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Abstract
Medicago minima (L.) Bartal. is an important rangeland forage and weed, native to Eurasia and Africa but widely

distributed elsewhere. Like dozens of its nearest annual Medicago species, it is known to be highly uniform due to extreme

inbreeding, and no valid infra-specific taxa meriting recognition have yet been proposed. In this study, 67 individuals from

13 natural populations of M. minima were collected and subjected to genetic diversity evaluation using 6 simple sequence

repeat (SSR). Of the genetic variation parameters, expected heterozygosity (He) showed a significant variation from 0.0 in

the Meshkinshahr population to 0.337 in the Andimeshk population. The analysis of molecular variance (AMOVA)

revealed considerable partitioning of genetic diversity among populations (58%), while intrapopulation diversity accounted

for 42%. Moderate to high population genetic differentiation was observed among particular populations, ranging from

0.060 between Marivan and Paveh to 0.562 between Meshkinshahr and Kohdasht populations. A weak total gene flow

(0.115) was accompanied by a relatively high PhiPT value (0.617). Structure analysis, principal coordinate analysis, and

neighbour-joining analysis, all divided the 13 populations into two genetic groups with significant genetic homogeneity.

This discovery of two molecularly distinctive groups of M. minima in Iran, with a limited hybrid zone between them, is

remarkable and suggests early divergent speciation.
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1 Introduction

Medicago minima (L.) Bartal. (Fabaceae), a native of

Eurasia and Africa has been introduced to much of the

world as a minor weed (Small 2011). More importantly,

this annual legume is very hardy and highly nutritious and

is greatly valued as a rangeland forage (Farag et al. 2007;

Judd et al. 2008; Beech et al. 2017). Annual medics

(Medicago spp.) have significant advantages over peren-

nials, including high growth rate, higher total crude protein,

considerable resistance to pests, vigorous seedlings, and

extensive seed banks that enables them to survive harsh

environmental conditions and make them essential forage

sources (Walsh et al. 2001; Parsamanesh and Sadeghi

2019). Like other legumes, medics are especially friendly

to soil due to the nitrogen-fixing ability of symbiotic bac-

teria housed in their rood nodules (Bena et al. 2005; Küster

2013). In the light of the agricultural and environmental

importance of annual and perennial species of Medicago,

many institutions and governments have supported

research on several of the Medicago species. Ability to

tolerate drought, which is increasingly becoming more

common, is the key to creating new cultivars that can

provide sustainable fodder and forage (Humphries et al.

2020).

Medicago minima (L.) Bartal. is an ascending herb with

branches 5–40 cm long, the vegetative organs, calyx, and

fruit covered with dense simple and/or glandular hairs. The

seeds are 1–2 per coil, kidney-shaped or oblong-ovoid, 1.5

to 2.5 mm long, and about 1.3 mm wide, isolated by a fruit
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septum, with yellowish to brownish, smooth seed coat, and

a radicle approximately half the length of the seed. The

diploid chromosome number is 2n = 16 (Jha and Pal 1992;

Small 2011). The ability to withstand the harsh environ-

mental conditions and adaption to various soil types makes

M. minima an important potential forage sources in dry-

lands of the world, including the fields and pastures of Iran,

where it naturally occurs in northwest, west, and southwest

areas (Walsh et al. 2001; Mehregan et al. 2002; Falahati-

Anbaran et al. 2006, 2007; Parsamanesh and Sadeghi

2019).

There are very few cultivars of M. minima at this time,

but given its numerous agronomical advantages and its

economic and ecological importance, the germplasm of

this species can be exploited for developing more cultivars.

This is best done by first clarifying the genetic diversity

structure of the species. Molecular markers have many

advantages over morphological or cytological ones, as they

are not affected by environmental factors (Werlemark et al.

1999; Nybom et al. 2006). Co-dominant simple sequence

repeats (SSRs) have advantages over dominant markers

such as random amplified polymorphic DNA (RAPD) or

inter simple sequence repeat (ISSR) (Liu et al. 2007;

Freeland 2020). SSRs are reliable tools to investigate intra

and inter-population genetic diversity (Schlötterer et al.

1997; Belicuas et al. 2007; Xu and Crouch 2008; Silva

et al. 2012; Bayat et al. 2021; Emami-Tabatabaei et al.

2021).

