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Abstract

Alfalfa (Medicago sativa L.) is one of the most important forage crops due to 
its high crude protein content, nitrogen fixation ability, and adaptability to 
diverse ecological conditions. This study aimed to evaluate the 
morphological, phenological, yield, quality, and molecular diversity of 60 
local alfalfa populations, together with 4 control varieties (64 genotypes in 
total), collected as clones from the Lakes Region of Türkiye (Isparta, Burdur, 
Afyonkarahisar, and Konya) between 2011 and 2013. Twenty-seven 
agronomic, morphological, and quality traits were analyzed, revealing 
substantial phenotypic variation among genotypes in terms of growth habit, 
regrowth rate, dormancy level, forage yield, and quality. Heatmap, PCA-
biplot, and correlation analyses identified five major morphological groups 
with distinct yield–quality relationships. Molecular clustering and PCoA 
analyses supported these groupings and revealed strong genetic 
differentiation shaped by eco-geographic isolation and local adaptation. The 
combined evaluation of morphological and molecular data demonstrated that 
several genotypes possess both high agronomic performance and distinct 
genetic structure. In particular, genotypes LC3, LC17, LC24, LC29, LC39, 
LC49, LC53, LC54, LC57, and LC60 were identified as the most promising 
candidates for synthetic variety development due to their superior yield, 
quality traits, and representation of different genetic clusters. Overall, the 
findings highlight the significant breeding potential of local alfalfa 
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germplasm and provide a reliable framework for developing high-yielding 
and high-quality varieties adapted to regional conditions.
Keywords: Medicago sativa L., genetic diversity, ISSR markers, PCA-biplot, 
phenotypic variation, forage quality, Lake Region
Introduction
Alfalfa (Medicago sativa L.) is one of the most widely cultivated perennial 
legume forage crops worldwide1. Alfalfa is described as both the king2 and 
queen3 of forage crops. Alfalfa is of strategic importance both ecologically 
and economically due to its high crude protein content, biological nitrogen 
fixation, and capacity to increase soil fertility4,5. Alfalfa6, which has a wide 
ecological distribution due to its ability to adapt to drought, low 
temperatures, and different soil conditions, is one of the key species 
determining feed quality in animal production7,8. It is also considered an 
important component of sustainable agricultural systems due to its carbon 
sequestration, contribution to the nitrogen cycle, and role in erosion control9.
Morphological and phenological characteristics are among the most 
important factors determining alfalfa's environmental adaptation and 
productivity10,11. Characteristics such as dormancy level12, plant coverage 
area13, growth rate, and regrowth ability14 reflect the responses of genotypes 
to environmental stresses and their regional adaptation abilities15. The 
quantitative nature of these traits is strongly influenced by both genetic and 
environmental effects, resulting in significant variation among populations in 
different ecological regions16,17. Genotypic assessments conducted in regions 
with climatic and topographic differences bear the traces of both natural 
selection and local adaptation18.
Forage yield and quality constitute the main objectives of alfalfa breeding 
programs19. Dry matter yield, protein content, acid detergent fiber (ADF) and 
neutral detergent fiber (NDF) ratios are decisive parameters in terms of both 
animal performance and forage digestibility20,21. The complex relationships 
between these traits highlight the need to minimize quality losses while 
aiming for yield increases22. In this context, the use of multiple statistical 
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analyses (e.g., PCA, correlation matrix) increases the effectiveness of 
selection strategies by revealing the structural relationships between traits23.
Molecular characterization studies are a powerful tool for understanding 
genetic variation and phylogenetic relationships among plant populations. 
ISSR (Inter Simple Sequence Repeat) markers are widely used due to their 
ability to detect high levels of genetic polymorphism, as well as their 
simplicity, cost-effectiveness, and low DNA requirement24,25,26. These 
features make ISSR markers a reliable approach for assessing genetic 
diversity and supporting breeding programs27.
Progress in increasing alfalfa biomass yield has stagnated, with only a 1% 
annual genetic gain reported over the last 20 years28. To improve this 
situation, new breeding strategies need to be developed29. Alfalfa exhibits a 
wide adaptability to different environments30. A breeder must recommend 
suitable alfalfa varieties for different environments; selection in a breeding 
program is primarily based on yield stability and high quality31.
Heat maps, PCA, PCoA, and correlation analyses were performed using 27 
morphological and quality parameters, and the genetic diversity of the 
populations was determined using ISSR markers. The main objective of the 
study was to determine the phenotypic and genetic diversity levels of 
genotypes collected from different ecological conditions, analyze this 
diversity, and propose genotypes with high agronomic performance and 
genetic distinctiveness as candidates for synthetic variety development in 
breeding programs.
Materials and Methods

