 

developmental stages, including seed germination, seedling growth, and the late vegetative 325 

phase, under salinity stress. 326 

Seed germination assays under salinity stress revealed that both MsSOS2 transgenic lines 327 

(4-7 and 9-7) exhibited significantly higher seed germination rates compared to the sos2 mutant. 328 

Notably, MsSOS2 4-7 showed seed germination rates similar to Col-0, while MsSOS2 9-7 had 329 

lower rates than Col-0 (Figure 6), a difference likely attributable to their respective MsSOS2 330 
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expression levels (Figure 5). One of the primary mechanisms is that the expression of MsSOS2 in 331 

the sos2 mutant improved seed germination by reducing Na
+
 toxicity and enhancing K

+
 332 

homeostasis compared to the sos2 mutant (Figure 9). Additionally, in Arabidopsis, known 333 

mechanisms for salt tolerance during seed germination include the CBL5-CIPK8/CIPK24-SOS1 334 

pathway. Specifically, CBL5 interacts with CIPK8 and SOS2, playing a positive regulatory role 335 

in alleviating salinity-inhibited seed germination through this pathway
50

. Furthermore, the 336 

transcription factor ABI5 is a negative regulator of salt-mediated seed germination, and AFP2 337 

(ABI5-binding protein) is essential for salt tolerance during this critical stage
51

. The interaction 338 

of SOS2 with AFP2 stabilizes AFP2, which in turn leads to the degradation of ABI5, thereby 339 

enhancing seed germination in response to salinity. Given the high sequence similarity and 340 

conservation of various SOS2 domains between MsSOS2 and AtSOS2 (Figures 1 and 2), one 341 

could hypothesize that the AtCBL5-MsSOS2-AtSOS1 module might contribute to alleviating 342 

salt-inhibited seed germination in MsSOS2 transgenic lines. Similarly, the MsSOS2-AFP2 343 

module may also contribute to the enhanced seed germination observed in MsSOS2 transgenic 344 

lines under saline conditions.  The potential interaction between AtCBL5 and MsSOS2 warrants 345 

investigation. Furthermore, it would be beneficial to determine if Medicago sativa employs an 346 

MsCBL5-MsCIPK8/MsSOS2-MsSOS1 pathway to confer salinity tolerance during alfalfa seed 347 

germination. 348 

In their natural environment, plants initially detect salt stress via their roots, with the 349 

signal subsequently propagating to their shoots. Both primary and lateral root development and 350 

growth are inhibited in response to salinity, a consequence of reduced cell cycle activity within 351 

the meristems
7
. The endodermal ABA signaling pathway mediates both the initial quiescence 352 

and subsequent recovery of lateral root growth under salt stress
52

. In the sos2 mutant, salt 353 
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treatment severely inhibited or eliminated lateral root development. However, expression of 354 

MsSOS2 in the sos2 mutant background significantly boosted lateral root number compared to 355 

the untransformed sos2 mutant (Figure 7). This suggests that MsSOS2 is vital for lateral root 356 

development and growth under salt stress. But, in comparison to salt treated Col-0 seedlings, 357 

MsSOS2 expression in the Arabidopsis sos2 mutant did not completely rescue the density of 358 

lateral roots to the level of Col-0 plants under salt stress. Although MsSOS2 and AtSOS2 are 359 

orthologs, their protein sequences are 73% identical (Figure 1).  This suggests that the 360 

incomplete rescue of lateral root density in the transgenic lines could stem from structural 361 

variations in MsSOS2 compared to AtSOS2. Such variations might result in compatibility issues 362 

with crucial interacting partners, which are vital for proper lateral root growth and development. 363 

Further research is necessary to determine the specific mechanisms by which MsSOS2 regulates 364 

lateral root growth under salt stress and why this protein cannot completely rescue lateral root 365 

development in the sos2 mutant. Additionally, compared to salt-treated Col-0 seedlings, we did 366 

not observe the complete rescue of primary root growth in either transgenic line in response to 367 

salinity (Figure 7d). This could be due to dissimilarities between the MsSOS2 and AtSOS2 368 

proteins, leading to a compatibility issue with their target partners, or due to different functional 369 

aspects of these two proteins. Observations consistent with these findings have been documented 370 

in studies where a heterologous SOS2 gene, such as PpSOS2, was expressed in the Arabidopsis 371 

sos2 mutant, resulting in an incomplete rescue of lateral root density and primary root growth 372 

under salinity stress 
9
. Our observations, consistent with those of other studies, indicate a 373 

significant suppression of lateral root emergence in the sos2 mutant under salinity (Figure 7). 374 

