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Salinity and Phoma medicaginis infection represent significant challenges for alfalfa cultivation in South Africa, Europe, Australia, and, particularly, Tunisia. These constraints have a severe impact on both yield and quality. The primary aim of this study was to establish the genetic basis of traits associated with biomass and growth of 129 Medicago sativa genotypes through genome-wide association studies (GWAS) under combined salt and P. medicaginis infection stresses. The results of the analysis of variance (ANOVA) indicated that the variation in these traits could be primarily attributed to genotype effects. Among the test genotypes, the length of the main stem, the number of ramifications, the number of chlorotic leaves, and the aerial fresh weight exhibited the most significant variation. The broad-sense heritability (H²) was relatively high for most of the assessed traits, primarily due to genetic factors. Cluster analysis, applied to morpho-physiological traits under the combined stresses, revealed three major groups of accessions. Subsequently, a GWAS analysis was conducted to validate significant associations between 54,866 SNP-filtered single-nucleotide polymorphisms (SNPs) and seven traits. The study identified 27 SNPs that were significantly associated with the following traits: number of healthy leaves (two SNPs), number of chlorotic leaves (five SNPs), number of infected necrotic leaves (three SNPs), aerial fresh weight (six SNPs), aerial dry weight (nine SNPs), number of ramifications (one SNP), and length of the main stem (one SNP). Some of these markers are related to the ionic transporters, cell membrane rigidity (related to salinity tolerance), and the NBS_LRR gene family (associated with disease resistance). These findings underscore the potential for selecting alfalfa genotypes with tolerance to the combined constraints of salinity and P. medicaginis infection.
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1 Introduction

Tunisia boasts a rich and diverse range of forage and pasture biodiversity, with over 960 pasture legume species, including 336 that are unique to the Mediterranean region (Ibidhi et al., 2018; Ferchichi et al., 2021). However, due to increasing purchasing power, the demand for ruminant products is expected to rise significantly in the coming years, making high levels of forage crop production imperative. The country’s livestock sector heavily relies on forage crops, particularly alfalfa (Medicago sativa), which covers an area of approximately 12,410 hectares (Guiza et al., 2022). Alfalfa plays a vital role in supporting livestock nutrition and ensuring food security.

Presently, the Tunisian livestock sector is grappling with a persistent shortage of forage. Like many other regions globally, it faces the challenge of climate change and its associated environmental stresses, among which soil salinization and pathogen infections are particularly important for alfalfa productivity (Djebali, 2008; Arraouadi et al., 2011; Badri et al., 2021). Furthermore, the interaction between salinity and Phoma medicaginis infection can exacerbate the adverse effects of these stresses on alfalfa plants (Castell-Miller et al., 2007; Kaiwen et al., 2020; Maiza et al., 2021). The coexistence of these stresses creates a more hostile environment for the crop to thrive. Under saline conditions, reduced water uptake and compromised nutrient absorption weaken the plant’s defenses against strain Phoma medicaginis 8 (Pm8) infection, making the plant more susceptible to disease progression (Djébali et al., 2013). Therefore, the increasing prevalence of salinity stress and P. medicaginis infection poses a significant threat to alfalfa production in Tunisia.

Despite its significance as a forage legume, there has been limited work on varietal selection for this species in Tunisia, with only two registered local varieties (Gabès and El Hamma) (Jabri et al., 2021; Maiza et al., 2021). Therefore, it is advisable to initiate new varietal selection efforts for alfalfa, utilizing diverse germplasm, to develop new varieties with robust agronomic performance under the combined constraints of salinity and P. medicaginis infection in the context of climate change.

Moreover, the socio-economic implications of the shortage of forage in Tunisia, particularly its impact on the livestock sector and food security, warrant further exploration and discussion.

As a result, diverse studies focusing on enhancing alfalfa have led to the development of cultivars showcasing superior attributes such as increased yield, enhanced stress tolerance, and improved forage quality (Badri et al., 2021). A significant challenge in alfalfa enhancement lies in pinpointing the genetic underpinnings responsible for variations within the species across various agronomic traits (Sakiroglu and Brummer, 2017). Addressing these implications is essential for devising effective strategies to mitigate the challenges faced by farmers and ensure sustainable agricultural practices.