Plant Material and Study Area
This study was conducted on 60 different alfalfa (Medicago sativa L.) 
genotypes, together with 4 control varieties (64 genotypes in total), collected 
as clones from 22 districts in the Lakes Region of Türkiye (Isparta, Burdur, 
Afyonkarahisar, and Konya) between 2011 and 2013. Although the plant 
materials were collected between 2011 and 2013, they represent stable 
genetic resources and are still relevant to current breeding programmes. The 
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collection of plant materials used in this study was conducted in accordance 
with national regulations in Türkiye, and permission for sample collection 
was obtained through institutional authorization from Isparta University of 
Applied Sciences, Faculty of Agriculture. Although the plant materials were 
originally collected as populations from different locations, individual plants 
were clonally propagated and evaluated separately; therefore, each 
experimental unit represents a genotype derived from a population.
Fieldwork and Plant Collection
Alfalfa materials were collected from 22 districts, starting on 12 May 2011, 
with stops at 3-5 km intervals32. The coordinates and elevation values of the 
sampling locations above sea level were recorded using a GPS device (Figure 
1).
Three to five plants with roots were taken from each population, planted in 
25 × 30 cm pots, and brought to the province of Isparta (37.8102 N, 30.5565 
E; 1100 m). To obtain new plants from clones with rooting or survival 
problems, the budded shoot tips were dipped in a 500 ppm IBA solution for 
4-5 seconds and planted in a peat + perlite (1:1) mixture33. After the clones 
reached sufficient root length within 15-25 days, they were transferred to 
bags containing a mixture of peat + perlite + sand and left to grow in the 
greenhouse and open field until September 28, 2011.
A total of 2.400 plants (40 plants × 60 genotypes) were transplanted into the 
field at 80 × 80 cm intervals. Each genotype was represented by 40 plants 
within the experimental area. The soil in the trial area is clayey, with a pH of 
7.05 (neutral) and 1.08% organic matter content. Phosphorus levels were 
found to be high (45 ppm), while potassium levels were low (67.2 ppm). 
Rainfall amounts for the trial years were 620 mm in 2012 and 400 mm in 
2013, with 2012 exceeding the long-term average (566.4 mm). Temperatures 
were also slightly below the long-term average (Figure 2).
Phenological and Morphological Observations
Phenological, morphological, and yield-related measurements and 
observations were made on genotypes planted in the field. For clarity, the 
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evaluated traits were grouped into morphological (e.g., plant height, leaf size, 
and root crown characteristics), phenological (e.g., flowering time and 
developmental stages), and yield and quality traits throughout the study. 
These observations were conducted according to the standard 
characterization criteria established by the USDA–ARS National Genetic 
Resources Program and Prosperi et al.34. The main characteristics evaluated 
are presented in Table 1. Crude protein, acid detergent fiber (ADF), and 
neutral detergent fiber (NDF) analyses in alfalfa genotypes were initially 
performed according to the methods reported by Albayrak and Türk35.
Molecular Characterization
DNA Isolation
Young leaf tissues were stored at -20 °C, genomic DNA isolation was 
performed using the CTAB method, and the amount and purity were checked 
spectrophotometrically24. All DNA samples were standardized to 
approximately 50–100 ng/µl for PCR analysis36 .
ISSR Analyses and Gel Imaging
Prior to the main analysis, a total of 22 ISSR primers were initially evaluated, 
and a subset of representative genotypes was used to screen 11 primers for 
reproducibility, band clarity, and polymorphism. Based on these criteria, 5 
primers were selected for the final analysis. PCR amplifications were 
performed using the Bio-Rad MyCycler device, and the products were 
separated by electrophoresis in 0.5X TBE buffer on a 2% agarose gel to 
ensure better resolution of ISSR banding patterns. Gels were stained with 
ethylenediaminetetraacetic acid and photographed under UV light. Clear and 
distinct bands were coded as “present” (1) or “absent” (0), while indistinct 
bands were not included in the evaluation27.
Statistical Analysis
Measurements were conducted on 10 randomly selected plants from each 
genotype, and each genotype was represented by 40 plants in the field. The 
experimental evaluation was based on individual plant observations rather 
than plot-level measurements. Data were collected over two growing seasons, 
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while seed yield (PR27) was recorded only in the second year. Descriptive 
statistics, including mean, minimum, maximum, standard deviation were 
calculated using SAS 9.0 statistical software. Genetic similarity among 
genotypes was determined using the Jaccard similarity coefficient based on 
ISSR data37.
Principal component analysis (PCA), principal coordinate analysis (PCoA), 
Cluster UPGMA analysis, heatmap, and correlation analyses were performed 
on the morphological, phenological, yield, and quality parameter data using 
the R statistical software (version 4.5.1; R Core Team, 2025). The factoextra, 
pheatmap, corrplot, ComplexHeatmap, and ggplot2 packages were used for 
the analyses and graphical visualizations, respectively. All analyses were 
performed with high-resolution visualization and reproducibility principles in 
mind.
Results and Discussion