The expression of MsSOS2 in our transgenic lines partially rescued this phenotype, contributing 375 

to the development of lateral roots under salt stress. One of the primary functions of SOS2 is to 376 
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regulate Na
+
 homeostasis, which is critical for lateral root development. Consequently, a pivotal 377 

question remains: Does SOS2 exert its influence on lateral root emergence by transcriptionally 378 

regulating or phosphorylating key proteins?  In Arabidopsis, the receptor-like kinase GSO1 is a 379 

key player in salt tolerance, as it helps prevent salinity-induced root growth inhibition. Under salt 380 

stress, GSO1 is expressed in the root tip where it activates the SOS pathway by phosphorylating 381 

SOS2 at a conserved threonine residue at position 16 (Thr
16

)
53

. This action promotes the efficient 382 

removal of Na
+
 via SOS1, and notably, this function is independent of SOS3. It would be 383 

interesting to determine whether AtGSO1 could phosphorylate MsSOS2 Thr
16

. If GSO1 could 384 

not phosphorylate MsSOS2 at this site, this might be one of the reasons why MsSOS2 could not 385 

rescue primary root growth under salinity in sos2 mutant. It would also be worthwhile to 386 

investigate whether the MsGSO1-MsSOS2-MsSOS1 pathway exists in M. sativa.  387 

Salinity tolerance was also evident at the late vegetative stage, where both lines exhibited 388 

enhanced growth relative to the sos2 mutant, and MsSOS2 4-7 maintained a healthier phenotype 389 

than MsSOS2 9-7 (Figure 8). Collectively, these findings demonstrate that MsSOS2 is a 390 

functional ortholog of AtSOS2, capable of performing its biological and biochemical role in a 391 

heterologous system across multiple developmental stages. 392 

To assess the role of MsSOS2 in ion homeostasis, we compared Na and K accumulation 393 

among the transgenic lines, the sos2 mutant, and Col-0. Under control conditions, the sos2 394 

mutant accumulated significantly more Na than Col-0 and both MsSOS2 lines, likely due to the 395 

loss of AtSOS2 function (Figure 9a). MsSOS2 9-7 showed higher Na levels than MsSOS2 4-7, 396 

consistent with its lower expression level (Figures 5, 9a). Under salt stress, both transgenic lines 397 

accumulated less Na than the sos2 mutant, suggesting that MsSOS2 contributes to Na⁺ regulation, 398 

likely in coordination with AtSOS1. Importantly, Na levels in MsSOS2 4-7 were comparable to 399 
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Col-0, indicating functional equivalence to AtSOS2. These results support the conclusion that 400 

MsSOS2 plays a key role in Na⁺ homeostasis, and that its expression level is a limiting factor 401 

under salinity stress. 402 

Potassium homeostasis is essential for plant salinity tolerance, and the SOS pathway has 403 

also been implicated in its regulation
54

. Salinity stress led to a significant reduction in K 404 

accumulation in all four genotypes: Col-0, sos2 mutant, MsSOS2 4-7, and MsSOS2 9-7, 405 

compared to their respective controls (Figure 9b). The most pronounced reduction in K 406 

concentration was observed in the sos2 mutant, likely due to the absence of functional AtSOS2. 407 

Notably, under saline conditions, MsSOS2 4-7 and Col-0 plants maintained similar K 408 

accumulation levels, which were significantly higher than those in the sos2 mutant, suggesting 409 

that the MsSOS2 4-7 line can restore K
+
 homeostasis similarly to the wild type (Figure 9b). 410 

Furthermore, the MsSOS2 9-7 line showed intermediate K accumulation, higher than the sos2 411 

mutant but lower than Col-0 or MsSOS2 4-7, probably due to the lower expression level of 412 

MsSOS2 in this line (Figure 9b). These findings suggest that MsSOS2 functions through a 413 

mechanism analogous to AtSOS2, potentially involving PA binding and CBL10 phosphorylation, 414 

both critical for maintaining K⁺ homeostasis under salt stress. 415 

Lipid signaling, particularly via PA, plays an important role in cell signaling in response 416 

to a variety of abiotic stresses, including salinity
55

. Among its diverse functions, PA plays a 417 

critical role in modulating multiple components of the salinity response pathways to maintain ion 418 

homeostasis
10

.  During salt stress in Arabidopsis, PA binds to Lys57 of SOS2, anchoring the 419 

protein to the plasma membrane. This enables SOS2-SOS1 interaction, activating Na
+
/H