Furthermore, a comparative analysis of alfalfa production and management strategies such as cropping systems-, and soil-related management practices (Thivierge et al., 2023) in other regions facing similar environmental stresses could provide valuable insights and lessons learned that can inform the development of tailored solutions for Tunisia and similar ecogeographic regions (Tlahig et al., 2020). By examining approaches adopted in different contexts, we can identify best practices and adapt them to the Tunisian agricultural landscape, thereby enhancing the resilience and productivity of the alfalfa sector.

Alfalfa is an autotetraploid species with a chromosome count of 32 (2n = 4x = 32) and a genome size ranging from 800 to 1000 Mb. Several challenges affect its genetic improvement because of various factors such as intra-varietal variation, environmental influences, and the complex life cycle of the plant (Liu et al., 2023). Due to these hindrances, conventional breeding in alfalfa has been difficult and only moderately efficient (Annicchiarico et al., 2015a). The progression of genomic technology could play a pivotal role in allowing association mapping studies that could accelerate and strengthen crop improvement (Zhang et al., 2020).

Genomic investigations, including those based on genotyping-by-sequencing (GBS) markers, have enabled the detection of QTLs that influence various important agricultural characteristics in alfalfa. These traits encompass biomass yield, tolerance to factors such as aluminum, drought, and salt, as well as the ability to withstand freezing and maintain biomass yield during drought stress (Filho et al., 2023). Genome-wide association studies (GWAS) offer a potent strategy for deciphering genomic regions involved in targeted traits by scrutinizing the association between genome-wide single-nucleotide polymorphism (SNP) markers and phenotypic variation with exceptional precision compared to other approaches (Porter and O’Reilly, 2017; Larkin et al., 2019; Lin et al., 2023). Indeed, the GWAS approach enables the detection of more than one distinct allele for each locus in the studied accessions, and it would allow for a much more precise identification of candidate genes potentially involved in the genetic determination of the agronomic traits of interest (Liu et al., 2023).

Previously, GWAS has been employed in alfalfa to pinpoint loci markers associated with forage yield (Sakiroglu et al., 2012), drought resistance (Zhang et al., 2015), salt tolerance (Yu et al., 2016), forage quality (Sakiroglu and Brummer, 2017; Biazzi et al., 2017), and resistance to Verticillium wilt (Yu et al., 2017). No information is available for candidate genes underlying possible alfalfa tolerance to combined stresses of P. medicaginis infection and salinity.

The current work aimed to (i) characterize the response of alfalfa accessions to the combination of salinity and P. medicaginis infection, and (ii) identify the genetic determinants of tolerance to these constraints in this species through GWAS, to predict breeding values using SNP markers with allele dosage in breeding populations of alfalfa.




2 Materials and methods



2.1 Plant materials and phenotyping

A set of 126 alfalfa parent plants was randomly chosen from a Mediterranean reference population obtained from crosses between the elite cultivars (Erfoud 1, Mamuntanas, and Sardi 10) over two generations. These cultivars have demonstrated strong adaptation and different adaptive patterns in Mediterranean environments (Annicchiarico et al., 2011). These plants underwent ApekI-based GBS characterization as described in Annicchiarico et al. (2015b), and were polycrossed in isolation to obtain half-sib progeny seed used for phenotyping experiments. The seeds of these half-sib families (named as “accessions” hereafter) and those of the three parent cultivars were germinated in Petri dishes within a culture chamber for six days. After the radicle appearance, they were transplanted in 1-liter pots (diameter of 22.8 cm and height of 18 cm) filled with a mixture of soil and compost (2: 1) in a greenhouse with a temperature of 25/18°C (day/night), a relative humidity of 60–80%, and a photoperiod of 16/8 hours (light/dark). After 2 months of cultivation, plants at the flowering bud stage were subjected to a saline treatment of 150 mM NaCl (for 21 days) until the appearance of symptoms related to saline stress. At this stage, they were infected with the strain Pm8 of Phoma medicaginis (5*106 conidies µL-1) as described by Zaidi et al. (2021). Previous optimization studies by Badri et al. (2021) and Jabri et al. (2021) on alfalfa grown under a range of salt concentrations (NaCl) have revealed that 150 mM NaCl is the most appropriate for analyzing the behavior of accessions of this species under this constraint. The rationale for starting the inoculation 21 days after the salt treatment is based on previous research findings (Haddoudi et al., 2021) that indicate a specific timeframe during which the plants exhibit maximum susceptibility to infection post-salt stress exposure. This interval ensures that the plants are at a stage where their physiological responses to salt stress have been initiated, thereby facilitating a more accurate assessment of the interaction between salt stress and pathogen infection. The trial was conducted with a split-plot design, employing a completely randomized setup with three distinct blocks. Within each block, three replicates were allocated for every genotype (129 genotypes), and the plants were cultivated in pots within a greenhouse environment. This resulted in a total of 1,161 plants, with nine replicates for each accession and treatment.