In this study, 27 morphological, phenological, yield, and quality parameters 
(PR1-PR27) were evaluated in 60 local alfalfa (Medicago sativa L.) genotypes 
collected from the Lakes Region. Descriptive statistical results showed a wide 
variation among genotypes. This variation provides a strong potential base 
for genetic improvement and represents an important resource for regional 
breeding programs (Table 3).

Morphological, Phenological, Yield, and Quality Characteristics
Seasonal Growth Characteristics (PR1-PR6)
Winter dormancy (PR1) averages 3.75, indicating that genotypes exhibit 
moderate dormancy and a balance between winter hardiness and early spring 
growth in temperate regions38. The plant coverage area is high in spring 
(PR2=6.32) and decreases in summer (PR3=5.01) and autumn (PR4=3.84), 
reflecting the typical seasonal growth pattern of alfalfa. The low cover rate 
during winter (PR5=3.35) indicates the effect of cold conditions, while the 
two-week growth rate after mowing (PR6=3.83) indicates moderate regrowth 
potential39.
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Resilience and Spread Ability (PR7–PR8)
After the second year, plant viability was found to be 57.67% on average, 
indicating differences in lifespan among genotypes. The spread rate was high 
(PR8 = 70.71%), indicating strong root crown development and shoot 
formation ability. This characteristic provides advantages in terms of limiting 
weed competition and post-harvest cover formation40,41.
Weed Competition and Growth Form (PR9–PR10)
Weed infestation is low (PR9 = 2.88), indicating that genotypes form a 
competitive canopy. Growth form (PR10 = 2.41) is generally erect, providing 
advantages in post-harvest regrowth and mechanical harvesting42.
Morphological Characteristics (PR11–PR17)
Plant height (PR11 = 55.76 cm) and main stem length (PR12 = 60.46 cm) 
were moderate and showed significant variation among genotypes. This 
reflects genetic resource diversity for breeding programs43. Leaf size (PR13 
= 4.89) is an important indicator for plant growth and yield prediction44. Root 
crown diameter (PR14 = 3.55), branch (PR15 = 24.27), and bud number 
(PR16 = 32.38) were high, indicating regrowth potential under intensive 
cropping conditions. Root crown depth (PR17 = 4.55) supports drought 
adaptation with a deep root structure. These traits are critically important 
for selection to improve forage yield and quality45.
Phenological Characteristics (PR18–PR20)
The harvested area (PR18=13.69 cm²) showed moderate differences between 
genotypes. Flowering initiation (PR19 = 249.4 days) and completion (PR20 = 
261.78 days) occurred in the late season. Flowering time is a key phenological 
characteristic in terms of alfalfa nutrient content and harvest quality46,47.
Yield and Quality Characteristics (PR21–PR27)