+ 420 

antiporter activity and promoting Na
+
 efflux and homeostasis. PA also contributes to K

+
 421 

homeostasis. Under non-stress conditions, CBL10 (SCaBP8) interacts with and inhibits the 422 
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activity of AKT1
36

, but under salt stress, PA-activated SOS2 phosphorylates CBL10, releasing 423 

its inhibition of AKT1. This activates AKT1, increasing K⁺ uptake and maintaining cellular ionic 424 

balance and turgor under saline conditions
36

.  425 

Our study provides evidence that MsSOS2, the M. sativa ortholog of SOS2, likely 426 

functions through a similar mechanism. Conservation of Lys57 in MsSOS2 (Figure 1a), suggests 427 

that it could be similarly activated by PA. Under salt stress, both MsSOS2 transgenic lines 428 

(MsSOS2 4-7 and MsSOS2 9-7) exhibited reduced Na accumulation and increased K 429 

accumulation compared to the sos2 mutant (Figure 9), supporting a role for MsSOS2 in restoring 430 

ion homeostasis. Based on these results, we propose a working model (Figure 10). Under salt 431 

stress, Na⁺ enters cells through non-selective cation channels, triggering a rise in cytosolic Ca²⁺. 432 

This increase activates AtSOS3 (AtCBL4), which then interacts with and activates MsSOS2. 433 

Concurrently, phospholipase D (PLD) converts phosphatidylcholine (PC) to PA, which binds to 434 

Lys57 of MsSOS2, a conserved site also found in AtSOS2 and OsSOS2 (Figure 1a). PA binding 435 

facilitates anchoring of MsSOS2 to the plasma membrane and enhances its activity. Activated 436 

MsSOS2 phosphorylates AtSOS1, promoting Na⁺ efflux and restoring Na⁺ homeostasis (Figure 437 

10). 438 

Beyond Na⁺ export, we postulate that PA-bound MsSOS2 contributes to K⁺ retention by 439 

phosphorylating AtCBL10 to relieve AKT1 inhibition, permitting K⁺ influx. To test whether 440 

MsSOS2 acts at the transcript level, we quantified AtSOS1 and AtAKT1 mRNA in 10-day-old 441 

seedlings (Col-0, sos2, MsSOS2 4-7, MsSOS2 9-7) after 24 h in 100 mM NaCl; neither gene 442 

differed significantly under control or salt (Figure S2). Together with the known post-443 

translational control of SOS1 by SOS2, these results point to post-transcriptional regulation as 444 
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the predominant mode under our conditions. We note this analysis was limited to one dose and 445 

time point; broader time-courses, doses, and developmental stages are warranted. 446 

Elements of the MsSOS2–AtCBL10–AKT1 branch remain hypothetical in our system: 447 

direct PA binding to MsSOS2 and MsSOS2–AtCBL10 interaction were not tested, and 448 

speculative steps are marked with dashed arrows/question marks in Figure 10. In M. sativa, the 449 

existence and contribution of a native MsSOS2–MsCBL10–MsAKT1 module to K homeostasis 450 

are unknown; additional inward K channels/transporters may also participate. Future work 451 

should include biochemical interaction/phosphorylation assays, AKT1 activity readouts, and 452 

systems-level transcriptomic/proteomic analyses to define MsSOS2‘s broader regulatory 453 

network. 454 

  455 

Materials and methods 456 

Identification of protein kinase domain, activation loop and NAF domain of MsSOS2 457 

The MEGA11 software was used for alignment MsSOS2, AtSOS2 and OsSOS2 protein 458 

sequences to identify protein kinase domain (IPR000719), the activation loop, the NAF/FISL 459 

domain (IPR004041, NAF motif (IPR018451), and phosphatidic acid (PA) binding site
14

.   460 

 461 

Identification and cloning of the MsSOS2 and MsSOS3 genes 462 

Full-length cDNA sequences of MsSOS2 and MsSOS3 were obtained by performing protein 463 

sequence BLAST analysis using Arabidopsis AtSOS2 and AtSOS3 sequences, respectively 464 

