
Evolutionary Relationships and Salt Tolerance within Medicago  

by 

Andrew Hopkins 
 
 
 
 
 

A Thesis Presented in Partial Fulfillment  
of the Requirements for the Degree  

Master of Science  
 
 
 
 
 
 
 
 
 
 

Approved April 2023 by the 
Graduate Supervisory Committee:  

 
Martin Wojciechowski, Chair 

Yujin Park 
Kelly Steele 

 
 
 
 
 
 
 
 
 
 
 
 

ARIZONA STATE UNIVERSITY  

May 2023  



  i 

ABSTRACT  
   

Genome-wide, single nucleotide polymorphisms (SNPs) and germination data were 

analyzed to better understand species delimitation and salt-tolerance within the legume 

genus Medicago. Molecular phylogenies revealed that the widely-used, genomic model 

line R108 and two deeply divergent accessions of Medicago truncatula are in fact more 

closely related to Medicago littoralis than to other accessions representing Medicago 

truncatula. This result was supported by germination data wherein the two accessions 

representing deeply divergent Medicago truncatula demonstrated salt-tolerance that was 

more similar to Medicago littoralis than to other accessions of Medicago truncatula. 

Molecular phylogenies revealed that two additional accessions representing deeply 

divergent Medicago truncatula appear to be more closely related to Medicago italica than 

to other accessions representing Medicago truncatula. The results of the present study 

elucidate complex evolutionary relationships and contribute to the present understanding 

of existing salt-tolerance within Medicago.   
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CHAPTER 1 

ANALYZING COMPLEX RELATIONSHIPS WITHIN MEDICAGO SUBSECT. 

PACHYSPIREAE USING NUCLEAR SNP DATA 

Introduction 

Whole Genome Sequencing of Medicago truncatula and Relatives 

The genus Medicago L. has been subject to extensive genomic study. Interest in factors 

underlying root nodulation, forage suitability, and abiotic stress, coupled with 

advancements in sequencing technology have resulted in several chromosome-level 

assemblies and hundreds of sequenced accessions (e.g. Young et al., 2011; Stanton-

Geddes et al., 2013; Yoder et al., 2013; Moll et al., 2017; Zhou et al., 2017; Pecrix et al., 

2018; Chen et al., 2020). Medicago truncatula Gaertn. garnered special interest as a 

model organism due its small, diploid genome (approximately 500 Mbp), self-

compatibility, and short generation time (summarized by Cook, 1999). Young et al. 

(2011) published the first draft assembly of the M. truncatula genome. The project 

utilized bacterial artificial chromosomes (BAC clones) from the M. truncatula line A17 

(Young et al., 2011). This clone-by-clone sequencing strategy struggled to assemble 

highly repetitive regions and would be improved as sequencing technologies progressed 

(Young et al., 2011). An updated version of the M. truncatula genome was published by 

Tang et al. (2014; Mt4.0), where next generation sequencing (NGS), combined with 

RNA-seq data, uncovered 50,894 genes. Pecrix et al. (2018) used PacBio long-read 

sequencing and optical mapping to publish the most current version of the genome at the 

time of writing (Mt5.0). This version resolved highly repetitive regions and produced the 

assembly in 64 contigs (Pecrix et al., 2018).  
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Interest in the Medicago truncatula genome is not limited to line A17. Hoffman et al. 

(1997) described the increased nitrogen fixing ability of M. truncatula ecotype 108-1 and 

subsequently developed line R108-1, a derivative with increased transformation 

efficiency. The suitability of line R108-1 for transformation using the tobacco 

retrotransposon Tnt1 was a boon to the functional genomic study of Medicago (Cerbah et 

al., 1999, Tadege, Ratet, & Mysore, 2005; Tadege et al., 2008). Moll et al. (2017) 

published the first whole genome assembly of line R108 utilizing PacBio long-read 

sequencing and Dovetail optical mapping. The R108 assembly was subsequently 

improved using Hi-C optical mapping (Kaur et al., 2021; Li et al., 2022). This updated 

R108 assembly was used to re-map Tnt1 insertions that were previously mapped to line 

A17 (Kaur et al., 2021) while Zhou et al. (2017) published a draft pangenome of M. 

truncatula based on 15 de novo assemblies – including both A17 and R108.  

To date, three additional species of Medicago have been assembled at the chromosome-

level. Sequencing the Medicago sativa L. genome was initially frustrated by 

autotetraploidy and self-incompatibility. However, PacBio long-read technology and Hi-

C optical mapping enabled an allele-aware, chromosome-level assembly by Chen et al. 

(2020). The M. sativa assembly was followed by chromosome-level assemblies of both 

Medicago polymorpha L. and Medicago ruthenica L. (Cui et al., 2021; Wang et al., 

2021).  

Beyond the nuclear genome, researchers have successfully assembled whole-chloroplast 

genomes for a range of species within Medicago. Gurdon and Maliga (2014) sequenced 

and assembled 10 plastomes representing different lines of M. truncatula, including 

Jemalong (A17) and R108. Gurdon and Maliga (2014) identified a 45kb plastid in R108 
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relative to A17. The origin and implications of this inversion have been explored via 

whole plastid sequencing and assembly (Jiao et al., 2022; Choi et al., 2022).  Jiao et al. 

(2022) sequenced and assembled plastid genomes representing 18 species across 

Medicago and reported the inversion in several accessions representing Medicago 

littoralis. Choi et al. (2022) assembled 54 plastid genomes from publicly available 

sequence data and reported the plastid inversion in a clade formed by M. littoralis and 

several accessions representing M. truncatula.  

Insights into Evolutionary Relationships within Medicago 

Prior to the availability of whole-genome sequence data, a series of molecular 

phylogenies were inferred using individual molecular markers. Downie et al. (1998) 

sequenced the nuclear ribosomal DNA internal transcribed spacer (nrDNA ITS) of 68 

accessions, representing 65 species of Medicago. The aligned sequence data was 

analyzed by maximum parsimony and maximum likelihood and the resulting gene trees 

were used to trace the loss of an intron in the chloroplast gene: rpoC1 (Downie et al., 

1998). Bena (2001) sequenced nrDNA ITS along with the ribosomal external transcribed 

spacer (ETS) across 53 Medicago species. Maureira-Butler et al. (2008) sequenced 

nuclear genes CNGC5 and β-cop for 60 accessions, representing 56 species of Medicago. 

Interestingly, different nuclear genes produced incongruent phylogenetic signals, 

attributed to incomplete lineage sorting and hybridization (Maureira-Butler et al., 2008). 

Steele et al. (2010) sequenced over 70 species of Medicago for the nuclear gene 

gibberellin 3-β-hydroxylase (GA3ox1) and the chloroplast trnK intron/matK gene region. 

Based on phylogenetic analyses of these genes, Medicago truncatula, Medicago 

littoralis, and Medicago italica formed a strongly supported subclade within the 
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Medicago subsect. Pachyspireae clade (Steele et al., 2010). However, conflicting 

topologies and varying levels of resolution for this group were produced by analyses of 

GA3ox1, ITS, CNGC5, and trnK/matK sequence data (Steele et al., 2010).  

Publication of the M. truncatula genome hastened phylogenetic study of M. truncatula by 

enabling map-based assemblies for an array of species and individuals across the genus. 

Branca et al. (2011) sequenced 26 accessions of M. truncatula to an average depth of 

~15x. When aligned to the A17 genome approximately 3 million single nucleotide 

polymorphisms (SNPs) were identified and used to calculate nucleotide diversity for the 

species (Branca et al., 2011). Stanton-Geddes et al. (2013) sequenced 288 accessions 

from the INRA core collection of M. truncatula, to an average depth of ~8x. The reads 

were aligned to the A17 genome and 5,000 random SNPs were used to produce a 

neighbor-joining tree. Yoder et al. (2013) added to the breadth of species studied by 

sequencing 29 taxa, representing 24 generally recognized species of Medicago, to an 

average depth of ~10.2x. When aligned to the A17 genome, more than 87,000 SNPs were 

identified and subsequently used in parsimony analysis (Yoder et al., 2013). A recurring 

group of deeply divergent M. truncatula accessions is identified in each of the 

phylogenetic studies reviewed above (Branca et al., 2011; Stanton-Geddes et al., 2013; 

Yoder et al., 2013).   

The studies described above utilize plastid structure and nuclear SNP data to indicate the 

misidentification of line R108 and other deeply divergent accessions as M. truncatula. 