This study aimed to examine the genetic variability of

the species in Iran in the hope of revealing variations that

might be useful for breeding new cultivars.

2 Materials and Methods

2.1 Plant Material

Based on the information in Heyn (1984), and the herbaria

of research institute forests and rangelands of Iran, a dis-

tribution map for M. minima in Iran was prepared (Fig. 1).

Thirteen populations from various localities in Iran were

selected for study (note information in Fig. 1 and Table 1).

Employing individual plants separated by at least 20 m,

leaf samples were taken from 5 to 6 individuals of M.

minima in each population. In total, 67 samples were

obtained from 13 populations. These were dried on silica

gel for molecular studies. Voucher samples are deposited in

the Islamic Azad University Herbarium (IAUH) (Table 1).

2.2 DNA Extraction

Total genomic DNA was extracted from silica-gel dried

leaf samples using the NucleoSpin� Extract extraction kit

(Machery- Nagel, Germany) and CTAB method of Doyle

and Doyle (1990). To assess the DNA qualitatively, 1%

agarose gel stained with GelRed� Nucleic Acid Gel Stain

(San Francisco Bay, CA, USA) was used. Quantitatively,

the DNA was tested using NanoDropTM 2000 (Thermo

Fisher Scientific, Waltham, MA, USA) at 260 nm.), and

samples were stored at - 20 �C.

2.3 Isolation of Microsatellite Loci and Primer
Design

100 ng of the extracted genomic DNA was used to gen-

erate an Illumina DNA library. After the fragmentation of

the DNA, repair of the ends, ‘‘a-tailing’’, and ligation of the

TruSeq adapters, the DNA library was amplified with 8

cycles. The library was selected according to the average

size of 670 bp. This size corresponded to an average

integrate length of 500 bp. The ‘‘Library’’ was sequenced

with 300 bp each in the ‘‘paired-end’’ mode in an Illumina-

MiSeq run.

The overlapping ‘‘paired-end-reads’’ were first trimmed

at the ends to remove residues of adapter sequences. The

quality score was set to at least 20. 91.7% of the 56.9

million trimmed sequences had a Q value of 30%. With the

help of the ‘‘FLASH’’ tool, the reads were assembled

(Magoč and Salzberg 2011). A subset of the sequences was

selected for designing primers based on the following cri-

teria: the type and length of the microsatellite and the

position within the sequence; as a result, 817,510 loci with

any tandem repeat were selected. In this way, 2,410 loci

were detected, which contain repetitive elements with the

required criteria.

Of these sequences, 513 could be used to design primer

pairs that met the following criteria: (1) PCR-Product

150–350 bp; (2) Primer size 18–22 bp; (3) TM-Value

58–62 �C. Using these criteria, primers designed by Pri-

mer3 software (Kõressaar et al. 2018). The primer pairs

were custom synthesized by Qiagen/Operon Technologies

(Alame-da, Calif.). Out of the first 96 primer combinations,

only 6 polymorphic loci could be detected.

2.4 PCR Amplification and SSR Assay

The 6 SSR primer pairs were tested for PCR amplification

to assess the genetic variation in M. minima populations

(Table 2). PCR mixture composed of 0.4 mM of each

forward and reverse primer, 10 lM deoxyribonucleotides,

50 mM KCl, 10 mM TRIS–HCl (pH 8.3), 1.5 mM MgCl2,

0.01% gelatin, 50–100 ng of DNA, and 1 U Taq DNA

(Eujayl et al. 2004). The PCR amplification profile started

with 4 min at 94 �C for denaturation, followed by 35

cycles of 30 s at 94 �C, 45 sat the annealing temperature

(varied based on the locus), and 60 s at 72 �C, with a final
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extension for 4 min at 72 �C. Two PCR product pools were

made out of Min_A2-Min_A9-Min_C12 and Min_H2-

Min_A1b-Min_A7b primer pairs. Next, 2 lL of each pool

mixed with 7.75 lL of HiDi formamide (Applied Biosys-

tems, Foster City, CA, USA) and 0.25 lL of ROX-500

internal size standard (Applied Biosystems) in the follow-

ing were injected to a 3730 9 l capillary sequencer (Ap-

plied Biosystems-Hitachi).