(https://medicago.legumeinfo.org/). The full-length ORFs of MsSOS2 and MsSOS3 were 465 
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amplified from salt-tolerant alfalfa genotype SISA14 cDNA and cloned using gene-specific 466 

primers (Table S1). 467 

Total RNA was isolated from M. sativa (‗SISA 14-1‘) using Trizol
4
. Subsequently, the 468 

isolated total RNA was treated with DNase I (NEB, Ipswich, MA, USA). Then, first-strand 469 

cDNA was synthesized using the Invitrogen SuperScript IV Kit (Invitrogen, Waltham, CA, 470 

USA). The full-length MsSOS2 and MsSOS3 genes were PCR amplified from M. sativa cDNA 471 

using Q5 High-Fidelity DNA polymerase (NEB, Ipswich, MA, USA) and gene-specific primers 472 

(Table S1). 473 

PCR products of MsSOS2 and MsSOS3 were column purified, and subsequently, an A-474 

tailing reaction was performed using standard Taq-polymerase and dATP and incubated at 72°C 475 

for 30 minutes. Next, the A-tailed PCR products were cloned into the pCR
TM

8/GW/Topo TA 476 

cloning vector (Invitrogen, Waltham, CA, USA). Sanger sequencing was performed to verify the 477 

sequences. Sequence-verified clones were then used for subcloning into plant or yeast expression 478 

vectors.  479 

The Expasy (https://web.expasy.org/) tool was used to compute the theoretical pI and 480 

molecular weight of MsSOS2. 481 

 482 

Phylogenetic analysis 483 

The protein sequence of MsSOS2, along with 26 CIPKs from A. thaliana and 34 CIPKs from 484 

Oryza sativa, was used for phylogenetic analysis (Table S2). Two bacterial protein kinases were 485 

used as an outgroup as described earlier
14

. MEGA11 was used for sequence alignments, and the 486 

‗Find Best DNA/Protein Models (ML)‘ option was selected within the MEGA11 software suite 487 
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for the analysis. The phylogenetic tree was constructed using the ‗Maximum Likelihood‘ 488 

method, and its robustness was tested using the Bootstrap method with 1000 bootstrap 489 

replications. The JTT model was used for substitution. The FigTree v1.4.4 software was used to 490 

generate the final figure. 491 

 492 

Alfalfa Propagation, Salinity Treatment, and Tissue Sampling 493 

Salt-tolerant (‗SISA 14-1‘) and salt-sensitive (‗SISA 10‘) alfalfa genotypes were propagated 494 

asexually using 10–12 cm cuttings with two nodes. The cut ends were moistened, dipped in 495 

TakeRoot rooting hormone (0.1% Indole-3-butyric acid), and placed in 50 mL tubes with tap 496 

water inside a growth chamber for 2–3 weeks until roots developed. Twelve rooted cuttings of 497 

each genotype were then transplanted into sand tanks in a greenhouse at the US Salinity 498 

Laboratory (USDA-ARS) in Riverside and irrigated daily with either control (EC = 1.46 dS m
1

) 499 

or saline solution (EC = 18 dS m
1

; Table S3).  500 

For gene expression analysis, six healthy plants per genotype were selected from separate 501 

tanks. Ten leaves per plant were harvested at 0, 4, 8, 24, and 48 hours after initial salinity 502 

treatment. Leaf samples were snap-frozen in liquid nitrogen and stored at –80 °C. Harvested 503 

tissues were used for RNA isolation and downstream expression analysis. 504 

 505 

Gene expression analysis 506 

Total RNA was isolated from the indicated tissue using TRIzol reagent (Invitrogen, Waltham, 507 

CA, USA) and treated with DNase I (Thermo Fisher Scientific, Waltham, MA, USA) to 508 
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eliminate DNA contamination. All RT-qPCR primers were designed using Primer-BLAST, a 509 

tool that designs target-specific primers (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). RT-510 

qPCR was performed on a BioRad CFXS system (Bio-Rad Laboratories) with the iTaq Universal 511 

SYBR Green one-step kit in a 10 μL reaction volume. Each reaction contained 100 ng total 512 

RNA, 0.125 μL iScript Reverse transcriptase, 5 μL of 2x SYBR Green mix, and 0.75 μM 513 

forward and reverse primers Table S1). The cycling conditions were: 50 C for 10 min (cDNA 514 

synthesis), 95 C for initial denaturation, followed by 40 cycles of 95 C for 10 s (denaturation), 515 

57 C for 30 s (annealing), and 68 C for 30 s (extension). To examine tissue-specific and salt 516 

stress-induced relative expression of MsSOS2 in M. sativa (‗SISA 14-1‘), glyceraldehyde 3-517 

phosphate dehydrogenase (G3PD) and Actin (Act) were used as reference genes. For 518 