The first form dry matter yield (PR21 = 37.36 g/plant) is moderate, while the 
total dry matter yield (PR22 = 78.77 g/plant) is high; the high standard 
deviation indicates significant variation among genotypes. The ratio of first 
cut to total yield (PR23 = 0.34) remained constant. Forage yield is a complex 
trait controlled by genetic and environmental factors48. The breeding process 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



is time-consuming due to the perennial structure, inbreeding depression, and 
long selection cycle49. Seed yield (PR27 = 13.84 g) is moderate50. The high 
crude protein (PR24 = 16.67%), moderate ADF (PR25 = 31.91%), and NDF 
(PR26 = 42.64%) values of alfalfa indicate high feed quality. Breeding 
programs should aim for a combination of both high yield and high quality51.
The wide variation in morphological parameters reflects the ability of the 
Lakes Region populations to adapt to environmental factors. In particular, 
traits such as plant height, leaf size, and root crown depth play a critical role 
in drought tolerance and biomass production. Genetic diversity in these 
parameters provides a rich source for selection in regional breeding 
programs52.
PCA-Biplot Analysis

PCA-biplot analysis revealed clear relationships among agronomic, 
morphological, and quality traits and helped explain the major sources of 
variation among genotypes (Figure 3). The first two principal components 
(Dim1 and Dim2) accounted for 65.9% of the total variation, indicating a 
reliable representation of the dataset. Dim1 was primarily associated with 
yield-related and growth traits (PR7, PR8, PR11, PR12, PR21, PR22), 
reflecting biomass production capacity. Genotypes located along this axis 
exhibited higher yield potential and persistence. In contrast, Dim2 was 
mainly related to quality and phenological traits, with PR24–PR26 
contributing strongly, while PR19–PR20 represented variation in 
developmental timing.
The distribution of genotypes along these axes suggests a clear trade-off 
between yield and quality components, which is consistent with previous 
studies in alfalfa and forage crops53. Early-maturing genotypes clustered in 
the upper region of Dim2, whereas late-maturing types were located in the 
lower region, indicating adaptation to different environmental and 
management conditions. Overall, these results highlight the importance of 
multi-trait selection strategies, where combining genotypes from different 
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regions of the PCA space can support the development of varieties with both 
high yield and improved forage quality.
Heat Map Analysis

The generated heat map played a significant role in determining the 
structural relationships between genotypes by simultaneously visualizing the 
average and variation levels of 27 parameters (Figure 4). This visualization 
facilitated the interpretation of multidimensional data by revealing the 
clustering tendencies of the parameters54. The analysis revealed distinct 
clusters among morphological and yield parameters, and the vertical 
dendrogram showed that the genotypes formed five main groups based on 
their genetic similarity. In particular, the clustering of genotypes originating 
from LC1, LC6, LC40, and LC45 in subclusters suggests that eco-geographic 
isolation and local adaptation have increased genetic differentiation55. In 
contrast, the distribution of LC13, LC16, and LC46 genotypes across different 
clusters suggests that gene flow may be higher in these regions56. In the 
horizontal dendrogram, PR6, PR7, and PR8 were grouped in the same 
subcluster and associated with plant vigor; PR21, PR22, and PR24–PR26 were 
associated with yield and quality57. These findings reveal that the Lake 
District populations exhibit both high genetic diversity and a pattern of 
regional adaptation58.