2.5 Data Analysis

The files obtained were aligned utilizing GeneMarker

v2.4.2 (GeneMarker, SoftGenetics, State College, Penn-

sylvania). A signal intensity of at least 5000 was consid-

ered for those scored as present. A binary dataset of 1 as

presence and 0 as absence created of combination of two

primer sets used for analyses.

For each primer, polymorphic information content (PIC)

was calculated according to Nei (1973): PIC = 1-

where Pij is the frequency of the jth allele for ith locus

across all alleles at a locus.

Genetic variation parameters including the number of

observed alleles (Na), the ratio of effective alleles (Ne), the

Shannon information index (I), the observed, expected, total

expected, and mean expected heterozygosities (HO, He, Ht,

andHs, respectively), unbiased Nei gene diversity (uHe), the

fixation index (F), the percentage of polymorphic loci (P%),

and gene flow (Nm) were estimated using GenAlEx version

6.5 (Peakall and Smouse 2006). F-statistics, including

inbreeding coefficient within individuals (Fis = (Hs-Ho)/

Hs); genetic differentiation among populations (Fst); Fit

(Ht-Mean Ho)/Ht) (Wright 1978) were utilized to estimate

genetic differentiation among populations using GenAlEx

version 6.5 (Peakall and Smouse 2006). To examine whether

the matrix of genetic distances between M. minima popula-

tions correlated with the matrix of geographic distances

between locations, the Mantel test (Mantel 1967) in (Tools

for population genetic analyses) TFPGA (Miller 1997) was

performed for Nei’s unbiased genetic distances matrix and

the matrix of geographic distances.

A hierarchical analysis of molecular variance

(AMOVA) was carried out using GenAlEx version 6.5

(Peakall and Smouse 2006). A principal coordinate anal-

ysis (PcoA) was also carried out. The genetic relationship

between populations was assessed by constructing a phy-

logenetic tree from a genetic distance with the neighbour-

joining (NJ) method using POPTREE2 (Takezaki et al.

2010).

Fig. 1 Map of 13 M. minima populations located in northwest, west, and southwest of Iran
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Table 1 Locality details and voucher number of the studied M. minima populations

Populations Population

code

Altitude Coordinate Locality Province Voucher

number

Rudbar RDB 500 m [49� 25.1630 E; 36�
50.030 N]

Rudbar, Darestan Gilan 14,974

Meshkinshahr MSH 780 m [47� 39.9150 E;
39�1.3620 N]

75 km from Aslanduz to Meshkinshahr Ardabil 14,929

Garaghaj QRH 500 m [47� 39.0620 E; 39�
7.8030 N]

55 km from Aslanduz to Meshkinshahr

Ardebil, Meshkinshahr

Ardabil 14,940

Aslanduz ASL 220 m [47� 17.2230 E;39�
21.0740 N]

20 km from Aslanduz to Khoda Afarin East

Azerbaijan

15,034

Paveh PVH 1200 m [48� 14.9510 E;
35�23.4020 N]

20 km from Marivan to Paveh Kurdistan 15,005

Sarvabad SRV 1260 m [46� 21.2640 E; 35�
19.0230 N]

Sarvabad, Trooper of Sarvabad to Marivan Kurdistan 15,011

Marivan MRV 1180 m [ 49� 12.7990 E; 36�
08.1150 N]

30 km from Paveh to Marivan Kurdistan 15,007

Abdanan ABD 1000 m [49� 25.5310 E; 33�
0.2630 N]

Abdanan towards Kabir Kouh Ilam 14,973

Poldokhtar PLN 670 m [47� 43.4330 E; 33�
48.010 N]

10 km from Poldokhtar to Khorramabad Lorestan 14,931

Andimeshk AND 310 m [48� 14.9510 E; 35�
23.4020 N]

55 km from Andimeshk to Poldokhtar Lorestan 14,941

Shorabad SHR 1100 m [48� 10.2860 E; 33�
27.4070 N]

Khorramabad, Shorabad Lorestan 14,981

Baghcheh BAG 800 m [48� 14.9510 E;
35�23.4020 N]

5 km from Poldokhtar to Andimeshk Lorestan 15,001

Kohdasht KHD 1220 m [48� 15.1640 E; 33�
28.9170 N]

5 km from Khorramabad to Kohdasht Lorestan 15,015

Table 2 Description of 6 SSR primers, including sequence of the forward primer and the reverse primer, dye, annealing temperature (Ta), and

length of the expected PCR product (bp) for each SSR set used for 13 wild population of Medicago minima