Arabidopsis RT-qPCR, AtUbiquitin5 and AtActin2 served as reference genes for normalization. 519 

Relative expression was determined using the Ct values of target genes normalized to the 520 

reference genes. 521 

 522 

Yeast two-hybrid assay (Y2H assay) 523 

The entry clone MsSOS3 in the pCR8 vector, was sub-cloned into the pGADT7-AD-GW vector, 524 

and similarly the entry clone MsSOS2 in the pCR8 vector was sub-cloned into the pGBKT7-GW 525 

vector. Specific pairs of constructs (e.g., pGADT7-GW-MsSOS3 + pGBKT7-GW-MsSOS2) 526 

were co-transformed into the Saccharomyces cerevisiae Y2HGold strain according to the 527 

manufacturer‘s protocol (Clontech Laboratories, Mountain View, CA, USA). Co-transformed 528 

yeasts were selected on SC-Trp-Leu plates, a double dropout (DDO) medium. Subsequently, to 529 

check the interaction status of the two protein pairs (MsSOS3 + MsSOS2), selected co-530 
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transformed yeasts were plated on SD-Leu, -Trp, -His, -Ade medium, a quadruple dropout 531 

(QDO) medium, supplemented with 5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside (X-α-532 

Gal) or 150 ng/ml of Aureobasidin A (AbA) (QDO/X/A). To check the autoactivation status, 533 

each bait and prey construct was co-transformed with the corresponding empty vector used for 534 

the Y2H assay. The interaction between T-antigen and P53 proteins was used as a positive 535 

control, whereas the interaction between T-antigen and Lam proteins was used as a negative 536 

control for the Y2H assay. Colonies that showed a blue color were considered to indicate a 537 

positive interaction
14

. 538 

 539 

Description of plant genetic materials and growth conditions 540 

We obtained the Arabidopsis sos2 mutant, Salk_056101, carrying a T-DNA insertion in the 541 

promoter region of the AtSOS2 gene (AT5G35410), from the Arabidopsis Biological Resource 542 

Center (http://www.arabidopsis.org/)
9
. This mutant is in Col-0 background. Col-0 seeds, 543 

seedlings, or late vegetative stage plants were used as the wild-type for all comparative studies. 544 

The expression level of AtSOS2 was reported to be significantly knocked down in the sos2 545 

mutant, Salk_056101, in two previous studies, using semi-quantitative RT-PCR or RT-qPCR
9,56

. 546 

The seeds were surface sterilized with 70% ethanol (5 minutes) and then with 20% bleach 547 

solution containing 0.02% Tween 20 or 1.0 µL/mL of 10% SDS (10 minutes), with mild shaking 548 

during both steps. After sterilization, the seeds were washed 5-7 times with sterilized DI water, 549 

also with mild shaking, and then suspended in 0.15% agar before being sown onto half-strength 550 

Murashige and Skoog (MS) media (Research Products International, Mount Prospect, IL, USA) 551 

supplemented with 1.0% sucrose and 0.55% Agar-Plant (Research Products International, Mount 552 
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Prospect, IL, USA) using a 1000 µL pipettor. The seeds were then vernalized for 3 days at 4 °C. 553 

After vernalization, the MS-agar plates containing vernalized seeds were transferred to a 554 

CONVIRON GR96 growth chamber (Winnipeg, MB, Canada) set at 21 °C (8 h day) / 18 °C (16 555 

h night), with a light intensity of 150 μmol m⁻² s⁻¹ and approximately 50% relative humidity, to 556 

facilitate seed germination and seedling growth. Similar conditions were also provided in 557 

alternative growth chambers or plant growth rooms. Seven to nine days-old seedlings were 558 

transplanted to Metro-Mix (Sun Gro Horticulture, Agawam, MA, USA).  559 

 560 

Generation of transgenic MsSOS2 plants in Arabidopsis sos2 mutant  561 

The pMDC32, a ―Gateway compatible plant expression vector,‖ was used to express MsSOS2 562 

cDNA in a homozygous sos2 mutant (Salk_056101), which is a T-DNA insertion mutant. For 563 

this, an error-free MsSOS2 cDNA clone was subcloned into the pMDC32 vector using 564 

Gateway™ LR clonase (Invitrogen, Waltham, MA, USA), following the manufacturer's 565 

instructions. An error-free pMDC32-MsSOS2 construct was transformed into Agrobacterium 566 

tumefaciens strain GV3101 by electroporation. The sos2 mutant (Salk_056101) was transformed 567 

using the floral dipping method. Transgenic seedlings were selected on ½ MS-agar plates 568 

containing 1% sucrose and supplemented with 25 µg/mL Hygromycin. The identity of the 569 