Fourteen days after the disease inoculation, all the accessions were screened for a set of seven morphological traits, including four traits related to growth and biomass parameters (aerial fresh weight, AFW; aerial dry weight, ADW; length of the main stem, LMS; and number of ramifications, NR) and three traits related to the leaf aspect (number of chlorotic leaves, NCL; number of healthy leaves, NHL; and number of chlorotic necrotic leaves, NCNL).




2.2 Phenotypic data analyses

An ANOVA was performed for each trait to assess the response of accessions to combined salt and strain Pm8 infection stresses, testing the equality of variance and marginal means. Meanwhile, a normality test was conducted for each trait using the Kolmogorov-Smirnov tests. Pearson correlation was calculated between traits using trait means. All analyses were performed using SPSS 20 (http://www.ibm.com/software/analytics/spss/). Broad-sense heritability (H2) was estimated using the formula:

	

where Vg and Ve were genotypic variance and environmental variance, respectively.

The genotypic coefficient of variation (GCV) was calculated using the formula:

	

where X is the average of each trait of the whole association panel (Ahsan et al., 2015).

Furthermore, a principal component analysis (PCA) and a hierarchical clustering analysis (HCA) were performed to identify the grouping of the measured traits and the patterns of differentiation among accessions under combined stresses. The PCA and the HCA were performed using XLSTAT version 2022 based on the standardized mean values of all traits.




2.3 Alignment to Medicago truncatula, GWAS and marker-trait association analyses

We estimated suitable LS-means values and applied them to standardize our phenotypic data, ensuring that the prerequisite of normality for conducting genome-wide association analyses was met. Following this standardization process, we conducted the Kolmogorov-Smirnov test for each phenotype to confirm the attainment of a normal distribution in our phenotypic data.

With no alfalfa reference currently available, the Medicago truncatula genome may be a potential reference genome, owing to the presence of a high level of synteny between the M. sativa linkage map and the physical map of M. truncatula due to its small genome size (Li et al., 2015). SNP markers identified by GBS underwent an additional filtration step, wherein those with a minor allele frequency (MAF) below 0.05 were excluded. The resulting set of 54,866 SNPs was employed to conduct an analysis of associations between markers and traits using the TASSEL software v5.0 (http://www.maizegenetics.net/tassel) (Bradbury et al., 2007) for the GWAS. To account for potential population structure effects, a mixed linear model (MLM) incorporating a kinship (K) matrix was employed during the association mapping process. Statistical significance of markers was ascertained using the false discovery rate (FDR) method with a threshold of 0.05, as outlined by Benjamini and Hochberg (1995).

False discovery rate in GWAS may be controlled by Bonferroni’s multiple testing correction method, which proved to be too conservative in practice. We preferred to use a conservative P level corresponding to an association score [–Log10 (p-value)] 4, as suggested in earlier studies (Kang et al., 2015; Sakiroglu and Brummer, 2017). M. truncatula-aligned SNPs that were significantly associated with one or more alfalfa studied traits were mapped on Mt4.0v1 using the Jbrowse tool in the plant comparative genomics portal ensemble Plants (http://plants.ensembl.org/index.html) to identify putative genes with significant SNPs, searching through 10 kb upstream and downstream of each SNP. Knowledge on the function of those genes is useful for selecting significant SNPs to integrate into breeding programs for targeted traits.