Jiao et al. (2022) and Choi et al. (2022) report that line R108 demonstrates plastid 

structure that is more similar to M. littoralis than M. truncatula. Furthermore, analysis of 

nuclear SNP data indicates that deeply divergent accessions of M. truncatula are more 
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closely related to M. littoralis and M. italica (Branca et al., 2011; Stanton-Geddes et al., 

2013; Yoder et al., 2013). The goal of the present study is to examine these misidentified 

accessions using an updated, comprehensive nuclear SNP dataset. I hypothesize that 

R108, and other deeply divergent accessions of M. truncatula, are in fact more closely 

related to Medicago littoralis and Medicago italica, than to other accessions of M. 

truncatula.  

Materials and Methods 

Sampling 

The present study samples 24 accessions, with one accession representing line A17 

(HM101) and two accessions representing line R108 (HM029 and HM340) (Appendix 

A). Note that HM029 is identified as Medicago tricycla in the Medicago Analysis Portal 

(Appendix A). Seventeen accessions are identified as M. truncatula in Stanton-Geddes 

(2013), four of which are categorized as highly divergent (HM274, HM250, HM255, and 

HM258) (Appendix A).  HM250 and HM274 are identified as Medicago murex in the 

Medicago Analysis Portal and are used as an outgroup for subsequent analyses 

(Appendix A). Yoder et al. (2013) discusses two highly divergent accessions which are 

likely misidentified as M. truncatula (HM017 and HM022) both of which are included 

here (Appendix A). One accession is identified as Medicago italica (HM324) and another 

accession is identified as M. littoralis (HM030) in the Medicago Analysis Portal 

(Appendix A). HM018 was excluded from analyses, as sequence data likely represents a 

mixture of 2 different accessions (Nevin Young, University of Minnesota, personal 
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communication) and is no longer included in available germplasm by the Medicago 

Analysis Portal.  

Dataset Construction 

Variant call data was downloaded from the Medicago Analysis Portal 

(https://medicago.legumeinfo.org). The Epstein-Burghardt variant call dataset 

(unpublished) aligns available HapMap sequence data to Mt5.0, the most current version 

of the M. truncatula genome available. The Mt5_qual30_primitives.2021-09-29.bcf 

dataset was used as a starting point for dataset filtering. Filtering with bcftools was 

performed in the following order (Li et al., 2011). First, invariant sites were removed by 

filtering for a minimum quality score of 30 (bcftools view --include "QUAL>30"). 

Genotypes without depth statistics were set to missing (bcftools +setGT -- -t q -n . -i 

FMT/DP=="."). Genotypes with coverage less than 5x, or greater than 200x, were set to 

missing (bcftools +setGT -- -t q -n . -i FMT/DP>5; bcftools +setGT -- -t q -n . -i 

FMT/DP>200). Genotypes with a phred-scaled quality score less than 30 (i.e. accuracy < 

99.9%) were also set to missing (bcftools +setGT -- -t q -n . -i FMT/GQ<30). 

Subsequently, any site missing data for more than 3 samples was removed (bcftools view 

-e COUNT(FORMAT/GT="mis")>3). Indels were removed, limiting downstream 

analyses to SNPs (bcftools view -v snps). From the remaining SNPs, multivariant sites 

and heterozygous genotypes were removed, limiting downstream analysis to biallelic, 

homozygous variants (bcftools view -m2 -M2 and bcftools view -g ^het).  

The filtered SNP dataset was pruned for linkage disequilibrium using PLINK (Purcell et 

al., 2007). A window size of 50 bp and a step size of 5 bp were used as sliding window 
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parameters. The inflation factor was conservatively set to 7 (plink --indep 50 5 7 --allow-

extra-chr). Finally, the SNP dataset was limited to nuclear sites using bcftools (bcftools 

view -r medtr.gnm5.A17.MtrunA17Chr1, medtr.gnm5.A17.MtrunA17Chr2, 

medtr.gnm5.A17.MtrunA17Chr3, medtr.gnm5.A17.MtrunA17Chr4 

,medtr.gnm5.A17.MtrunA17Chr5, medtr.gnm5.A17.MtrunA17Chr6, 

medtr.gnm5.A17.MtrunA17Chr7, medtr.gnm5.A17.MtrunA17Chr8). 

Phylogenetic Analyses 

Maximum parsimony analysis of the concatenated nuclear SNP dataset was performed 

using PAUP* version 4.0a (Swofford, 2002). HM250 and HM274, M. murex, were set as 

outgroup taxa. A heuristic search for the most parsimonious trees was executed with no 

topological constraints. To estimate branch support, 100 non-parametric bootstrap 

replicates were executed with no topological constraints and Maxtrees set to 1,000. The 

same parameters were applied for maximum parsimony analysis of each chromosome 

individually. The resulting Newick tree files were visualized with ggtree (Yu et al., 

2017). 

Maximum likelihood analysis of the concatenated SNP dataset was performed using 

RAxML version 8.2.12 (Stamatakis, 2014). HM250 and HM274, M. murex, were set as 

outgroup taxa. A rapid bootstrap analysis using 50 replicates (determined by autoMRE) 

was followed by a maximum likelihood search. A GTR substitution matrix with Lewis 

correction for ascertainment bias was used, as the SNP dataset does not contain invariant 

sites. The same parameters were applied to maximum likelihood analysis of each 
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chromosome individually. The resulting Newick tree files were visualized using ggtree 

(Yu et al., 2017). 

Detecting translocation between chromosomes 4 and 8 

Pecrix et al. (2018) localized breakpoints of a translocation in line A17 to positions 

46,925,611 of Chromosome 4 and 37,031,558 of Chromosome 8. Sequence from genes 

on either side of each breakpoint were queried against the 

Medicago_truncatula_Genomic_Sequence_Collection using BLAST 

(https://medicago.legumeinfo.org/). The search returned scaffold-level positioning of the 

genes in R108_HiC, HM056, HM058, and HM125, which were tested for synteny across 

the breakpoints (Table 2).   

Results 

After filtering and pruning for linkage disequilibrium, the concatenated nuclear SNP 

dataset comprised 63,773 SNPs with a mean coverage of ~50 reads per site (Table 1). 

Parsimony Analysis with PAUP* 

PAUP* removed 28,124 uninformative characters, leaving 35,649 informative characters. 

A heuristic search of the concatenated SNP dataset tried 4,311 rearrangements and 

retained one most parsimonious tree. An 80% majority-rule consensus tree of the 

bootstrap replicates is presented in Figure 1a. Medicago littoralis (HM030) and M. italica 

(HM324) form a strongly supported clade (100% BS, bootstrap) sister to M. truncatula 

(HM034, HM010, HM005 HM004, HM056, HM060, HM058, HM185, HM050, HM095, 

HM125, HM129, HM023, and HM101). Medicago littoralis (HM030) forms a strongly 

supported clade (100% BS) with two accessions representing line R108 (HM340 and 
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HM029) and two accessions representing deeply divergent M. truncatula (HM017 and 

HM022). Medicago italica (HM324) forms a strongly supported clade (100% BS) with 

two accessions representing deeply divergent M. truncatula (HM255 and HM258). 

Within the M. truncatula clade, line A17 (HM101) forms a subclade (95% BS) with three 

other accessions representing M. truncatula (HM056, HM058, and HM125). Five 

accessions (HM185, HM095, HM060, HM034, and HM129) form a second subclade 

within M. truncatula (100% BS).  

The 80% majority rule consensus trees produced by separate analysis of each 

chromosome are presented in Figure 1b. The clade formed by M. littoralis (HM030) and 

M. italica (HM324), sister to M. truncatula (HM034, HM010, HM005 HM004, HM056, 

HM060, HM058, HM185, HM050, HM095, HM125, HM129, HM023, and HM101), is 

resolved by separate analysis of SNP data from all eight chromosomes, as is the clade 

formed by M. littoralis (HM030), R108 (HM029 and HM340), HM017, and HM022 and 

the clade formed by M. italica (HM324), HM255, and HM258. The subclade formed by 

A17 (HM101), HM056, HM058, and HM125 is resolved by separate analysis of 

chromosomes two, three, four, five, and seven. The subclade formed by HM185, HM095, 

HM060, HM034, and HM129 is not resolved by any separate analysis of any individual 

chromosome. 