Pearson Correlation Analysis
The correlation matrix was created to evaluate linear relationships between 
parameters and determine how traits influence each other (Figure 5). This 
analysis is particularly important in species such as alfalfa, where multiple 
breeding criteria are applied59. According to the analysis results, strong 
positive correlations (r = 0.71–0.89, p < 0.001) were found among the yield 
components (PR7, PR8, PR11, PR12, PR21, PR22)60. These relationships 
indicate that genotypes with high biomass also exhibit strong root and stem 
development. Positive correlations were found between quality parameters 
(PR24–PR26) and negative correlations with yield components; this is 
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consistent with the finding that high yield is often accompanied by a decrease 
in quality parameters21. Positive correlations (r = 0.55–0.78) were found 
among root crown traits (PR14–PR17), while negative correlations (r = –0.41 
to –0.53) were found with phenological traits (PR19–PR20)61. These opposite 
relationships require the creation of balanced selection indices in breeding 
programs. The high correlation between yield parameters indicates that 
selection within this group will be effective in increasing yield; however, due 
to the independent variation of quality parameters, they require a separate 
breeding strategy.
Molecular Characterization
This study used ISSR (Inter Simple Sequence Repeat) markers to determine 
genetic differences among 60 local alfalfa populations and four registered 
varieties. A total of 22 ISSR primers were initially considered, of which 11 
were screened for reproducibility, band clarity, and polymorphism. Based on 
these criteria, five primers (LOL1, LOL2, LOL4, LOL8, and PHV3) were 
selected for further analysis. Bands that were clearly separated on the gels 
were evaluated as polymorphic and coded in binary format (1/0) to create a 
data matrix. A total of 71 bands were obtained, 31 of which were polymorphic. 
On average, there were 14.2 bands per primer, of which 6.2 were 
polymorphic, giving a polymorphism rate of 41.3%. The highest 
polymorphism rate was observed with the LOL2 primer (61.1%). ISSR profiles 
indicate a high level of genetic diversity among the populations studied, 
leading to the conclusion that this variation could constitute a valuable 
genetic resource for the development of new alfalfa varieties. Similarly, 
previous studies have also reported that ISSR markers are an effective tool 
for revealing genetic variation in alfalfa57,58.
PCoA-Biplot Analysis
Principal coordinate analysis (PCoA) has been widely used to represent 
genetic diversity in breeding programs for different plant species. In all these 
studies, relationships between genotypes were primarily revealed by 
coordinate analysis62. PCoA analysis based on ISSR markers revealed distinct 
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genetic differentiation among 60 local alfalfa (Medicago sativa L.) 
populations and 4 control varieties (Figure 7). The first two axes explain 
40.32% of the total variation (Dim1 = 21.82%, Dim2 = 18.50%). This ratio 
represents a high level of differentiation reflecting the multidimensional 
structure of genetic diversity in natural populations. The five genetic clusters 
defined by K-means classification are clearly separated by color in the graph: 
Cluster 1 is located near the center of the graph, representing average 
genetic variation. Cluster 2 and Cluster 3 are clustered in the positive 
direction of the PCoA1 axis and contain genotypes rich in alleles (e.g., LC54, 
LC59, LC53, LC6, LC45) with high genetic distances. Cluster 4 contains 
culture-derived genotypes such as LC23 and LC28 with C1–C3 control 
varieties, and the location of this group in the lower region indicates genetic 
narrowing due to breeding history. Cluster 5, located in the upper left, 
reflects a differentiated structure due to local adaptation or geographical 
isolation, with genotypes LC18, LC30, LC7, LC21, and LC47. These results 
are consistent with the view that this may be related to alfalfa being an 
allogamous and heterozygous species63. Overall, ISSR markers strongly 
reflected the population structure, revealing high genetic diversity and 
structural differentiation. These findings indicate that local LC genotypes 
offer significant potential as a resource for conservation and evaluation in 
breeding programs. Molecular-level variation is an important resource for 
breeding programs64,65.
Cluster Analysis
The circular UPGMA dendrogram revealed a distinct hierarchical genetic 
structure among the 64 genotypes examined (60 local populations + 4 control 
varieties) (Figure 8). Five major genetic clusters were identified, each 
showing high internal homogeneity and clear inter-cluster differences. 
Cluster 1, predominantly containing local genotypes, reflects a common 
genetic basis resulting from adaptation to similar environmental conditions 
in the Lakes Region. Cluster 2 and Cluster 3 encompass genotypes with 
moderate genetic distance, while Cluster 4 and Cluster 5 are more distantly 
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located and contain genetically distinct genotypes (e.g., LC51, LC58, LC28). 
This clustering pattern is highly consistent with PCoA results and 
demonstrates that ISSR markers strongly reflect population differentiation.
The branching pattern reveals that the populations have a multi-ancestral 
genetic structure, meaning that the alfalfa genotypes in the region may have 
evolved from more than one ancestor. The clustering analysis results of Touil 
et al.26 show that the different clusters obtained include both local alfalfa 
populations and cultivated alfalfa populations, indicating that population 
clustering is not related to geographic origin. This observation is partially 