MsSOS2 transgenic seedlings was verified by genotyping PCR using HPTII-specific primers and 570 

subsequently confirmed again by genotyping PCR using MsSOS2-specific primers. Two 571 

independent Arabidopsis transgenic lines, each harboring a single transgene copy and exhibiting 572 

different expression levels, were used for functional analyses. All experiments were performed 573 

using seeds from T3 transgenic lines. 574 
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 575 

MsSOS2 expression in two independent transgenic lines 576 

Leaf tissues were collected from four-week-old MsSOS2 4-7, MsSOS2 9-7, Col-0, and 577 

Arabidopsis sos2 mutant plants for RNA isolation, which were later used for RT-qPCR analysis. 578 

The plants were grown in a growth chamber at 21 °C (8 h day) / 18 °C (16 h night) with a light 579 

intensity of 150 μmol m⁻² s⁻¹ and approximately 50% relative humidity. For the RT-qPCR assay, 580 

five leaves were used per replicate, and three biological replicates were conducted (n=3). Col-0 581 

and the Arabidopsis sos2 mutant served as negative controls. For statistical analysis, a two-way 582 

ANOVA and a Tukey's HSD test were used to determine significant differences in MsSOS2 583 

expression between the indicated genotypes. 584 

 585 

Salt tolerance assay at germination at stage 586 

Sterilized seeds were sown on ½ MS-Agar plate without NaCl supplementation or supplemented 587 

with 50- or 75 mM NaCl. The seeds were then vernalized for 3 days at 4 °C. After vernalization, 588 

the MS-agar plates containing vernalized seeds were transferred to a growth chamber. We 589 

considered a seed as successfully germinated when it showed both radicle and cotyledons. 590 

Germination data were collected on the sixth day post incubation in the growth chamber. Fifty 591 

seeds were used per replicate, and three biological replicates were used in the assay (n=3). For 592 

statistical analysis, a two-way ANOVA and a Tukey's HSD test were used to show statistical 593 

differences (P<0.05) in the relative germination % of seeds between different genotypes. 594 

 595 

Salt tolerance assay at seedling stage 596 
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For the salinity tolerance assay at the seedling stage, five-day-old seedlings of Col-0, the sos2 597 

mutant, and two transgenic lines (MsSOS2 4-7 and MsSOS2 9-7) were transplanted and grown 598 

vertically for seven days on MS-agar plates containing 60 mM NaCl or on control MS-agar 599 

plates without NaCl. Lateral root numbers were counted, and net primary root growth was 600 

measured on the 7th day post-transplantation on control MS-agar and salt-containing MS-agar 601 

plates, with pictures captured the following day. Three seedlings of each genotype were grown 602 

per replicate on control or 60 mM NaCl media to quantify lateral root numbers and net primary 603 

root length, with five biological replicates used in the assay (n=5). For statistical analysis, a two-604 

way ANOVA followed by a Tukey's HSD test (P<0.05) was used to determine significant 605 

differences in lateral root numbers and net primary root length between and among the four 606 

genotypes. 607 

 608 

Measurement of Na and K in late vegetative stage of plants 609 

To examine the accumulation status of Na and K in late vegetative stage of plants in response to 610 

75 mM NaCl, five-week-old Col-0, the sos2 mutant, and two transgenic lines (MsSOS2 4-7 and 611 

MsSOS2 9-7) were treated with 1/8
th

 MS salt solution (control) or NaCl salt solution prepared in 612 

1/8
th

 MS salt solution. The NaCl concentration increased incrementally to 75 mM: 25 mM on the 613 

first day, 50 mM on the second day, and 75 mM on the third day. Subsequently, every alternate 614 

day, plants were watered with the control solution or the salt solution, respectively. After the 615 

12th day of treatment, control or salt-treated leaves were pooled from 12 plants of each genotype 616 

per biological replicate, and three biological replicates were used for element analyses (n=3). 617 