3 Results



3.1 Morphophysiological variation, heritability, and correlations among traits

Results from ANOVA showed a significant effect of the genotype factor on all measured traits (Table 1). Notably, this factor exerted a strong influence on both the morphological parameters related to growth and biomass production (LMS, NR, AFW, and ADW) and the leaf traits affected by the combination of Pm8 inoculation and salt stress (NHL, NCL, NCNL). A moderate to high coefficient of variation (CV) was noted among genotypes for LMS (22.01%), ADW (55.43%), NCL (52.87%) and NHL (50.48%). Overall, the broad-sense heritability (H2) was relatively high for most traits under combined stresses. It ranged from 0.35 for NCL to 0.84 for NHL, with all other traits showing an intermediate heritability value of about 0.5-0.6 (Table 2).


Table 1 | Influence of accession, block, and the interaction between accession and block on the variability of morphological traits measured for alfalfa (Medicago sativa) accessions cultivated under the combination of salinity and Phoma medicaginis (strain Pm8) infection.




Table 2 | Genotypic variation (Vg), environmental variation (Ve), and heritability (H2) of seven morphological traits in alfalfa (Medicago sativa) accessions cultivated under the combination of salinity and P. medicaginis (strain Pm8) infection.



Of the 21 possible pairwise correlations, 20 were significant and positive (Table 3). Noticeably, a significant positive correlation was also observed between NHL and NCNL (r=0.668; P ≤ 0.0001) which seems to indicate that NCNL is not an independent parameter due to the effect of combined stresses but it is simply related to the potential number of healthy leaves that the genotype is able to express.


Table 3 | Correlation matrix of seven morphological traits for alfalfa (Medicago sativa) accessions cultivated under the combination of salinity and Phoma medicaginis (strain Pm8) infection.






3.2 Principal component analysis and cluster analysis

PCA explained most of the variation among genotypes by the first two axes (PC1 and PC2), which represented 61.15% and 16.81%, of the total variance, respectively (Figure 1). All the recorded characters were positively correlated with PC1 (r > 0.54) except NCNL, which displayed a high negative association with this axis (Figure 1A). Surprisingly, NCNL had a contrasting bearing on PC1 compared with the two other leaf-related traits (NHL and NCL) despite the positive phenotypic correlations among the three leaf traits (Table 2). PC1 was strictly associated with the two traits related to biomass production (AFW and ADW), whereas the second axis was somewhat associated to the traits related to plant morphology (NR) (Figure 1A). The genotypes were found mostly in an extensive overlap around the origin in both sides of PC1 and PC2 with a few scattered genotypes. The two outlier genotypes R20 and R224, in particular, showed peculiar traits that contributed to their position on the PC plan. R20 had the highest number of ramification and R224 the maximum AFW, ADW, LMS, and the minimum NCL followed by R166, R165 and R174 (Figure 1B). The rest of the genotypes appeared not clearly separated from each other on the basis of the measured traits and were more or less equally partitioned into the four quadrants of the PCA (Figures 1B, C).




Figure 1 | Two-dimensional PCA plot showing the relationships among measured traits (A) for the accessions (B) and Biplot (genotype, trait) (C) representing alfalfa (Medicago sativa) under a combination of salinity and Phoma medicaginis (Strain Pm8) infection. Length of medium stem (LMS, cm), number of ramifications (NR), number of healthy leaves (NHL), number of chlorotic leaves (NCL), number of chlorotic necrotic leaves (NCNL), aerial fresh weight (AFW, g), and aerial dry weight (ADW, g).






3.3 GWAS and marker-trait association analyses

The Manhattan plots (Figures 2, 3) illustrate the p-values (transformed to negative logarithmic values) of markers in relation to their genetic positions for each trait. We identified 110 significant SNPs across the seven recorded traits. These SNPs were distributed across all chromosomes, with the maximum of 24 SNPs that were located on chromosome 3 and the minimum of 10 markers on chromosome 2.




Figure 2 | Manhattan plots of marker–trait associations for tolerance traits of alfalfa (M. sativa) to a combination of salinity and Phoma medicaginis (strain Pm8) infection. Significant markers that passed a cutoff log (p-value) of 4. The X-axis represents the physical location of SNPs on chromosomes (color-coded) and the Y-axis represents the −log10 p-value of SNP phenotype associations. (A) length of the main stem (LMS, cm); (B) number of ramifications (NR), (C) aerial fresh weight (AFW, g) and (D) aerial dry weight (ADW, g).