consistent with the results drawn from the clustering analysis in this study. 
This difference may be attributed to the relatively limited geographical origin 
of the populations under study, which could lead to stronger local adaptation 
and more structured genetic patterns. However, Shen et al.66 noted that 
alfalfa varieties in North America and South America clustered into distinct 
groups, consistent with the migration and cultivation history of alfalfa. Our 
research findings emphasize that the Lakes Region populations carry rich 
genetic variation and represent a valuable genetic resource for breeding 
programs.
Population structure analysis allows us to understand the genetic diversity 
within a given collection and identify the appropriate population for 
relationship mapping. Cluster analysis demonstrated the ability and 
usefulness of ISSR markers in examining differentiation and relatedness 
among alfalfa populations. UPGMA-based cluster analysis and PCoA results 
showed that alfalfa genotypes from the Lakes Region of Türkiye were divided 
into different groups that were significantly related based on their 
geographical origins.
Heat Map Analysis
The genetic similarity heat map based on ISSR markers showed the pairwise 
genetic relationships among 60 LC genotypes and 4 control varieties through 
color intensity (Figure 9). Dark blue tones on the color scale represent high 
genetic similarity, while light green–yellow tones represent low genetic 
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similarity. Dark colorations near the diagonal axis indicate that genotypes 
within their own clusters share high genetic similarity and confirm the 
clustering patterns identified in K-means and UPGMA analyses. The distinct 
color blocks on the map clearly show that the population is organized around 
five main genetic groups. The control varieties (C1–C4) are located in lighter 
tones compared to the LC genotypes, indicating that they have different 
genetic origins and represent the overall variation range of the population. 
In conclusion, the heat map based on ISSR markers accurately reflected 
intrapopulation variation and genetic differentiation between clusters, 
visually supporting the comprehensive structure of the K-means and UPGMA 
analyses. Cluster analysis is used as it is an effective tool for determining the 
degree of genetic diversity among tested genotypes based on their 
performance and contributing traits67. Furthermore, multivariate statistical 
methods such as Principal Component Analysis (PCA) and Principal 
Coordinate Analysis (PCoA)68 have successfully supported researchers in 
studying variability in germplasm collections of many species, as well as in 
numerical classifications.
Conclusion
Analyses of morphological, phenological, yield, and quality characteristics, 
together with molecular data, revealed that the 60 local populations (LC), 
represented by clonally propagated genotypes, along with 4 control varieties 
(C), exhibit a wide range of genetic variation. Both datasets indicate a high 
level of differentiation among populations and that morphological variation 
is largely based on genetic factors. Morphological and phenological analyses 
revealed that the genotypes LC3, LC17, LC24, LC29, LC39, LC49, LC53, 
LC54, LC57, and LC60 possess superior traits such as early flowering, rapid 
post-emergence growth, tall plant height, large leaf area, and strong root 
crown. These genotypes were found to have high dry forage and seed yield, 
high crude protein content, and low ADF–NDF values. Superior genotypes 
were identified based on a combined evaluation of yield, quality, 
morphological traits and molecular clustering rather than on PCA results 
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alone. At the molecular level, PCoA results based on ISSR markers showed 
significant genetic differentiation between populations. The first two axes 
explained 40.32% of the total variation, and K-means analysis divided the 
genotypes into five main groups. The LC24, LC49, LC54, LC57, and LC60 
genotypes were located in genetically distinct clusters and were genetically 
distant from some control varieties. The combined evaluation of 
morphological and molecular data revealed that the variation was largely 
genetically based and that ISSR markers accurately reflected the population 
structure. It was concluded that alfalfa genotypes possess complementary 
characteristics in terms of morphological performance, forage quality, and 
molecular diversity. Therefore, the genotypes LC3, LC17, LC24, LC29, LC39, 
LC49, LC53, LC54, LC57, and LC60 are recommended as the most suitable 
candidate materials for use in synthetic variety breeding programs to develop 
a new alfalfa variety, due to their high yield and quality potential and their 
representation of different genetic clusters. This multifaceted evaluation, 
supported by ISSR data, is of strategic importance for the conservation of 
Türkiye's local alfalfa populations and their effective use in breeding 
programs.
A new synthetic alfalfa variety called "Albatur" was developed using the 
genotypes selected in this study and was officially registered by the Turkish 
Ministry of Agriculture and Forestry in 2023. The method and selection 
criteria used in this study can be a valuable resource for those working in 
alfalfa breeding.
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Table 1. In alfalfa population's traits studied
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Number Parameters
PR1 Winter dormancy (1-dormant; 9-non-dormant)
PR2 Spring plant coverage (1-narrow, 9-wide)
PR3 Summer plant coverage (1-narrow, 9-wide)
PR4 Autumn plant coverage (1-narrow, 9-wide)
PR5 Winter plant coverage (1-narrow, 9-wide)
PR6 Growth rate after mowing (2 weeks after mowing; 1-very 