Name of the PCR

product

Name of

primers

Sequence of primers (including labelling

agent)

Tm

(�C)
Length of the expected PCR product

(bp)

Min_A2 Min_A2_for ACCGTCGCTTCGAGTTTCTA 60,0 296

Min_A2_rev Atto550-TCCTTGACCAACAACAGCAG 59,9

Min_A9 Min_A9_for CGGAAGTGACGTTAACGGAT 60,0 200

Min_A9_rev Hex-CCACATCTTGAATTCTAGCCC 58,6

Min_C12 Min_C12_for GGTAAACGACCAATCACAAGG 59,3 262

Min_C12_rev Fam-GGGAAATATTGGCTTGGACA 59,7

Min_H2 Min_H2_for TTGAAAGTTCACAGCAAATCG 59,0 310

Min_H2_rev Atto565-TTGACAGAGTTGCAGCATCA 59,1

Min_A1b Min_A1b_for GCTTGCCATAATTGTTTGCC 60,5 282

Min_A1b_rev Atto550-AAATGCTCTAGAGGGCCACA 59,8

Min_A7b Min_A7b_for TCAGAAGTGATATGCAGCGG 60,0 234

Min_A7b_rev Fam-GGTGTGCTTGAGCAATTTGA 59,9
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The genetic structure of the studied populations was an

analysis based on the Bayesian model and using STRUC-

TURE Ver. 2.3. (Pritchard et al. 2000) was used. Twenty

independent replicate ran for 1–7 K. The values sat for the

burn-in period, and the value of MCMC (Markov chain

Monte Carlo) were 30,000 and 50,000 times, respectively

(Porras-Hurtado et al. 2013). The actual number of clusters

(K) was determined by identifying the delta K value using

an online structure harvester (Earl 2012).

3 Results

3.1 SSR Loci Polymorphism

The 6 SSR loci produced a mean of 3.16 alleles per locus

(N; Table 3); among loci, the effective number of alleles

(Ne) did not vary significantly ranged from 1.100 in

Min_A7B to 1.541 and 1.532 in Min_A2 and Min_H2,

respectively. The latter happened to have the highest value

for the Shannon information index (I, 0.395), expected,

total, and mean expected heterozygosities (He, 0.258; Ht,

0.672; Hs, 0.258). Additionally, this locus with 0.285 was

indicated to have a higher value for unbiased Nei’s gene

diversity (uHe) than the rest of the loci. Locus Min_A9 on

the other hand was found to have the highest observed

heterozygosity (0.069). A notable variation in terms of

polymorphic information contents (PIC) was observed

among loci in which locus Min_C12 was found to be the

most informative (0.996). Other loci, including Min_A9,

Min_A2, and Min_H2, also were significantly informative

(above 0.50), however, loci Min_A7b (0.478) and

Min_A1b (0.517) were moderately informative, respec-

tively, below and close to 0.50. F-statistics revealed

invaluable information on loci in this study where the mean

of Wright’s fixation index (F) was notably high (0.88) with

the lowest value was in Min_A9 (0.698) and the highest in

Min_A7b, Min_C12, and Min_A1b (1.00). Similarly, the

lowest values for the inbreeding coefficient within indi-

viduals (Fis) and Fit (0.599 and 0.758) were observed in

Min_A9; other loci had significantly higher, close to 1.00

values.