Maximum Likelihood Analysis with RAxML 

The best-scoring maximum likelihood tree (Final ML Optimization Likelihood: 

521902.9), with estimated branch support from 50 bootstrap replicates, is presented in 

Figure 2a. The results produced by maximum likelihood analysis were consistent with the 



  10 

results produced by maximum parsimony. Medicago littoralis (HM030) and M. italica 

(HM324) form a strongly supported clade (100% BS) sister to M. truncatula. Medicago 

littoralis (HM030) forms a strongly supported clade (100% BS) with line R108 (HM029 

and HM340), HM022, and HM017. Medicago italica (HM324) forms a strongly 

supported clade (100% BS) with HM255 and HM258. Line A17 (HM101) forms a 

strongly supported subclade (100% BS) with HM056, HM058, and HM125, with slightly 

higher support than the results produced by maximum parsimony analysis. HM185, 

HM095, HM060, HM034, and HM129 form a strongly supported subclade (100% BS).  

Best-scoring maximum likelihood trees produced by separate analysis of each 

chromosome are presented in Figure 2b. The clade formed by M. littoralis (HM030) and 

M. italica (HM324) sister to M. truncatula is resolved by separate analysis of all eight 

chromosomes as is the clade formed by M. littoralis (HM030), R108 (HM029 and 

HM340), HM022, and HM017 and the clade formed by M. italica (HM324), HM255, and 

HM258. The subclade formed by A17 (HM101), HM056, HM058, and HM125 is 

resolved by separate analysis chromosomes two, three, four, five, and seven, similar to 

the results obtained with the maximum parsimony analyses. The subclade formed by 

HM185, HM095, HM060, HM034, and HM129 is not resolved by separate analysis of 

any individual chromosomes. 

Translocation between Chromosomes 4 and 8 

Synteny across the translocation breakpoints are presented for A17, R108, HM056, 

HM058, and HM125 in Table 2. As expected, genes are syntenic across the same 

breakpoint for A17, while genes are syntenic across opposite breakpoints for R108_HiC, 
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indicating that it does not share the translocation with A17. Similarly, genes were 

syntenic across opposite breakpoints for HM056, HM058, and HM125. 

Discussion 

Clade formed by M. littoralis and R108 

Line R108 is typically described as a variety, ecotype, or subspecies of Medicago 

truncatula (Yoder et al., 2013; Gurdon & Maliga, 2014; Wang et al., 2014; Li et al., 

2022). Common designations for R108 are “M. tricycla” or “M. truncatula var tricycla”. 

However a well-known authority on Medicago, E. Small (2011), treats M. tricycla DC. as 

a heterotypic synonym (“based on a type … that is different from the accepted scientific 

name” p. 704) for M. italica, M. tricycla Senn. nom. nud. as a heterotypic synonym for 

M. littoralis, and M. truncatula Gaertn. var. tricycla as a heterotypic synonym for M. 

truncatula.  

In the present study, line R108 (HM029 and HM340) appears to be more closely related 

to Medicago littoralis (HM030) than to other accessions of M. truncatula (Figure 1; 

Figure 2). This result is consistent with previous morphological, cytological, and 

molecular comparisons between R108 and M. truncatula. Hoffman et al. (1997) 

documented the morphological and physiological differences between R108 and 

Jemalong (A17), including shorter seed-to-seed germination times, leaf shape, leaf 

pigmentation, seed pod morphology, and seed shape. The increased transformation 

efficiency of R108 compared to A17 is widely recognized in the functional study of the 

Medicago genome (Tadege, Ratet, & Mysore, 2005).  
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The first assembly of the R108 genome revealed that 5.7% of R108 sequence could not 

be identified in the A17 genome, indicating novel R108 sequence and R108-specific 

genes that were either deleted from A17 or derived in R108 (Moll et al., 2017). Gurdon 

and Maliga (2014) identified a 45kbp plastid inversion in R108 relative to Jemalong 

(A17). Jiao et al. (2022) identified the same 45kbp plastid inversion in two accessions of 

M. littoralis. Choi et al. (2022) present a whole-plastid phylogeny in which R108 forms a 

clade with M. littoralis (HM030). The accessions with sufficient sequence data in the M. 

littoralis clade presented by Choi et al. (2022) demonstrate the same 45kbp plastid 

inversion described by Gurdon and Maliga (2014). Li et al. (2022) describe structural 

variants with potential phenotypic effects between R108 and A17.  

In addition to R108, two accessions representing deeply diverged Medicago truncatula 

(HM017 and HM022) appear to be more closely related to M. littoralis than to other 

accessions of M. truncatula (Figures 1, 2). This result is consistent with previous 

molecular phylogenies of Medicago. Branca et al. (2011) removed HM017 and HM022 

from their analysis based on a plastid phylogeny that indicated HM017 and HM022 “are 

more closely related to M. tricycla (HM029) and M. littoralis (HM030)” than to M. 

truncatula (p. E869).  

In a parsimony analysis presented by Yoder et al. (2013), HM017 and HM022 were 

placed in a clade with M. littoralis (HM030), indicating that “their identification as M. t. 

truncatula is incorrect” (p. 434).  
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Clade formed by M. italica 

In the present study, two accessions representing deeply divergent M. truncatula (HM255 

and HM258) appear to be more closely related to M. italica (HM324) than other 

accessions of M. truncatula (Figures 1, 2). This result is consistent with previous 

molecular phylogenies of Medicago. Stanton-Geddes et al. (2013) removed 18 accessions 

(including HM255 and HM258) from an association study of the M. truncatula genome 

because the accessions were highly divergent from other M. truncatula. In a trnK 

intron/matK gene tree presented by Choi et al. (2022), HM255 and HM258 were placed 

in a clade with M. italica. 

M. truncatula subclades 

Phylogenetic analyses of the concatenated SNP dataset revealed that HM058, HM125, 

and HM056 are more closely related to A17 (HM101) than to other accessions of M. 

truncatula. Interestingly, a defining feature of this clade appears to be an original 

collection location in Spain (Ronfort et al. 2006) (Appendix A) (Figure 3). This result is 

consistent with population structure analysis performed by Ronfort el al. (2006), which 

assigned Jemalong (A17) to the Spanish-Moroccan group. However, accessions HM058, 

HM125, and HM056 do not appear to share the A17 translocation between chromosomes 

4 and 8 (Table 2). This result is consistent with previous studies that indicate A17 is the 

only accession of M. truncatula which possesses this translocation (Cerbah et al., 1999; 

Kamphuis et al., 2007; Young et al., 2011; Tang et al., 2014; Pecrix et al., 2018; Moll et 

al., 2017; Kaur et al., 2021; Li et al., 2022).  
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The translocation was first suggested by Cerbah et al. (1999) based on fluorescent in-situ 

hybridization (FISH) analysis of 5S rDNA. The translocation was confirmed by 

Kamphuis et al. (2007) based on pollen viability and linkage analysis. Hybrids involving 

A17 and other lines of M. truncatula showed less than 50% pollen viability, as opposed 

to hybrids excluding A17, which showed nearly 100% pollen viability; suggesting that 

the translocation is private to A17 (Kamphuis et al., 2007). Genetic mapping of hybrids 

involving A17 produced seven linkage groups, as opposed to the expected eight 

(Kamphuis et al., 2007). Markers from groups 4 and 8 formed a single linkage group in 

these hybrids (Kamphuis et al., 2007). The A17 translocation was further supported by 

whole-genome assemblies of A17, R108, M. sativa, and M. ruthenica (Young et al., 

2011; Tang et al., 2014; Pecrix et al., 2018; Moll et al., 2017; Kaur et al., 2021; Li et al., 

2022; Shen et al., 2020; Wang et al., 2021).  

Based on phylogenetic analysis of the concatenated SNP dataset, a second subclade was 

formed within M. truncatula by five accessions collected in France (HM185, HM095, 

HM060, HM034, and HM129) (Ronfort et al., 2006) (Appendix A; Figure 3).  

Conclusion 

Accurate species identification is important for the design and interpretation of 

comparative and functional genomics. The goal of the present study was to analyze 

complex evolutionary relationships within Medicago subsect. Pachyspireae, focusing on 

accessions of M. truncatula with uncertain species identification. Phylogenetic analyses 

of nuclear SNP data support the hypothesis that such accessions are more closely related 

to M. littoralis and M. italica, than to other accessions of M. truncatula. Notably, line 
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R108 forms a strongly supported clade with M. littoralis, calling into question its 

classification as a subspecies, variety, or ecotype of M. truncatula. This conclusion is 

consistent with previous studies of whole-plastome sequence data and structure (Gurdon 

and Maliga, 2014; Jiao et al., 2022; Choi et al., 2022).  

Within the clade formed by M. truncatula, two subclades emerge with a geographic basis. 

Line A17 formed a subclade with three accessions originally collected in Spain. This 

result is consistent with microsatellite data and suggests a geographic origin of the 

Jemalong cultivar (Ronfort et al., 2006). Interestingly, A17 is the only member of this 

clade that demonstrates the characteristic translocation between chromosomes 4 and 8. 