Subsequently, leaf tissues from both control and salt-treated plants were dried at 70 °C for over 618 

five days. The dried tissues were then ground. Na and K levels were determined by nitric acid 619 
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digestion followed by inductively coupled plasma optical emission spectrometry (ICP-OES) 620 

using the Optima 8000 Perkin-Elmer Corp. instrument (Waltham, MA, USA). For statistical 621 

analysis, a two-way ANOVA followed by a Tukey's HSD test was used to determine significant 622 

differences (P<0.05) in leaf Na concentration and leaf K concentration between and among the 623 

four genotypes.  624 

 625 
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Figure legends 808 

Figure 1. Alignment of MsSOS2, AtSOS2, and OsSOS2 protein sequences. (a) The protein 809 

kinase domain of MsSOS2 is conserved, as indicated by an orange line. An activation loop is 810 

marked with a blue line, and an NAF domain is indicated by a green line. An orange arrow 811 

within the protein kinase domain highlights that K57 (Lysine-57) of MsSOS2, the phosphatidic 812 

acid (PA) binding site, is conserved in MsSOS2, similar to AtSOS2 and OsSOS2. (b) Activation 813 

loop sequences of the protein kinase domain of MsSOS2, AtSOS2, and OsSOS2. Conserved 814 

amino acid sequences are shown in blue. (c) An NAF domain sequences of MsSOS2, AtSOS2, 815 

and OsSOS2, with conserved amino acid sequences also shown in blue.  816 

 817 

Figure 2. Phylogenetic analysis of MsSOS2 along with CIPKs of A. thaliana and O. sativa. 818 

MsSOS2 is shown in red, while CIPKs of A. thaliana and O. sativa are represented in blue and 819 

magenta fonts, respectively. The SOS2 subclade is highlighted in green. Clade posterior 820 

probabilities are shown at nodes. WP126579178 represents a Serine/Threonine protein kinase 821 

from Tengunoibacter tsumagoiensis, and TMD62388 represents a Ser/Thr protein kinase from 822 

Chloroflexota bacterium.  823 

 824 

Figure 3. MsSOS2 interacts with MsSOS3 in yeast. Pairwise protein-protein interactions were 825 

performed between the specified proteins employing the yeast two-hybrid assay. Transformed 826 

yeast clones containing both pGBKT7 and pGADT7 constructs were examined in three 10-fold 827 

serial dilutions (OD 600 = 0.1, 0.01, and 0.001) on double dropout (DDO) media, SD/-Leu/-Trp. 828 

The interaction status of MsSOS2 with MsSOS3, evaluated by the growth assay of yeast cells on 829 

interaction-selective Quadruple Dropout media containing X-α-Gal and Aureobasidin 830 
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(XDO/X/A), SD/-Leu/-Trp/-His/X/A. Empty vectors (EV) were transformed to check the auto-831 

activation status. The Lam and T-antigen protein pair was used as a negative control, while the 832 

P53 and T-antigen protein pair was used as positive control. 833 

 834 

Figure 4. Expression analysis of the MsSOS2 gene in a salt-tolerant genotype (‗SISA 14-1‘)  and 835 

a salt-sensitive genotype (‗SISA10‘) in response to salinity, using RT-qPCR. In this experiment, 836 

10 leaves were used per biological replicate, and five independent biological replicates were used 837 

(n=5). The y-axis shows relative normalized expression, while the x-axis indicates the expression 838 

levels of MsSOS2 from 0 h to 48 h in the leaves of the ‗SISA 14-1‘ (blue) and the ‗SISA 10‘ 839 

(orange) alfalfa plants, respectively.  Error bars show the standard error (±SE).  For statistical 840 

analysis, a two-way ANOVA and a Tukey's HSD test were used to show statistical differences in 841 

MsSOS2 expression at indicated time points, both within and between the two lines. Different 842 

letters above the error bars indicate a significant difference (P<0.05), while the same letters 843 

indicate no significant difference. 844 

 845 

Figure 5. Expression status of the MsSOS2 gene in Col-0, sos2 mutant, MsSOS2-4-7, and 846 

MsSOS2-9-7 plants by RT-qPCR. Five leaves were used per replicate, and three biological 847 

replicates were used in the assay (n=3). The y-axis shows relative normalized expression of 848 

MsSOS2, while the x-axis indicates the expression levels of MsSOS2 in the leaves of the 849 

indicated genotypes.  For statistical analysis, a two-way ANOVA and a Tukey's HSD test were 850 

used to show statistical differences in MsSOS2 expression between indicated genotypes, and 851 

different letters above the error bars indicate a significant difference (P<0.05), while the same 852 

letters indicate no significant difference. 853 
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 854 