3.2 Genetic Diversity in M. minima

Among the 13 studied populations of M. minima, the

observed mean number of alleles varied from 1 in the

Meshkinshahr population to 2.33 in the Marivan popula-

tion, the former had the value 1 for Ne and the absence of

any value for the rest of genetic diversity indices (I, Ho, He,

uHe, F, and percentage of polymorphic loci (P%) and the

latter also had the highest Ne and I values (1.686 and 0.540,

respectively) (Table 4). The population from Garaghaj

presented the largest Ho (0.133), whereas He and uHe were

the highest in Andimeshk population (0.337 and 0.374,

respectively). In the case of Wright’s fixation index, pop-

ulations with negative F (Garaghaj) had the lowest P% as

well (16.67%). However, the increase in F was not con-

sistent with enhancing P%. For example, the population of

Rudbar with 50% P had the highest F value (0.841) or

Andimeshk population showed 83.33% P while it had the

F value of 0.739 (Table 4). Furthermore, the genetic dif-

ferentiation coefficient (Fst) among the 6 loci was generally

high, and Min_A7b and Min_A1b with 0.856 and 0.837

observed to be genetically apart from the rest of the loci,

and Min_C12 locus had the most negligible value of Fst

(0.250). Following the pattern observed for Fst among loci,

gene flow (Nm) was varied where the locus with the lowest

Fst (Min_C12) observed to have the highest Nm value

(0.750), and Min_A7b with the most elevated genetic dif-

ferentiation showed the least Nm (0.042) (Table 3).

Table 3 Genetic diversity parameters of the 6 SSR loci across 67 M. minima individuals

Locus N Na Ne I Ho He Ht Hs uHe PIC F Fis Fit Fst Nm

Min_A9 2 1.500 1.271 0.263 0.069 0.172 0.286 0.172 0.191 0.956 0.698 0.599 0.758 0.397 0.380

Min_C12 3 1.357 1.224 0.187 0.000 0.120 0.160 0.120 0.133 0.996 1.000 1.000 1.000 0.250 0.750

Min_A2 3 1.714 1.541 0.386 0.043 0.245 0.584 0.245 0.271 0.984 0.855 0.825 0.927 0.581 0.181

Min_A7b 2 1.143 1.100 0.084 0.000 0.057 0.396 0.057 0.063 0.478 1.000 1.000 1.000 0.856 0.042

Min_A1b 2 1.143 1.132 0.096 0.000 0.069 0.420 0.069 0.076 0.517 1.000 1.000 1.000 0.837 0.049

Min_H2 7 1.714 1.532 0.395 0.052 0.258 0.672 0.258 0.285 0.922 0.776 0.797 0.922 0.616 0.156

Mean 3.16 1.42 1.332 0.235 0.027 0.153 0.419 0.153 0.169 0.808 0.888 0.87 0.934 0.589 0.259

Alleles observed N, Number of different alleles Na, Number of effective alleles Ne, Shannon information index I, Observed heterozygosity Ho,
Expected heterozygosity He, Total expected heterozygosity Ht, Mean expected heterozygosity Hs, Unbiased Nei’s gene diversity uHe, Poly-
morphic information content PIC, Wright’s fixation index F, Inbreeding coefficient within individuals Fis, Genetic differentiation among

populations Fst, Fit and gene flow Nm
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3.3 Population Genetic Structure of M. minima

The Bayesian-based model method was utilized to inves-

tigate the structure of 67 individuals of M. minima. To

identify the optimum number of genetic groups of the

investigated populations, delta K harvested using the

Evanno method was implemented on STRUCTURE

HARVESTER website. The K number was determined to

be two (Fig. 2A). The membership of each individual in

shaping the population structure is presented in Fig. 2B.

Each vertical line represents an individual, and those with a

probability of 0.75 counted as homogenous and the lower

as an admixture. The results indicated the presence of 47

individuals in the ‘‘red cluster’’ and 21 in the ‘‘green’’

without heterogeneity, while only 4 individuals showed

genetic admixture. Only three populations, Abdanan,

Baghcheh, and Marivan, clustered into the second group

showed genetic admixture.

Table 4 Genetic diversity

parameters of 13 studied

populations of M. minima using

6 SSR markers

Pop N Na Ne I Ho He uHe F %P

RDB 5 1.50 1.278 0.269 0.033 0.177 0.196 0.841 50.00

MSH 5 1.00 1.000 0.000 0.000 0.000 0.000 0.000 0.00

QRH 5 1.17 1.154 0.112 0.133 0.080 0.089 -0.667 16.67

ASL 5 1.67 1.411 0.344 0.100 0.217 0.241 0.603 50.00

PVH 5 1.67 1.390 0.352 0.067 0.233 0.259 0.603 66.67

SRV 5 1.50 1.450 0.288 0.133 0.187 0.207 0.271 66.67

MRV 6 2.33 1.686 0.540 0.111 0.306 0.333 0.705 66.67

ABD 5 2.00 1.676 0.501 0.100 0.313 0.348 0.729 66.67

PLN 5 1.67 1.314 0.334 0.000 0.213 0.237 1.000 66.67

AND 5 2.17 1.609 0.544 0.100 0.337 0.374 0.739 83.33

SHR 5 1.83 1.595 0.461 0.067 0.307 0.341 0.807 66.67

BAG 6 1.83 1.557 0.434 0.056 0.278 0.303 0.833 66.67

KHD 5 1.67 1.507 0.410 0.100 0.283 0.315 0.643 66.67

Mean – 1.69 1.432 0.353 0.076 0.225 0.249 0.546 56.41

Number of individuals N, Number of different alleles Na, number of effective alleles Ne, Shannon infor-