This result supports the hypothesis that the translocation is private to A17 (Kamphuis et 

al., 2007). 
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Table 1. Number of polymorphic sites in the nuclear SNP dataset by chromosome, proportion of sites missing data, mean coverage 
(number of reads per site), standard deviation of coverage, minimum coverage (depth), and maximum coverage (depth), by 
chromosome. 

Chromosome 
Number of  
Sites 

Proportion of 
Sites  
Missing Data 

Coverage Mean 
(number of reads 
per site) 

Coverage  
Standard 
Deviation 

Minimum 
Depth 

Maximum 
Depth 

1 9596 0.12 49.78 40.39 5 200 
2 7444 0.12 49.76 40.51 5 200 
3 8765 0.12 50.06 40.64 5 200 
4 10207 0.12 49.99 40.56 5 200 
5 7734 0.12 50.09 40.69 5 200 
6 4220 0.12 50.05 40.85 5 200 
7 7913 0.12 50.04 40.60 5 200 
8 7894 0.12 49.86 40.52 5 200 
Total  63773 0.12 49.95 40.57 5 200 
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Table 2. Synteny of genes across the breakpoints of the A17 translocation between 
chromosomes 4 and 8 in Medicago truncatula.. Syntenic pairs are highlighted in yellow. 
Genes are syntenic across the same breakpoint in A17. Genes are syntenic across 
opposite breakpoints for R108_HiC_1, HM056, HM058, and HM125.  
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Figure 1. (a) Phylogenetic relationships within Medicago subsect. Pachyspireae based on maximum parsimony analysis of the 
concatenated, nuclear SNP dataset. Tree shown is an 80% majority-rule consensus of 100 bootstrap replicates. Numbers along 
branches indicate bootstrap support. The M. truncatula subclade formed by A17 (HM101) and three additional accessions of M. 
truncatula is highlighted as “truncatula_2”. The clade formed by M. littoralis (HM030), R108 (HM029 and HM340), and two 
highly divergent M. truncatula (HM022 and HM017) is highlighted as “littoralis”. The clade formed by M. italica and two highly 
divergent M. truncatula (HM255 and HM258) is highlighted as “italica”. (b-c) Maximum parsimony analyses of nuclear SNP data 
by chromosome. Trees shown are 80% majority-rule consensus trees of bootstrap replicates. Nodes with less than 80% bootstrap 
support are collapsed.  
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Figure 2. (a) Phylogenetic relationships within Medicago subsect. Pachyspireae based on maximum likelihood analysis of the 
concatenated, nuclear SNP dataset. Tree shown is the best-scoring maximum likelihood tree (Final ML Optimization Likelihood: -
521902.9) with estimated branch support from 50 bootstrap replicates. The M. truncatula subclade formed by A17 (HM101) and 
three additional accessions of M. truncatula is highlighted as “truncatula_2”. The clade formed by M. littoralis (HM030), R108 
(HM029 and HM340), and two highly divergent M. truncatula (HM022 and HM017) is highlighted as “littoralis”. The clade 
formed by M. italica and two highly divergent M. truncatula (HM255 and HM258) is highlighted as “italica”. (b-c) Maximum 
likelihood analysis of nuclear SNP data by chromosome. Trees shown are best-scoring maximum likelihood trees. Nodes with less 
than 80% bootstrap support are collapsed.   
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Figure 3. (a) Phylogenetic relationships within the Medicago truncatula clade based on 
maximum parsimony analysis (see Figure 1). (b)Tip labels are mapped based on 
coordinate data published by Ronfort et al. (2006). A subclade formed by accessions 
collected in Corsica is highlighted and colored red. A subclade formed by accessions 
collected in Spain and A17 (HM101) is highlighted and colored in orange. 
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CHAPTER 2 

EVALUATING GERMINATION SALT-TOLERANCE WITHIN AND BETWEEN 

MEDICAGO TRUNCATULA AND CLOSE RELATIVES 

Introduction 

Saline and salt-affected soils are found in over 100 countries, affecting an estimated one 

billion hectares (ha) worldwide (FAO-ITS-GSP, 2015). High levels of salinity lead to 

osmotic pressure, ion toxicity, and oxidative stress; affecting plants at all stages of 

development (Rengasamy, 2010; Liang et al., 2018). Mechanisms of soil salinization are 

categorized as primary (natural causes) or secondary (anthropogenic causes) (Hassani et 

al., 2021). Primary mechanisms of salinization include natural rock weathering and 

oceanic salt deposition through rainfall and wind (FAO-ITPS-GSP, 2015; Hassani et al., 

2021). Secondary mechanisms of salinization include: excessive fertilizer application, 

irrigation with saline water, seawater intrusion, and overexploitation of underground 

freshwater (Rengasamy, 2010; FAO-ITPS-GSP, 2015; Eswar et al., 2021; Hassani et al., 

2021). Secondary soil salinization currently affects 76 million ha worldwide, however 

human-induced salinization is expected to increase with climate change and rising 

surface temperatures (FAO-ITS-GSP, 2015; Hassani et al., 2021).  

Climate models predict that the land area experiencing extreme-to-exceptional drought 

will more than double, from 3% to 7%, over the next century (Pokhrel et al., 2021). 

Increased evapotranspiration and reduced rainfall lead to an accumulation of salts in 

upper soil layers (FAO-ITPS-GSP, 2015; Eswar et al., 2021; Hassani et al., 2021). 

Drought conditions increase reliance on brackish and waste-water for irrigation, further 
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increasing soil salinization (Eswar et al., 2021; Hassani et al., 2021). Salinization by 

seawater intrusion is expected to increase as an estimated 70% of coastlines experience 

sea-level rise over the next century (Eswar et al., 2021).  

Approximately 1.5 million ha of farmland are taken out of production each year due to 

problems arising from salinity, with an additional 20-45 million ha losing production 

potential (FAO-ITPS-GSP, 2015). As of 2013, losses in crop yield due to salinity was 

estimated to be $441 ha-1, totaling $27 billion lost in production annually (Qadir et al., 

2014). 

Established Salt Tolerance in Medicago truncatula and relatives 

One strategy to address soil salinization is to identify mechanisms of salt-tolerance and to 

develop more salt tolerant crops. An array of salt-tolerant species, populations, and 

cultivars of the legume genus Medicago L. (“alfalfa” and relatives) have been identified 

through laboratory, greenhouse, and field experiments. For example, Monirifar & Barghi 

(2009) tested five alfalfa (M. sativa) cultivars,identified two salt-tolerant cultivars 

‘Malekan’ ‘Ahar-Hourand’, that showeded minimal reductions in forage yield and 

chlorophyll content under salt stress. Scasta et al. (2012) tested 12 alfalfa cultivars, 

identified one salt-tolerant cultivar (M. sativa ‘Salado’), and demonstrateded a higher 

mean germination percentage compared to all other alfalfa cultivars under high salt-

stress. Sarri et al. (2021) report that M. arborea is more tolerant to 100 mM NaCl 

application than M. sativa, showing a 10% reduction in growth size compared to 20% in 

alfalfa. Guan et al. (2009) demonstrated the salt-tolerance of wild M. ruthenica seed, 
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showing consistent germination percentages up to 100 mM treatments with NaCl, and 

roughly 50% reduction in germination percentage under 200 mM treatment with NaCl. 

Extensive research has been conducted on Medicago annuals growing in Tunisia, where 

approximately 9% of the total surface and 25% of the cultivated area is affected by 

salinity (Aloui et al., 2022). The natural salinity gradient provides an excellent system for 

researchers to search for salt-tolerant populations (Lazrek et al., 2009; Arraouadi et al., 

2011; Castro et al., 2013; Cordeiro et al., 2014; Friesen et al., 2014; Mbarki et al., 2020; 

Aloui et al., 2022). Cordeiro et al. (2014) demonstrate that Tunisian accessions of 

Medicago truncatula, originating from saline environments, tolerate saline treatments 

during germination better than accessions originating from non-saline environments, 

consistent with results presented by Friesen et al. (2014).  Mbarki et al. (2020) evaluated 

nine wild populations of Medicago, representing three species (M. ciliaris, M. scutellata, 

and M. intertexta). Three populations of M. ciliaris and one population of M. intertexta 

were identified as salt-tolerant according to germination percentages under 200mM 

treatment with NaCl (Mbarki et al., 2020). Khalil et al. (2011) report higher salt tolerance 

of M. ciliaris compared to M. polymorpha in germination under saline conditions. 