Figure 3 | Manhattan plots of marker–trait associations for tolerance traits of alfalfa (M. sativa) to a combination of salinity and Phoma medicaginis (Strain Pm8) infection. Significant markers that passed a cutoff log (p-value) of 4. The X-axis represents the physical location of SNPs on chromosomes (color-coded) and the Y-axis represents the −log10 p-value of SNP phenotype associations. (A) number of chlorotic leaves (NCL); (B) number of chlorotic necrotic leaves (NCNL); (C) number of healthy leaves (NHL).



Among the growth and biomass traits, the characters LMS (Figure 2A) and NR (Figure 2B) had two significant markers each, distributed on chromosome 1 and 3, respectively. The highest number of significant markers (35) was observed for AFW (Figure 2C), followed by 28 for ADW (Figure 2D).

Regarding leaf infection traits, the highest number of significant markers (34) was observed for NCL (Figure 3A), 8 significant markers were noted for NCNL (Figure 3B), and two significant markers distributed on chromosome 8 were found for NHL (Figure 3C),




3.4 Assigning significant markers to known genes

The results revealed that 27 SNPS within 20 putative M. truncatula genes were associated with the recorded traits, as indicated in Table 4.


Table 4 | Significant markers associated with seven morphological traits in alfalfa (M. sativa) accessions cultivated under the combination of salinity and P. medicaginis (Strain Pm8), identified using the M. truncatula genome as a reference.



Regarding the growth parameters, for the length of the main stem, one SNP on chromosome 3 (at locus 52698587) is linked to the homologous gene (MTR_3g112450), which encodes a peptide transporter. One gene (MTR_1g082440) is linked to one SNP located at locus 36648588 on chromosome 1, associated with number of ramifications, and encodes a Na+/H+ exchanger.

For the biomass parameters, five common genes were identified in both AFW and ADW traits, with the highest significant marker on chromosome 7 at locus 25562519 linked to the gene MTR_7g069430, which encodes the ribosomal RNA processing brix domain protein. Four other genes were identified on chromosomes 1, 2, 3, and 4, at positions 22091088, 8188481, 55239203, and 1507154, respectively. These genes include transcription initiation factor IIB (MTR_1g053065), DUO pollen-like protein putative (MTR_2g023280), armadillo/beta-catenin-like repeat protein (MTR_3g118040), and electron transporter putative (MTR_4g058015). The gene MTR_8g470000 on chromosome 8 at position 25579961 was associated with AFW only. It encodes for the LRR receptor-like kinase family protein.

However, the ADW trait differed from the AFW trait for the presence of five more significant markers that are linked to four genes. Two of these genes are located on chromosome 6 (MTR_6g004040 and MTR_6g013140), encoding a katanin p80 WD40 repeat subunit B1-like protein and a transmembrane protein, respectively. Additionally, we identified one SNP on chromosome 7 linked to the homologous gene MTR_7g025650 (F-box/RNI superfamily protein, putative), and another SNP on chromosome 8 linked to the homologous gene MTR_7g025650 (DUF241 domain protein).

With respect to infection parameters, the SNPs associated with the number of healthy leaves located at positions 25315112 and 12523990 on the same chromosome 2 were in the coding region of the putative plant transposon protein domain-containing protein (MTR_8g469580) and the glycosyl hydrolase family 16 xyloglucan endotransglycosylase linked to the homologous gene MTR_8g032640.

Five SNPs were significantly associated with the number of chlorotic leaves, distributed on chromosomes 1, 2, 4, and 8. One was the marker S1.4_13820962, which is close to the enhancer OF AG-4-like protein, putatively homologous to gene MTR_1g037460. The DUO pollen-like protein, putatively homologous to gene MTR_2g023280, was linked to the marker S2.4_8188471, and the snRNA activating complex family protein, homologous to gene MTR_4g134340, was linked to the marker S4.2_56239116. On chromosome 8, two markers (S8.1_12523990 and S8.1_2278244) were linked to glycosyl hydrolase family 16 xyloglucan endotransglycosylase and fatty acid hydroxylase superfamily protein, linked to homologous genes MTR_8g032640 and MTR_8g009590, respectively.

For NCNL, we identified three genes. One of them is homologous to the gene encoding ubiquitin-conjugating enzyme E2 35, located on chromosome 2. Another is homologous to the gene encoding a hypothetical protein, located on chromosome 4 (Medtr4g009410). The third gene encodes an LRR and NB-ARC domain disease resistance protein, located on chromosome 8.