mation index I, Observed heterozygosity Ho, Expected heterozygosity He, Unbiased Nei’s gene diversity

uHe, Polymorphic information content PIC, Wright’s fixation index F, Polymorphism percentage %P. For
an explanation of population symbols, see Table 1

(A) (B)

Fig. 2 The outcomes of STRUCTURE analysis for 67 M. minima
individuals based on SSR markers data. (A, left) Delta K value

detecting the optimum number of genetic groups (K, 2). (B, right) The

map of populations and the proportion of alleles shared by individuals

in each population
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To study correlation between Nei’s unbiased genetic

distance and the matrix of geographic distances of 14

populations of M. minima, the Mantel test was utilized to

reveal the significant correlation (R = 0.70, P = 0.002)

between these two matrixes. The principal coordinate

analysis (PCoA) divided the population into two groups,

similar to the structure analysis. However, the first group

(smaller cluster) harboured geographically closed popula-

tions. Still, it did not wholly follow the structure analysis

pattern since it contained Marivan, Sarvabad, Abdanan,

and Kohdasht. The second group encompassed the rest of

the populations (Fig. 3). Furthermore, the neighbour-join-

ing clustering based on genetic distance confirmed the

number of genetic groups (2) in structure analysis and

PCoA, however in terms of the populations contained, it

was only consistent with PCoA result and populations of

Marivan, Sarvabad, Abdanan, and Kohdasht grouped sim-

ilar to NJ result. The remaining 10 populations placed in

the second cluster inside the cluster the population group-

ing mainly indicate significant geographical affinity, for

instance, Roudbar and Meshkinshahr, or Poldokhtar and

Andimeshk grouped, however populations like Garaghaj

from north grouped with Baghcheh from the south (Fig. 4).

To carry out assessments of among-population variation,

AMOVA and pairwise Fst analysis were used. AMOVA

analysis (Table 5) revealed the distribution of total genetic

diversity where the share of among populations (58%) was

higher than within-population (42%) from overall genetic

diversity. In agreement with Fst, AMOVA showed the

presence of a strong genetic differentiation among popu-

lations (P, 0.001, PhiPT = 0.617, Table 5). The overall

gene flow was minimal (0.155). Moreover, the pairwise Fst

test ranged from 0.060 between Marivan and Paveh pop-

ulations to 0.562 between Meshkinshahr and Kohdasht

populations (Table 6). Thus the genetic results roughly

parallel the geographical distances between populations.

4 Discussion

4.1 SSR Loci Polymorphism

In this study, the 6 SSR loci produced a mean of 3.16

alleles per locus, which is relatively low, compared to those

of 6.57 for the Moroccan M. minima (Zitouna et al. 2014),

3.5 for the Iranian M. polymorpha (Emami-Tabatabaei

et al. 2021), and 6.5 for the Iranian M. rigidula complex

(Bayat et al. 2021). The mean PIC for the Iranian M.

minima was 0.808, compared to 0.66 for Medicago trun-

catula Gaertner (Eujayl et al. 2004), 0.923 for M. poly-

morpha (Emami-Tabatabaei et al. 2021), and 0.89 for the

M. rigidula complex (Bayat et al. 2021). Dominant markers

produce lower PIC contents for Medicago sativa L. (ISSR,

Rashidi et al. 2013; AFLP, Keivani et al. 2010). Therefore,

these SSR loci proved to be highly informative in inves-

tigating the genetic diversity of M. minima populations.