Differences in salt-tolerance have also been reported for two important reference lines of 

Medicago truncatula: A17 and R108. Wang et al. (2014) conclude that R108 is more 

susceptible to mineral toxicity and deficiency than A17. Specifically, R108 experienced a 

greater reduction in K+ concentration relative to A17 (Wang et al., 2014). Increasing the 

ratio of potassium to sodium ions in plant tissues to resist osmotic pressure is an 

important adaptive response to elevated (Wang et al., 2014). 
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Analysis of nuclear SNP data presented in Chapter 1 supports the hypothesis that line 

R108 and other deeply divergent accessions of Medicago truncatula are in fact more 

closely related to the sister species Medicago littoralis and Medicago italica. Medicago 

littoralis (“shore medic”) and M. italica are found in moderate, coastal climates on well 

drained, sandy soils (Small, 2011). Moderate salt-tolerance has been reported for M. 

littoralis (Small, 2011). M. truncatula grows inland under a range of climatic conditions. 

Limited salt-tolerance has been reported for populations of M. truncatula growing in 

Tunisia. The goal of the present study is to collect phenotypic data (i.e. germination salt-

tolerance) to further study the complicated identification of line R108 and other deeply 

divergent accessions of M. truncatula. I predict that the misidentified accessions will 

exhibit salt-tolerance more similar to M. littoralis than to other accessions of M. 

truncatula.  

Original collection locations for many of the accessions sampled here are well-

documented (Ronfort et al., 2006). It has been reported that populations of M. truncatula 

collected from environments with high soil salinity exhibit greater salt-tolerance than 

populations collected from environments with lower salinity (Cordeiro et al., 2014; 

Friesen et al., 2014). Using predicted soil salinity data published by Ivushin et al. (2019), 

I will also test the hypothesis that accessions collected from locations with high predicted 

salinity exhibit greater germination salt-tolerance than accessions collected from 

locations with lower predicted salinity.  
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Materials and Methods 

 Sampling  

The present study includes 13 accessions from the Medicago HapMap germplasm. One 

accession represents M. littoralis (HM030), one accession represents M. italica (HM324), 

and the remaining accessions are typically treated as M. truncatula (HM017, HM022, 

HM029, HM023, HM050, HM095, HM129, HM185, HM058, HM101, and HM125) 

(https://medicago.legumeinfo.org). Phylogenetic analysis suggests that three of the 

accessions (HM017, HM022, and HM029) are more closely related to M. littoralis than 

they are to other accessions identified as M. truncatula (Branca et al., 2011; Yoder et al., 

2012; Choi et al., 2022; Appendix B; Figure 4a).  

Seed preparation 

Seeds were manually removed from pods with forceps to avoid damage (Garcia et al., 

2006). Obviously discolored and malformed seeds were removed from analysis at this 

stage (Supplementary Figure 1). After removal from pods, seeds were acid scarified 

following a modified procedure from Garcia et al. (2006). Seeds were submerged in 

concentrated, anhydrous sulfuric acid with intermittent agitation. Progress was monitored 

by observing for small black dots on the tegument surface, with seeds removed from the 

sulfuric acid after 19 minutes. After decanting the sulfuric acid, seeds were rinsed 3 times 

using chilled, distilled water. 

Following scarification, seeds were sterilized using a 1% ZeroTol 2.0 solution (27.1% 

hydrogen peroxide and 2.0% peroxyacetic acid). Per documentation by the Office of 
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Chemical Safety and Pollution Prevention (2018), seeds were soaked in the ZeroTol 2.0 

solution for two minutes and were not rinsed following sterilization. 

Germination experiment 

Scarified and sterilized seeds were immediately transferred to 100 mm petri dishes. 

Thirty seeds from each accession were divided evenly between a control group and two 

treatment groups. Seeds were placed between two pieces of 100 mm, autoclaved 

Whatman filter paper with 4.5 mL of the appropriate treatment solution. Autoclaved 

water was applied to seeds in the control group, 25 mM NaCl solution was applied to 

seeds in the first treatment group, and 50 mM NaCl solution was applied to seeds in the 

second treatment group. Petri dishes were sealed with Parafilm to maintain humidity. The 

sealed dishes were placed in a dark growth chamber and maintained at 25.0 ºC and 

monitored daily for germination. In a pilot experiment, it was noted that the filter paper 

went completely dry after five days. In all subsequent germination experiments, half of 

the original volume (2.25 mL) of the appropriate treatment solution was applied to each 

dish. After 10 days, ungerminated seeds were transferred to a recovery dish, where 4.5 

mL of autoclaved water was applied. Germination in the recovery dishes was monitored 

daily over four days. Following the recovery period, germinated seeds were transferred to 

soil and grown to a small size (10-15 cm). The seedlings were pressed to produce 

voucher specimens from which DNA could be extracted at a future time if desired. The 

experiment was replicated twice, providing two observations for most accessions.  
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Determining experimental and environmental soil salinity 

A common measure of soil salinity is electrical conductivity (EC). EC measures the 

ability of soil water to carry an electrical current, and is influenced by the concentration 

of dissolved ions such as sodium and chloride among others. A pH and electrical 

conductivity meter (HI9814; Hanna Instruments, Woonsocket, RI, USA) was used to 

measure the EC for the control and each treatment solutions.  

Original collection coordinates for each accession, published by Ronfort et al. (2006), 

were used to create a point layer in QGIS (QGIS.org, 2023; Figure 4a). The original 

collection point layer was joined with published shapefiles containing soil salinity 

predictions for the years 2000, 2002, 2005, and 2009 (Ivushkin et al., 2019; Figure 4b). 

Soil salinity is categorized and scored by Ivushkin et al. (2019) as follows: non-saline 

(EC <2 ms·cm-1, score=0), slightly saline (EC 2-4 ms·cm-1, score=1), moderately saline 

(EC 4-8 ms·cm-1, score=2), highly saline (EC 8-16 ms·cm-1, score=3), and extremely 

saline (EC >16 ms·cm-1, score=4). The average salinity score was recorded for each of 

the accessions (Appendix B). Accessions with an average score greater than zero were 

placed into a category of high salinity, while accessions with an average score of zero 

were placed into a category of low salinity (Appendix B). In other words, accessions that 

scored as saline in at least one year were grouped together in the high salinity category.   

Measures of germination success 

Seeds were counted as germinated when radicle length met or exceeded 3 mm. Seeds that 

did not germinate after four days of recovery were treated as inviable. The number of 

inviable seeds for each replicate was subtracted from 10 to calculate a corrected total 
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germination number (Rumbaugh, 1991). Final germination proportion was calculated by 

dividing the number of germinated seeds by the corrected total (Rumbaugh, 1991). 

Germination rate was calculated following a modified formula from Esechie (1994) and 

Khalil et al. (2011). The index was calculated as follows: 

 Germination Rate Index  = (G1 / 1) + (G2 / 2) + ... + (Gx / x) 

where Gx is the proportion of seeds that germinated x days after sowing.  

Finally, germination inhibition was calculated by dividing the proportion of seeds that 

germinated under a given treatment by the proportion of seeds that germinated under 

control conditions of the same replication (Rumbaugh, 1991). Germination proportions, 

rates, and inhibition reported in Appendix B represent the mean between two replicates. 

Results 

The measured EC of the 0 mM NaCl (control), 25 mM NaCl, and 50 mM NaCl solutions 

were 0.03 ms·cm-1, 2.74 ms·cm-1, and 5.42 ms·cm-1,  respectively. 

Differences by treatment 

The mean germination percentage under control conditions was 94% (Table 3a). The 

mean germination percentage of seeds treated with 25 mM and 50 mM NaCl was 91% 

and 75%, respectively (Table 3a). The difference in germination percentage between the 

control and 25 mM NaCl treatment was not significant (Table 3b). Mean germination 

percentage was significantly lower in the 50 mM NaCl treatment groups compared to 

both the control and 25 mM treatment groups (p<0.05) (Table 3b; Figure 5a).  
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The mean germination rate was 1.44 under control conditions, 0.77 in the 25 mM NaCl 

treatment group, and 0.53 in the 50 mM NaCl treatment group (Table 3a). Differences in 

germination rates were significant between all treatment groups (p<0.01) (Table 3b; 

Figure 5b). Mean germination inhibition was 0.98 in the 25 mM NaCl treatment group 

and 0.80 in the 50 mM NaCl treatment group (Table 3a). Inhibition was significantly 

lower in the 25 mM treatment group compared to the 50 mM treatment group (p<0.05) 

(Table 3b; Figure 5c).  