4 Discussion

Analyzing the morpho-physiological variation in alfalfa plants under stress conditions has been regarded as a reliable method for assessing its stress tolerance. This process represents a pivotal phase in the development of forthcoming breeding programs (Annicchiarico, 2006; Annicchiarico et al., 2022). Salinity and Phoma medicaginis infection are major issues for alfalfa that affect its growth and productivity. Previous studies have demonstrated that the alfalfa response to salinity varies greatly among accessions (Badri et al., 2021; Jabri et al., 2021).

This study represented an unprecedented example of exploring the morphological variation of alfalfa in response to the simultaneous presence of biotic and abiotic stressors. Our findings revealed a remarkable range of morpho-physiological variation within the examined collection of alfalfa genotypes when subjected to simultaneous stressors (salt and strain Pm8 infection) and, overall, the current results demonstrated significant genetic variation for most of the recorded traits. These findings are in accordance with the conclusions drawn by Annicchiarico et al. (2022) on the same population grown under drought stress. Badri et al. (2023) tested the effect of P. medicaginis on the variation in agronomic traits of different Medicago species, reporting that most of the variation in the measured parameters was explained by the infection treatment. Zaidi et al. (2021) demonstrated that the number of healthy leaves (recorded among the infection parameters of alfalfa genotypes) varied significantly among the genotypes infected by P. medicaginis, which is consistent with the current observations.

In this study, the highest heritability was found for NHL, suggesting that this trait is largely governed by genetic effects. Badri et al. (2023) found that most evaluated traits in infected Medicago species had high heritability values, suggesting their potential as useful criteria for identifying P. medicaginis-tolerant lines. Djaman et al. (2020) found a moderate heritability for the length of main stem in alfalfa, owing to the environmental effects affecting this character besides the genetic ones. The positive correlations observed among phenotypic traits in alfalfa accessions under combined stress of salinity and P. medicaginis infection suggest that these conditions influence multiple traits similarly, leading to correlated responses. The increase in chlorotic and chlorotic necrotic leaves may indicate an enhanced immune response to fungal infection, implying a complex interaction between abiotic and biotic stressors. This interaction may increase plant susceptibility to fungal infection or worsen the effects of saline stress on plant physiology. Additionally, the correlations between phenotypic traits may indicate adaptive strategies employed by plants to mitigate environmental stress damage, such as increasing chlorotic leaves.

In this study, GWAS allowed to identify 110 SNP markers associated with seven morphological traits of alfalfa grown under combined salinity and P. medicaginis infection. To our knowledge, this was the first attempt to locate genes regulating morpho-physiological traits in alfalfa under simultaneous abiotic (salinity) and biotic (strain Pm8 infection) stresses. Liu and Yu (2017) identified 42 SNPs significantly associated with salt tolerance using 198 alfalfa accessions with four physiological traits (dry weight, plant height, leaf chlorophyll content and stomatal conductance). Only 10 SNPs have been identified in a panel of 179 lines of alfalfa for Verticillium wilt tolerance (Yu et al., 2017). Several research studies used diploidized models and the reference genome of M. truncatula to identify putative genes in alfalfa under stress (Biazzi et al., 2017; Medina et al., 2020; Lin et al., 2021).

In this study, 24 putative genes have been linked to homologue molecular and biological responses to combined stresses. The GWAS for the length of the main stem showed a close association of this character with the gene MTR_3g112450, which encodes a peptide transporter necessary for the organic nitrogen (N) supplies and mediated N use efficiency under salt stress (Fang et al., 2017). Similarly, Wang et al. (2022) demonstrated the high expression and regulation of the peptide transporter family induced in alfalfa grown in salinity stress. Overall, the peptide transporter plays a pivotal role in our study to alleviate salt stress in alfalfa by facilitating the uptake of organic nitrogen compounds, which contribute to osmotic adjustment, antioxidant defense, nutrient uptake, and gene regulation (Chen et al., 2021). This coordinated response not only boosts the elongation of the main stems but also enhances the plant’s ability to withstand and recover from salt-induced damage (Wang et al., 2022).