Fig. 3 Principal coordinates analysis (PCoA) for 13 populations of M. minima
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Fig. 4 SSR-based phylogenetic

tree showing the relationship of

M. minima populations in Iran

Table 5 Summary of the Analysis of molecular variance (AMOVA) results for 13 populations of M. minima

Source df Sum of square Mean of square Variance component Percentage of variation PhiPT Nm

Among Pops 12 110.736 9.228 0.790 58%

Within Pops 54 58.817 1.089 0.507 42%

Total 66 169.553 1.297 100% 0.617 0.155
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4.2 Genetic Diversity of M. minima

There is only one previous report on the genetic diversity

of M. minima in Iran: using 6 SSR markers, an average

genetic diversity of 0.13 was reported (Falahati-Anbaran

et al. 2006); by contrast, in this study, a significantly higher

level of genetic diversity (0.213) was observed. The pre-

vious study was based only on 5 samples of M. minima in

one location, whereas we included 67 individuals from 13

populations. In the study of various species of Medicago,

Zitouna et al. (2014) reported high average values for the

majority of genetic diversity parameters in M. minima,

including Na (6.571), Ne (4.487), %P (85.71%), Ho (0.330),

He (0.671), however, the F value in our study was slightly

higher (0.673 vs. 0.536). These differences can be attrib-

uted to the difference in sampling (Powell et al. 1996) and

the number of molecular markers (Ferrer et al. 2004);

additionally, differences in population sizes are another

possible reason. Frequently, associations between genetic

diversity in wild plant species and geographical distribu-

tion, size of the population size, life history parameters,

and the breeding system have been found (Hamrick and

Godt 1996; Young and Boyle 2000; Ferrer et al. 2004; Li

et al. 2018). A higher level of genetic diversity might be

expected for species with significant adaptability in harsh

environments (Gadissa et al. 2018). However, the average

level of genetic diversity of M. minima populations was

shown by diversity indices Ho and He (0.076 and 0.225,

respectively).

Genetic diversity is highly influenced by life form and

breeding system. Outcrossing plant species tend to have

higher genetic diversity and a lower differentiation (more

homogeneity) among populations (Hamrick and Godt

1996; Young et al. 2002). Inbreeding and outbreeding are

present in different species of Medicago, with majority of

annual medics being inbreeders (selfers) (Small 2011). The

fact that M. minima is a self-pollinating species to a large

extent explains the low genetic diversity and significant Fst

among populations that were accompanied by low overall

gene flow (0.115\ 1). Gene flow greater than 1.0 is con-

sidered strong (Slatkin 1985). By comparison, in wild

populations of M. sativa, a strongly outcrossing species,

expected heterozygosity and PIC content were 0.680 and

0.639, respectively (Qiang et al. 2015). Annual self-polli-

nating Medicago species have often been found to have a

much lower level of expected heterozygosity: Medicago

rugosa Desr. (0.0), Medicago scutellata Mill. (0.0), M.

truncatula Gaertner. (0.067), Medicago orbicularis (L.)

Bartal. (0.067), M. minima (0.13), Medicago rigidula (L.)

All. (0.10) (Falahati-Anbaran et al. 2006). Nevertheless,

Moroccan annual Medicago species, including those cited

above as well as M. murex Willd. and M. polymorpha L.

were observed to have high values for expected heterozy-

gosity (Zitouna et al. 2014) similar to M. sativa (Qiang

et al. 2015). In two similar studies to ours, Bayat et al.

(2021) and Emami-Tabatabaei et al. (2021) reported

expected heterozygosities of 0.373 and 0.185, respectively.

It appears that various factors affecting the genetic diver-

sity pattern among wild plant populations ofMedicago, and

perhaps the size of populations is critical: in small popu-

lations the chance for mating is significantly higher than

larger populations (Moritsuka et al. 2017).

Table 6 Pairwise Genetic Differentiation Index (Fst) between the 13 populations of M. minima

Pop RDB MSH QRH ASL PVH SRV MRV ABD PLN AND SHR BAG KHD

RDB 0.000

MSH 0.133 0.000

QRH 0.151 0.429 0.000

ASL 0.188 0.377 0.396 0.000

PVH 0.150 0.283 0.297 0.022 0.000

SRV 0.134 0.277 0.328 0.115 0.095 0.000

MRV 0.098 0.241 0.236 0.066 0.060 0.101 0.000

ABD 0.139 0.238 0.217 0.141 0.127 0.113 0.087 0.000

PLN 0.447 0.500 0.509 0.442 0.429 0.431 0.423 0.405 0.000

AND 0.242 0.354 0.366 0.267 0.230 0.292 0.218 0.287 0.185 0.000

SHR 0.218 0.406 0.251 0.203 0.156 0.281 0.163 0.214 0.379 0.231 0.000

BAG 0.403 0.481 0.499 0.362 0.329 0.375 0.362 0.381 0.109 0.116 0.316 0.000

KHD 0.348 0.562 0.535 0.304 0.281 0.334 0.262 0.296 0.211 0.131 0.336 0.138 0.000

For an explanation of population symbols, see Table 1
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4.3 Genetic Differentiation and Population
Structure