The mean percentage of seeds that germinated in recovery was 11.1% for the control 

group, 32.5% for the 25 mM NaCl treatment groups, and 38.7% for the 50m M NaCl 

treatment groups (Table 3a). The difference in germination proportion under recovery 

conditions was not significant between treatment groups (Table 3b).  

Differences by environmental salinity 

Accessions collected from environments with low predicted soil salinity had a mean 

germination proportion of 0.90 under control conditions, 0.91 under treatment with 25 

mM NaCl, and 0.70 under treatment with 50 mM NaCl (Table 4a). Accessions collected 

from environments with high predicted soil salinity had mean germination proportions of 

0.95 under control conditions, 0.89 under treatment with 25 mM NaCl, and 0.76 under 

treatment with 50 mM NaCl (Table 4a). Differences in mean germination proportion 

were not significant between accessions collected from environments with low versus 

high predicted soil salinity (Table 4b; Figure 6a).  

The mean germination rates of accessions collected from environments with low 

predicted soil salinity were 1.42, 1.00, and 0.59 in the control, 25 mM NaCl, and 50 mM 
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NaCl treatment groups, respectively (Table 4a). The mean germination rates of 

accessions collected from environments with high predicted soil salinity were 1.36, 0.59, 

and 0.48 in the control, 25 mM NaCl, and 50 mM NaCl treatment groups, respectively 

(Table 4a). Differences in germination rate between accessions collected from low versus 

high predicted soil salinity were not significant in the control or the 50 mM NaCl 

treatment groups (Table 4b). However, germination rates in the 25 mM NaCl treatment 

group were significantly higher for accessions collected from regions with low predicted 

soil salinity compared to accessions collected from regions with high predicted salinity 

(Table 4b; Figure 6b).  

Mean germination inhibition for accessions collected from locations with low predicted 

soil salinity was 1.01 and 0.79 in the 25 mM and 50 mM NaCl treatment groups, 

respectively (Table 4a). Mean germination inhibition for accessions collected from high 

predicted soil salinity was 0.96 and 0.78 in the 25 mM and 50 mM NaCl treatment 

groups, respectively (Table 4a). Differences in germination inhibition between accessions 

collected from locations with low versus high predicted soil salinity were not significant 

in either treatment group (Table 4b, Figure 6c).  

Differences by clade 

The germination proportions for the accession representing Medicago italica (HM324) 

was: 0.95 in the control group, 0.70 in the 25 mM NaCl treatment group, and 0.90 in the 

50 mM treatment group (Table 5a). The mean germination proportion for the accessions 

assigned to the ‘littoralis’ clade (HM030, HM029, HM017, and HM022) was: 0.91 in the 

control group, 0.89 in the 25 mM NaCl treatment group, and 0.49 in the 50 mM NaCl 
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treatment group (Table 5a). The mean germination proportion for accessions assigned to 

the ‘truncatula_1’ clade (HM023, HM050, HM095, HM129, and HM185) was: 0.94 in 

the control group, 0.93 in the 25 mM NaCl treatment group, and 0.81 in the 50m M 

treatment group (Table 5a). The mean germination proportion for assigned to the 

‘truncatula_2’ clade (HM058, HM101, and HM125) was: 0.97 in the control group, 1.00 

in the 25 mM NaCl treatment group, and 0.95 in the 50 mM NaCl treatment group (Table 

5a).  

The mean germination rates for the accession representing M. italica were 1.88, 0.83, and 

0.58 in the control, 25 mM, and 50 mM NaCl treatment groups, respectively (Table 5a). 

The mean germination rates for accessions assigned to the ‘littoralis’ clade were 1.21, 

0.58, and 0.30 in the control, 25 mM, and 50 mM NaCl treatment groups, respectively 

(Table 5a). The mean germination rates for accessions assigned to the ‘truncatula_1’ 

clade were 1.68, 0.90, and 0.56 in the control, 25 mM, and 50 mM NaCl treatment 

groups, respectively (Table 5a).  

Mean germination inhibition for the accession representing M. italica was 0.73 in the 25 

mM NaCl treatment group and 1.00 in the 50 mM NaCl treatment group (Table 5a). 

Mean germination inhibition for accessions assigned to the ‘littoralis’ clade was 0.98 in 

the 25 mM NaCl treatment group and 0.50 in the 50 mM treatment group (Table 5a). 

Mean germination inhibition for accessions assigned to the ‘truncatula_1’ clade was 1.00 

in the 25 mM NaCl treatment group and 0.88 in the 50 mM NaCl treatment group (Table 

5a). Mean germination inhibition for accessions assigned to the ‘truncatula_2’ clade was 
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1.02 in the 25 mM NaCl treatment group and 0.98 in the 50 mM treatment group (Table 

5a). 

Insufficient data were collected to test for significance between ‘italica’ and other clades. 

There was no significant difference in germination proportion, germination rate, or 

germination inhibition between the ‘truncatula_1’ and ‘truncatula_2’ clades (Table 5b; 

Figure 7). The difference in germination proportion between ‘littoralis’ and 

‘truncatula_1’ in the 25 mM NaCl treatment group was weakly significant (p<0.1) (Table 

5b; Figure 7). Accessions assigned to the ‘littoralis’ clade had significantly lower 

germination proportions and mean germination rates in the 50 mM NaCl treatment group 

than accessions assigned to the ‘truncatula_2’ clade (p<0.05) (Table 5b; Figure 7). 

Accessions assigned to the ‘littoralis’ clade demonstrated a significantly higher level of 

germination inhibition compared to the ‘truncatula_2’ clade in the 50 mM NaCl treatment 

group (p<0.1) (Table 5b; Figure 7).  

Discussion 

Proposed mechanism of inhibition 

The percentage of seeds that germinated in recovery was not significantly different 

between the control and treatment groups. This suggests that treatment with 25mM and 

50mM NaCl solution did not change seed viability. Successful germination in recovery 

suggests that inhibition was due to osmotic pressure (reversible) rather than ion toxicity 

(irreversible) (Khalil et al., 2011). It should be noted that the number of observations in 

recovery were limited, as not every sample had ungerminated seeds after 10 days. 



 

  38 

 

Effect of environmental soil salinity on salt-tolerance 

Final germination proportions and germination inhibition were seemingly unaffected by 

predicted environmental salinity (Table 3; Figure 6). However, accessions collected from 

regions with low predicted salinity had significantly faster germination rates than 

accessions collected from regions with high predicted salinity (Table 3; Figure 6). This 

difference was only observed in the 25 mM NaCl treatment group. This result may be 

explained by the delayed germination of salt-tolerant plants to avoid seedling mortality 

when salinity is high (Khalil et al., 2011; Cordeiro et al., 2014). However, it is unclear 

then why this trend is lost in the 50 mM NaCl treatment group. Alternatively, increased 

germination percentages and rates in Medicago have been demonstrated by Mbarki et al. 

(2020) using 25 mM NaCl treatment. However, within accessions collected from 

environments with low predicted salinity, germination rates were higher under control 

conditions than in the 25 mM NaCl treatment group. A third explanation for this result 

may be limited resolution of predicted soil salinity. Ivushkin et al. (2019) predicted 

global soil salinity based on thermal infrared imagery combined with auxillary soil data 

(pH, organic content, texture, and water retention). The authors acknowledge that the 

model has difficulty estimating degrees of salinity, though the model is useful in 

distinguishing between salt-affected and non-affected lands (Ivushkin et al., 2019). 

However, the model is limited by a 250 m resolution, meaning that the precise salinity at 

each collection location may be lost (Ivushkin et al., 2019).  
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Difference in germination salt-tolerance between clades 

Mean germination proportions, rates, and inhibition were significantly different between 

accessions assigned to the ‘littoralis’ clade and accessions assigned to the ‘truncatula_2’ 

clade (Table 4; Figure 7, Figure S2). This result is consistent with the hypothesis that 

HM022 and HM017 are more closely related to M. littoralis than to other accessions of 

M. truncatula. Medicago littoralis and Medicago italica are expected to demonstrate 

greater salt-tolerance than Medicago truncatula. The significantly decreased germination 

proportion and rate, combined with increased inhibition may be explained by an adaptive 

response to delay germination under saline conditions to prevent seedling mortality 

(Khalil et al., 2011; Cordeiro et al., 2014). It should be noted that the germination 

proportion, rate, and inhibition for line R108 (HM029) are outliers within the ‘littoralis’ 

clade. This may be explained by presence of heavy mold in the 50 mM treatment of 

HM029, which prevented proper replication. 