Putative candidate genes that were linked to SNPs located in the first chromosome encode for the Na+/H+ exchanger, and were associated with the number of ramifications, which plays an important role for alfalfa salt tolerance (Guiza et al., 2022). The Na+/H+ exchanger, located in both the plasma and vacuolar membranes, plays a pivotal role in plants by actively expelling excess sodium ions (Na+) from the cytosol or sequestering them into the tonoplast. This mechanism is essential for mitigating the harmful effects of sodium toxicity (Yang et al., 2005). A study conducted by Li et al. (2011) showed the effective expression of SsNHX (Na+/H+ exchanger) in transgenic alfalfa, which could grow in high concentrations of NaCl (up to 400 mM). In addition, Lei et al. (2015) reported that alfalfa genotypes tolerant to salinity maintain moderately more stable expression levels of genes related to Na+/K+ transport and Na+/H+ exchanger. However, tonoplast and plasma membrane antiporters actively remove sodium ions from the cytosol. This process is powered by the proton-motive force, which is produced by the H+-ATPase in the plasma membrane, as well as the H+-ATPase and H+-pyrophosphatase in the vacuolar membrane. Notably, research has demonstrated that Na+/H+ exchanger was identified within the late endosome/vacuolar compartment, and it has been suggested that its functions may encompass sodium transport, control of water movement, regulation of vesicle volume, and possibly play a role in osmo-tolerance (Silva and Gerós, 2009). Our finding suggested that Na+/H+ exchanger gene holds significant importance in enhancing the proliferation of ramification in alfalfa under salt stress conditions. Its pivotal role lies in facilitating the exchange of nitrogen and hydrogen ions, crucial for mitigating the detrimental effects of salinity on plant growth (Li et al., 2018). This gene ensures the maintenance of optimal nutrient levels and pH balance within plant cells (Guiza et al., 2022), promoting the development of a greater number of ramifications in alfalfa even amidst challenging salt stress environments.

GWAS identified the presence of five common markers associated with both AFW and ADW. Among these markers, MTR_1g053065 was linked to a homologous of the transcription initiation factor IIB, which was found to be involved in pollen and endosperm development in Arabidopsis (Dubos et al., 2010). Similarly, Xu et al. (2019) noted that the comparative transcriptome analysis of five alfalfa genotypes grown under cold stress revealed a gene encoding TFIIB (transcription factor IIB). This marker was differentially expressed in Brassica napus under drought stress using GWAS mapping (Khanzada et al., 2020). In addition, the putative electron transporter was significantly associated with ADW and AFW. MTR_4g058015 is also involved in the regulation of Na+/K+ in alfalfa under salt stress (Li et al., 2010), and was also reported in salt tolerance of rice (Patishtan et al., 2018). Thus, the essential role of TFIIB in our study resulted in the regulation of ionic transport and osmotic adjustment leading to the enhancement of nutrient acquisition by alfalfa grown under salinity.

Furthermore, the association analysis for the ADW revealed that this trait was highly associated with the putative genes encoding for F-box/RNI superfamily protein on chromosome 7. Lechner et al. (2006) noted that F-box protein is a crucial element within the ubiquitin ligase complex, facilitating the ubiquitination process of specific target proteins. This molecular mechanism plays a pivotal role in regulating cellular processes associated with plant defense to fungi infection. This may explain the high significance of the marker encoding this gene in the current study, as it mediates the degradation of specific proteins involved in susceptibility pathways. Through targeted protein degradation, the F-box protein regulates key factors that contribute to the virulence of P. medicaginis or the susceptibility of alfalfa. Similarly, a candidate gene encoding F-box protein was identified in alfalfa, using GWAS, as a negative regulator of resistance to root rot caused by Aphanomyces spp (Bonhomme et al., 2014).

The plant NBS_LRR gene family contains a large class of disease resistance genes (Yu et al., 2020). In this study, a LRR receptor-like kinase family protein was positively associated with AFW and a LRR and NB-ARC domain disease resistance protein was linked to a marker located in chromosome 8 for NCNL. These genes encode proteins that are involved in plant disease resistance (Li et al., 2019). GWAS revealed multiple QTLs related to Verticillium wilt resistance on alfalfa chromosome 8 (Yu et al., 2017). These results imply that alfalfa resistance can be improved by stacking major R genes/QTLs for multiple pathogens associated with AFW trait (Fuchs, 2017).