Annual predominately inbreeding populations sometimes

have high levels of differentiation and variation among

populations (Culley and Wolfe 2001; Honnay and Jac-

quemyn 2007; Stöcklin et al. 2009). Indeed, for M. minima

the AMOVA test indicated the significant distribution of

genetic diversity among populations (58%), while 42% was

within populations of M. minima. By comparison, in wild

populations of Cicer an ISSR-based study estimated the

partitioning of total genetic diversity was 48.90% among

the population and 51.10% intrapopulation (Rajesh et al.

2003). In an investigation of M. sativa using SSR, the

outcrossing breeding system of M. sativa expectedly led to

a distribution of about 97.6% of genetic diversity within

the population (Falahati-Anbaran et al. 2007), much higher

than self-pollinated annual M. minima.

Gene flow may predominantly affect the genetic dif-

ferentiation among wild plant populations (Schaal et al.

1998). The overall value of Nm observed in this study

(0.115) indicates the occurrence of genetic drift as Nm

above 1 facilitates this possibility (Kang and Chung 1997).

Also, the PhiPT value of 0.617 confirms the low gene flow

among populations. It reflects the high genetic differenti-

ation, similar to the observation of low PhiPT values

among the Iranian M. rigidula populations which revealed

the absence of or weak genetic differentiation (Bayat et al.

2021). Moreover, F-statistics revealed substantial genetic

differentiation among individuals (Fis = 0.87) and among

populations (Fst = 0.589, p = 0.001). This seems to reflect

significant weak historical gene flow was insufficient to

prohibit genetic drift and as a result, diversity among

populations increases while decreasing within populations.

Pairwise genetic differentiation coefficient (Fst) had a

range of 0.060 to 0.562 (Table 6), indicating a moderate to

high population genetic differentiation. The highest genetic

differentiation value of 0.562 was between Meshkinshahr,

and Kohdasht populations, and the minimum was found

between Marivan and Paveh. The physical distance

between the first two populations is 953 km and for the

second two is 114 km, which was consistent with the

generalization that increase in distance can restrict the

degree of gene flow between populations (Li et al. 2018).

However, northwest populations generally had higher Fst

with populations in the southwest.

4.4 Evolution of Two Molecularly Distinctive
Geographical Groups in Iran

The structure analysis indicated the presence of two clus-

ters as the optimum genetic group for M. minima

populations. Consistently, similar results were produced

from both NJ and PCoA analyses. The studied populations

appeared to fall into two groups. The groups’ composition

was the same between NJ and PCoA, whereas the other-

wise observed was observed with those two tests and

structure analysis. A moderate polarity among population

grouping with these tests was observed because popula-

tions from northwest and west mainly grouped, while those

from the southwest were placed in a group. It seems that

the distance between populations played a considerable

role in generating such a pattern for populations of M.

minima. The Mantel test also indicated the presence of a

close link between geographical distance and genetic dif-

ferentiation between M. minima populations in this study,

similar to Wang et al. (2008) report, which indicated the

critical role of physical distance in genetic differentiation

among populations of Chondrus crispus Stackhouse.

5 Conclusions

This investigation is the first onto examine genetic variation

of M. minima populations using SSR markers. Remarkably

limited or absent genetic diversity within 13 populations was

observed. Nevertheless, substantial genetic differentiation

was observed among the populations. This pattern is prob-

ably due to the breeding system and physical distance sep-

arating the populations. This study is a model for additional

examination of M. minima employing larger numbers of

populations and SSRs. The data presented are valuable for

conservation and breeding projects. The most significant

finding was the discovery of two geographically differenti-

ated groups based on SSR markers. These have not yet been

carefully analysed for possible corresponding morphologi-

cal differences, but they suggest very early speciation.
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