Limitations 

The in vitro germination experiments presented here do not capture the complex soil 

dynamics found in the field. Scasta et al. (2012) report that field results do not necessarily 

correlate with laboratory and greenhouse experiments using alfalfa. Ion composition is 

one explanation offered for incongruent laboratory and field results. While sodium and 

chloride are predominantly found in saline soils, the presence and effect of magnesium, 

calcium, sulfate, and carbonate cannot be ignored (Rengasamy, 2010). The presence of 

gypsum, for example, significantly decreases the solubility of NaCl (Rengasamy, 2010).  
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Transgenerational effects of parental environment are also unaccounted for in the present 

study. There is evidence that parental exposure to salinity induces changes in the 

response of offspring to salinity (Castro et al., 2013; Cordeiro et al., 2014). In the present 

study, the seeds evaluated for salt tolerant germination came directly from the HapMap 

collection and parental exposure to salinity, or other abiotic stresses, are unknown. 

Conclusion 

Climate change is expected to increase both the natural and cultivated land area affected 

by soil salinity, threatening ecosystem stability and food security (FAO-ITPS-GSP, 2015; 

Hassani et al., 2021; Pokhrel et al., 2021). Along with more sustainable agricultural 

practices, it is becoming increasingly important to identify salt-tolerant crops and crop 

wild relatives. Germination is one of the first traits exposed to natural selection and is a 

valuable phenotype in screening for salt-tolerance (Cordeiro et al., 2014). In the present 

study, accessions collected from regions with high predicted soil salinity demonstrated a 

lower germination rate than accessions collected from regions with low predicted soil 

salinity. This result may be explained by an adaptive response to delay germination under 

saline conditions to avoid seedling mortality. This result provides tentative support for 

the hypothesis that environmental soil salinity influences germination rates under saline 

conditions for accessions found in the Medicago HapMap germplasm. The present study 

provides phenotypic evidence to support the hypothesis that HM017 and HM022 are 

likely misidentified as M. truncatula, as their response to germination under saline 

conditions is more similar to M. littoralis than to other accessions of M. truncatula. This 

conclusion is consistent with the phylogenetic analyses presented in Chapter 1, which 
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indicate that line R108 and other deeply divergent accessions of M. truncatula are more 

closely related to M. littoralis and M. italica.
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Table 3a. Mean germination proportion, mean germination rate, mean germination inhibition, mean germination recovery, and the 
number of observations for each treatment group (0 mM, 25 mM, and 50 mM NaCl).  
 

Treatment 
(mM NaCl) 

Mean 
Germination 
Proportion 

Mean 
Germination 
Rate 

Mean 
Germination 
Inhibition 

 
Mean Germination  
Proportion in 
Recovery 

Number of 
Observations 

0 0.94 1.44 1.00 0.11 26 
25 0.91 0.77 0.98 0.33 26 
50 0.75 0.53 0.80 0.39 23 
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Table 3b. Significance testing between treatment groups for mean germination 
proportion and mean germination rate (**p<0.05 and *** p <0.01).  
 

Measure p-value test 
0 mM to 25 mM 

Germination Proportion 0.867 Wilcox 
Germination Rate 4.02E-06*** t-test 
Germination Recovery 0.267 Wilcox 

0 mM to 50 mM 
Germination Proportion 0.012** Wilcox 
Germination Rate 1.15E-08*** t-test 
Germination Recovery 0.157 Wilcox 

25 mM to 50 mM 
Germination Proportion 0.019** Wilcox 
Germination Rate 0.00793*** t-test 
Germination Recovery 0.696 Wilcox 
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Table 4a. Mean germination proportion, mean germination rate, mean germination inhibition, and the number of observations for 
accessions collected from environments with low vs high predicted soil salinity and corresponding treatment (0 mM, 25 mM, and 
50 mM NaCl). Germination inhibition is not shown for the control group (0 mM NaCl), as the control group serves as the 
denominator in this calculation (not applicable, NA).  
 

Environmental 
Soil salinity 

Treatment 
(mM NaCl) 

Mean 
Germination 
Proportion 

Mean 
Germination 
Rate 

Mean 
Germination 
Inhibition 

Number of 
Observations 

high 0 0.95 1.36 NA 11 
high 25 0.89 0.59 0.96 11 
high 50 0.76 0.48 0.78 10 
low 0 0.90 1.42 NA 10 
low 25 0.91 1.00 1.01 10 
low 50 0.70 0.59 0.79 10 
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Table 4b. Significance testing for differences between mean germination proportion, 
rate, and inhibition for accessions collected from environments with low versus high 
predicted soil salinity and corresponding treatment group (***p<0.01). 
 

Treatment 
(mM NaCl) Measure p-value test 
0 Germination Proportion 0.3115 Wilcox 
25 Germination Proportion 0.8805 Wilcox 
50 Germination Proportion 0.1918 Wilcox 
0 Germination Rate 0.5730 Wilcox 
25 Germination Rate 0.0030*** Tukey 
50 Germination Rate 0.4490 Tukey 
0 Germination Inhibition NA NA 
25 Germination Inhibition 0.6109 Wilcox 
50 Germination Inhibition 0.4819 Wilcox 
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Table 5a. Mean germination proportion, germination rate, germination inhibition, and the number of observations for accessions 
assigned to each of four clades (‘italica’, ‘littoralis’, ‘truncatula_1’, and ‘truncatula_2’) and corresponding treatment groups (0 mM, 
25 mM, and 50 mM NaCl). 
 

Clade 
Treatment 
(mM NaCl) 

Mean 
Germination 
Proportion 

Mean 
Germination 
Rate 

Mean 
Germination 
Inhibition 

Number of 
Observations 

italica 0 0.95 1.88 NA 2 
italica 25 0.70 0.83 0.73 2 
italica 50 0.90 0.58 1.00 1 
littoralis 0 0.91 1.21 NA 8 
littoralis 25 0.89 0.58 0.98 8 
littoralis 50 0.49 0.30 0.50 7 
truncatula_1 0 0.94 1.68 NA 10 
truncatula_1 25 0.93 0.90 1.00 10 
truncatula_1 50 0.81 0.56 0.88 9 
truncatula_2 0 0.97 1.18 NA 6 
truncatula_2 25 1.00 0.77 1.02 6 
truncatula_2 50 0.95 0.73 0.98 6 
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Table 5b. Significance testing for differences in mean germination proportion, rate, and 
inhibition between accessions assigned to each clade (*p<0.1 and **p<0.05) 
 

Treatment 
(mM NaCl) Measure p-value Method 

littoralis to truncatula_1 
0 Germination Percentage 0.830 Wilcox 
0 Germination Rate 0.141 Tukey 
0 Germination Inhibition NA NA 
25 Germination Percentage 0.950 Wilcox 
25 Germination Rate 0.071* Tukey 
25 Germination Inhibition 0.716 Wilcox 
50 Germination Percentage 0.075* Tukey 
50 Germination Rate 0.153 Tukey 
50 Germination Inhibition 0.106 t-test 

littoralis to truncatula_2 
0 Germination Percentage 0.830 Wilcox 
0 Germination Rate 0.995 Tukey 
0 Germination Inhibition NA NA 
25 Germination Percentage 0.392 Wilcox 
25 Germination Rate 0.487 Tukey 
25 Germination Inhibition 1.000 Wilcox 
50 Germination Percentage 0.018** Tukey 
50 Germination Rate 0.023** Tukey 
50 Germination Inhibition 0.086* t-test 