 855 

Figure 6. MsSOS2 positively regulates seed germination in response to salinity. Fifty seeds were 856 

used per replicate, and three biological replicates were used in the assay (n=3). (a) Seed 857 

germination in a control environment on a ½ MS-Agar plate. (b) Seed germination on ½ MS-858 

Agar plates containing 50 mM NaCl. (c) Seed germination on ½ MS-Agar plates containing 75 859 

mM NaCl. (d) Relative percentage of seed germination for the indicated genotypes under 50 mM 860 

NaCl and (e) Relative percentage of seed germination for the indicated genotypes under 75 mM 861 

NaCl. Error bars represent standard error (±SE). . For statistical analysis (d and e), a two-way 862 

ANOVA and a Tukey's HSD test were used to show statistical differences in relative 863 

germination % of seeds between indicated genotypes (d and e), different letters above the error 864 

bars indicate a significant difference (P<0.05), while the same letters indicate no significant 865 

difference. 866 

  867 

 868 

Figure 7. Effect of salinity on seedling growth and lateral root development. Three seedlings of 869 

the indicated genotypes were grown per replicate on control or 60 mM NaCl media to quantify 870 

lateral root numbers and net primary root length, with five biological replicates used in the assay 871 

(n=5). (a) Seedling growth of the indicated genotypes (Col-0, sos2 mutant, and two homozygous 872 

MsSOS2 transgenic lines: 4-7 and 9-7) is shown on control ½ MS-Agar media.  (b) Seedling 873 

growth on ½ MS-Agar media containing 60 mM NaCl. (c) The number of lateral roots per plant 874 

for each genotype, grown on control media (blue bars) and media containing 60 mM NaCl 875 

(orange bars), is also presented. For statistical analysis, a two-way ANOVA followed by a 876 
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Tukey's HSD test was used to determine significant differences in lateral root numbers (c) and 877 

net primary root length (d) between and among the indicated genotypes. In panels c and d, 878 

different letters above the error bars indicate a significant difference (P<0.05), whereas the same 879 

letters indicate no significant difference. 880 

 881 

 882 

Figure 8. MsSOS2 expression enhances salt tolerance in the late vegetative stage. Three-week-883 

old Col-0, the sos2 mutant, and two MsSOS2 transgenic lines (4-7, 9-7) were treated for three 884 

weeks. The upper row shows control plants, and the lower row shows plants treated with 75 mM 885 

NaCl. The upper row shows that all genotypes grew comparably under control conditions. The 886 

lower row clearly indicates that under salt stress, the sos2 mutant suffered the most severe 887 

damage, whereas MsSOS2 transgenic lines demonstrated improved health and reduced stress 888 

symptoms. Notably, MsSOS2 4-7 maintained a healthier appearance than MsSOS2 9-7. 889 

 890 

Figure 9. MsSOS2 positively regulates Na
+
 and K

+ 
homeostasis. Control or salt treated leaves 891 

were pooled from 12 plants of the indicated genotypes per biological replicate and three 892 

biological replicates used to element analyses (n=3). (a) Leaf Na concentration. (b) Leaf K 893 

concentration. Error bars represent standard error (±SE).  For statistical analysis, a two-way 894 

ANOVA followed by a Tukey's HSD test was used to determine significant differences in leaf 895 

Na concentration (a) and leaf K concentration (b), between and among the indicated genotypes. 896 

In panels a and b, different letters above the error bars indicate a significant difference (P<0.05), 897 

whereas the same letters indicate no significant difference. 898 
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 899 

 900 

Figure 10. MsSOS2-mediated Na
+
 and K

+
 homeostasis in transgenic Arabidopsis. Under 901 

salinity, phospholipase D (PLD) hydrolyzes phosphatidylcholine (PC) to generate phosphatidic 902 

acid (PA). Salinity also induces intracellular Ca
2+,

 which activates AtSOS3 upon binding. 903 

Activated AtSOS3 then facilitates MsSOS2 interaction and activation, concurrently with its PA-904 

mediated membrane anchoring. This combined action subsequently activates AtSOS1, ultimately 905 

leading to Na
+
 homeostasis. The upper part of the figure illustrates that AtCBL10 inhibits AKT1 906 

under control conditions. In response to salinity, PA-bound MsSOS2 interacts with AtCBL10 907 

and inhibits its interaction with AKT1. This allows AKT1 to absorb K
+
, contributing to K

+
 908 

homeostasis. Dashed lines represent a proposed relationship, but not an experimentally verified 909 

one. A question mark indicates where direct interaction between the two indicated elements has 910 

not been examined. 911 
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