The annotations of the homologue gene MTR_4g062300 (S4.1_23118171) associated with NCNL pertain to hypothetical proteins with unknown functions. Earlier research has revealed that genes responsible for these hypothetical proteins were notably upregulated either at the transcript or translation level following prolonged exposure to high salt levels. This suggests that certain hypothetical proteins play a role in enhancing salt tolerance in forage plants, as demonstrated by Lin et al. (2021).

Five genes associated with the NCL trait were found to be located on M. truncatula chromosomes 1, 2, 4 and 8. Among them, one encodes the protein involved in DUO pollen-like protein. DUO acquired sperm lineage-specific expression in the common ancestor of land plants leading to sperm with distinct morphologies (Warman et al., 2020). The other one encodes for fatty acid hydroxylase superfamily protein, which has a metabolism control function (Marchler-Bauer et al., 2017). Preserving membrane integrity and fluidity is a crucial aspect of stress adaptation. This involves the collaboration between membrane components and the lipid composition to ensure the resilience of the membrane structure when facing challenging conditions. In this study, under combined stress, alfalfa cell membrane fluidity significantly decreased by the appearance of chlorosis spots on leaves, which is a symptom of salinity stress. As a result, the normal physiological function of membrane-bound proteins is altered (Liu et al., 2015). Previous studies reported the presence of the same putative gene using the GWAS approach in maize grown at low temperatures (Zhang et al., 2020), as well as in wheat under salt and drought stresses (Urbanavičiūtė et al., 2021).

A glycosyl hydrolase family 16 xyloglucan endotrans-glycosylase was found to be linked to the marker S8.1_12523990 associated to NHL. Recent studies have shown that xyloglucan endotrans-glycosylase, a prominent cell wall modifying enzyme, causes cell expansion, with loosening/reinforcing cell walls, particularly in response to environmental stress (Panahabadi et al., 2022). They demonstrated that glycosyl hydrolase family 16 xyloglucan endotrans-glycosylase was included in brassinolide hormone biosynthesis and pathways. Besides, Konkolewska et al. (2023) mentioned that the glycosyl hydrolase family 16 xyloglucans are intricate hemi-cellulosic polysaccharides that undergo biosynthesis within the Golgi apparatus before being transported to the cell wall of alfalfa. These molecules play essential roles in processes such as cell growth and expansion, energy metabolism, and signaling. Our finding suggested that the glycosyl hydrolase family 16 xyloglucan endotrans-glycosylase plays a crucial role in maintaining the number of healthy leaves in alfalfa during fungal infection by enhancing cell wall integrity, activating defense responses, regulating leaf morphology, and promoting nutrient transport.




5 Conclusions

Understanding stress tolerance mechanisms and genes in alfalfa helps identifying suitable genotypes for regions with high level of salinity and P. medicaginis infection, ensuring forage quality and quantity. Most traits assessed in the current study showed high heritability due to genetic factors, suggesting that the five alfalfa genotypes identified as tolerant to the combined stresses could be a valuable resource for the breeding. Using GWAS, we identified a total of 24 significant markers associated with seven traits. Notably, markers such as S8.1_12523990, S4.1_23118171, and S8.1_2278244 were linked to traits related to cell wall rigidity and cellular metabolism. We also found a marker associated with ionic transport. Some markers were linked to the NBS_LRR gene family, which plays a role in biomass and infection parameters, possibly contributing to alfalfa disease resistance.

The validation of the identified markers and genes through functional studies and biochemical assays, coupled with the exploration of gene overexpression techniques, represents a crucial step in marker-assisted selection (MAS). This process offers potential avenues for future research, such as investigating gene editing techniques to manipulate key genes associated with combined stress tolerance. Similarly, the most promising combined-tolerant alfalfa genotypes, containing numerous candidate genes for target traits, could be selected as parents in future crosses aimed at producing genetically superior alfalfa varieties with possibly multiple candidate genes for salinity tolerance, thereby allowing for sustained productivity even in saline-affected soils. Besides, resistance to P. medicaginis infection could mitigate crop losses and reduce the need for chemical interventions. However, ensuring the stability and adaptability of stress-tolerant traits across different environmental conditions and geographic regions will be essential for the widespread adoption of new alfalfa varieties
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