truncatula_1 to truncatula_2 
0 Germination Percentage 0.830 Wilcox 
0 Germination Rate 0.156 Tukey 
0 Germination Inhibition NA NA 
25 Germination Percentage 0.392 Wilcox 
25 Germination Rate 0.658 Tukey 
25 Germination Inhibition 0.716 Wilcox 
50 Germination Percentage 0.607 Tukey 
50 Germination Rate 0.462 Tukey 
50 Germination Inhibition 0.230 t-test 
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Figure 4. (a) Original collection locations for 11 of the 13 accessions sampled in the 
present study. (b) Predicted soil salinity for each collection location in the year 2000, 
2002, 2005, and 2009. Soil salinity is categorized as 0 (EC<2 ms·cm-1) or 1 (EC 2-4 
ms·cm-1).  
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Figure 5. (a) Final germination proportion plotted by treatment group, (b) germination 
rate index plotted by treatment group, and (c) Germination inhibition plotted by treatment 
group (inhibition is not meaningful for the 0 mM NaCl control group). P-values 
indicating significance, or lack thereof, are shown above brackets between treatment 
groups.   
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Figure 6. (a) Final germination proportions (b) germination rates and (c) germination 
inhibition plotted by accessions collected from environments with low (blue) vs high 
(red) predicted soil salinity. Significant differences are indicated with brackets between 
boxplots (** p<0.05). 
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Figure 7. (a) Phylogenetic relationships within Medicago subsect. Pachyspireae based on maximum likelihood analysis of nuclear 
SNP data. The M. truncatula subclade formed by A17 (HM101) and three additional accessions of M. truncatula is highlighted as 
‘truncatula_2’. The clade formed by M. littoralis (HM030), R108 (HM029), and two likely misidentified M. truncatula (HM022 
and HM017) is highlighted as “littoralis”. (b, e) Germination proportion plotted by accession and clade assignment. (c, f) 
Germination rate plotted by accession and clade assignment. (d, g) Germination inhibition plotted by accession and clade 
assignment. Significant differences are indicated by brackets above boxplots (*p<0.10,  **p<0.05)  
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Supplemental Figure 1. Images taken of pods (a-c) and seeds (d-f) for three 
representative accessions sampled in the present study: HM022 (a,d), HM095 (b,e), and 
HM324 (c,f). Malformed and discolored seeds were removed from analysis and can be 
seen in the bottom of (d), the bottom of (e), and in the right of (f).  
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Supplemental Figure 2. Germination progress 1 day after sowing (DAS), 5 DAS, and 10 
DAS for three representative accessions (HM017, HM030, and HM101). 
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Hapmap Accession Information and SNP Dataset Statistics. HapMap ID of the accessions sampled, species identification, mean 
coverage in the SNP dataset (number of reads per site), standard deviation of coverage in the SNP dataset, and proportion of sites 
missing data in the SNP dataset. Accessions in bold have been previously categorized as highly divergent, or misidentified, M. 
truncatula. 

Sample Species Identification 
Original Collection 
Location 

Coverage Mean 
(number of 
reads per site) 

Coverage  
Standard 
Deviation 

Proportion of 
Sites  
Missing Data 

HM004 M. truncatula a Algeria e 84.21 15.96 0.0008 
HM005 M. truncatula a Algeria e 28.88 14.18 0.0010 
HM010 M. truncatula a Italy e 76.82 15.64 0.0006 
HM017 M. truncatula b N/A 32.80 14.38 0.0013 
HM022 M. truncatula b N/A 91.87 19.86 0.0038 
HM023 M. truncatula a N/A 11.04 4.73 0.0197 
HM029 M. tricycla c N/A 13.75 6.79 0.0146 
HM030 M. littoralis c N/A 31.52 20.50 0.0035 
HM034 M. truncatula a France e 69.39 13.99 0.0005 
HM050 M. truncatula a Algeria e 81.94 19.73 0.0009 
HM056 M. truncatula a Spain e 154.24 18.87 0.0074 
HM058 M. truncatula a Spain e 21.65 7.44 0.0005 
HM060 M. truncatula a France e 60.83 12.52 0.0005 
HM095 M. truncatula a France e 73.53 14.74 0.0004 
HM101 M. truncatula a N/A 39.72 16.20 0.0001 
HM125 M. truncatula a Spain e 66.77 13.18 0.0006 
HM129 M. truncatula a France e 6.83 2.14 0.3165 



 

 

51 
67 

Sample Species Identification 
Original Collection 
Location 

Coverage Mean 
(number of 
reads per site) 

Coverage  
Standard 
Deviation 

Proportion of 
Sites  
Missing Data 

HM185 M. truncatula a France e 11.05 5.15 0.0217 
HM250 M. truncatula a M. murex c,d Spain c 6.58 3.06 0.4920 
HM255 M. truncatula a Spain d 6.26 1.78 0.4564 
HM258 M. truncatula a Morocco d 6.19 1.67 0.5157 

HM274 M. truncatula a   M. murex c 
M. doliata d Algeria c 6.70 2.45 0.2798 

HM324 M. italica c Tunisia d 5.93 1.83 0.6572 
HM340 M. truncatula d N/A 90.59 19.80 0.0028 

 
(a) Stanton-Geddes et al., 2013, (b) Yoder et al., 2013, (c) Medicago Analysis Portal, (d) Germplasm Resource Information Network 
– GRIN, and (e) Ronfort et al., 2006.
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  APPENDIX B 

HAPMAP ACCESSION INFORMATION AND GERMINATION STATISTICS 
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Hapmap Accession Information And Germination Statistics. HapMap ID of accessions sampled, treatment group (mM NaCl 
applied), predicted soil salinity at the original collection location, categorization of predicted soil salinity at the original collection 
location, phylogenetic clade assignment according to nuclear SNP data, mean germination percentage, mean germination rate, 
mean germination inhibition, and the number of observations (replications) for each sample and treatment group

Accession Treatment 

Env. 
Soil 
Salinity 

Env. Soil 
Salinity 
(Categorized) Clade 

Mean 
Germination 
Proportion 

Mean 
Germination 
Rate 

Mean 
Germination 
Inhibition 

Number  
of Obs. 

HM017 0 0.75 high littoralis 1.00 0.776 1.00 2 

HM017 25 0.75 high littoralis 0.71 0.466 0.71 2 

HM017 50 0.75 high littoralis 0.57 0.357 0.57 2 

HM022 0 0.5 high littoralis 0.75 0.840 1.00 2 

HM022 25 0.5 high littoralis 0.90 0.524 1.22 2 

HM022 50 0.5 high littoralis 0.40 0.250 0.44 2 

HM023 0 0.75 high truncatula_1 1.00 1.748 1.00 2 

HM023 25 0.75 high truncatula_1 1.00 0.637 1.00 2 

HM023 50 0.75 high truncatula_1 1.00 0.602 1.00 1 

HM029 0 NA NA littoralis 1.00 2.265 1.00 2 

HM029 25 NA NA littoralis 1.00 0.731 1.00 2 

HM029 50 NA NA littoralis 0.75 0.540 0.75 1 

HM030 0 0 low littoralis 0.90 0.965 1.00 2 

HM030 25 0 low littoralis 1.00 0.647 1.00 2 



 

 

Accession Treatment 

Env. 
Soil 
Salinity 

Env. Soil 
Salinity 
(Categorized) Clade 

Mean 
Germination 
Proportion 

Mean 
Germination 
Rate 

Mean 
Germination 
Inhibition 

Number  
of Obs. 

HM030 50 0 low littoralis 0.38 0.183 0.38 2 

HM050 0 1 high truncatula_1 1.00 1.821 1.00 2 

HM050 25 1 high truncatula_1 1.00 0.864 1.00 2 

HM050 50 1 high truncatula_1 0.89 0.407 0.89 2 

HM058 0 0.25 high truncatula_2 1.00 1.422 1.00 2 

HM058 25 0.25 high truncatula_2 1.00 0.564 1.00 2 

HM058 50 0.25 high truncatula_2 1.00 0.796 1.00 2 

HM095 0 0 low truncatula_1 1.00 1.929 1.00 2 

HM095 25 0 low truncatula_1 1.00 1.356 1.00 2 

HM095 50 0 low truncatula_1 0.90 0.644 0.90 2 

HM101 0 NA NA truncatula_2 1.00 0.828 1.00 2 

HM101 25 NA NA truncatula_2 1.00 0.660 1.00 2 

HM101 50 NA NA truncatula_2 0.95 0.449 0.95 2 

HM125 0 0 low truncatula_2 0.90 1.304 1.00 2 

HM125 25 0 low truncatula_2 1.00 1.387 1.11 2 

HM125 50 0 low truncatula_2 0.89 0.944 0.99 2 
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Accession Treatment 

Env. 
Soil 
Salinity 

Env. Soil 
Salinity 
(Categorized) Clade 

Mean 
Germination 
Proportion 

Mean 
Germination 
Rate 

Mean 
Germination 
Inhibition 

Number  
of Obs. 

HM129 0 0 low truncatula_1 0.85 1.381 1.00 2 

HM129 25 0 low truncatula_1 0.94 0.818 1.16 2 

HM129 50 0 low truncatula_1 0.70 0.454 0.89 2 

HM185 0 0 low truncatula_1 0.85 1.535 1.00 2 

HM185 25 0 low truncatula_1 0.70 0.807 0.83 2 

HM185 50 0 low truncatula_1 0.65 0.723 0.78 2 

HM324 0 0.25 high italica 0.95 1.883 1.00 2 

HM324 25 0.25 high italica 0.70 0.832 0.73 2 

HM324 50 0.25 high italica 0.90 0.581 1.00 1 
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