slow, 9-very fast)
PR7 Plant resistance after the second year (% number of 

surviving plants)
PR8 Spread (% soil surface coverage)
PR9 Weed infestation (1-low, 9-high)
PR10 Growth form (1-upright, 9-lying)
PR11 Natural plant height (cm)
PR12 Main stem length (cm)
PR13 Leaf size (1-small; 9-very large)
PR14 Root crown diameter (1-narrow, 5-wide)
PR15 Number of branches on the root crown (number)
PR16 Number of buds on the root crown (number)
PR17 Root crown depth (1 at the surface, 5 at the depth)
PR18 Harvested area per plant (cm²)
PR19 Number of days until flowering begins
PR20 Number of days until flowering ends
PR21 First harvest dry matter yield (g/plant)
PR22 Total DM yield (sum of 3 harvests) (g/plant)
PR23 First harvest/total harvest ratio (%)
PR24 Crude protein ratio (%)
PR25 ADF ratio (%)
PR26 NDF ratio (%)
PR27 Seed yield (g/plant)

Table 2. 5’ and 3’ linked ISSR primer sequences used in screening alfalfa 
populations and varieties in the study.
Primary Nucleotide sequence 

(5'3’) 
Primary) Nucleotide sequence 

(5’-3’)
LOL1 (CT)8AC PHV3 GCC(CT)8
LOL2 (CT)8GC PHV4 GGC(GT)8
LOL3 (CA)6AC PHV5 ACG(CA)8
LOL4 (CA)6GT PHV6 CCA(CT)8
LOL5 (GA)6GG PHV7 GTG(GT)8
LOL6 (GT)6GG PHV8 GAG(CA)8
LOL7 (GA)6CC UBC-807 (AG)8T
LOL8 (GT)6CC UBC-810 (GA)8T
LOL9 (CAC)3GC UBC-811 (GA)8C
LOL10 (GAG)3GC UBC-812 (GA)8A
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LOL11 (CTC)3GC UBC-826 (AC)8C

Table 3. Mean, minimum and maximum values and standard deviation of 
observed parameters in alfalfa (n=360)
Parameters mean min max SD
PR1 3.75 1 8 1.72
PR2 6.32 1 10 2.38
PR3 5.01 2 9 1.70
PR4 3.84 1 8 1.43
PR5 3.35 1 7 1.24
PR6 3.83 1 9 1.77
PR7 57.67 14 95 18.86
PR8 70.71 10 100 27.08
PR9 2.88 1 8 1.36
PR10 2.41 1 9 1.88
PR11 55.76 19 86 16.27
PR12 60.46 24 89 16.04
PR13 4.89 1 9 2.21
PR14 3.55 1 6 1.23
PR15 24.27 8 45 8.60
PR16 32.38 12 53 9.33
PR17 4.55 1 7 0.86
PR18 13.69 4.56 21.46 3.13
PR19 249.4 235 264 5.20
PR20 261.78 244 276 5.95
PR21 37.36 13.56 79.77 16.72
PR22 78.77 29.85 175.84 40.39
PR23 0.34 0.30 0.63 0.05
PR24 16.67 11.78 21.86 1.94
PR25 31.91 25.84 39.89 3.01
PR26 42.64 35.85 51.79 2.94
PR27 13.84 6.48 22.56 3.55
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Figure 1. Three-dimensional topographic relief map of the Lakes Region 
(Türkiye) showing the spatial distribution of 60 wild Medicago sativa L. 
populations. LC codes indicate sampling locations, with altitude gradients 
represented by terrain color transitions.

Figure 2. Precipitation and temperature values for the trial years 2012, 2013 
and Long-periods
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Figure 3. Principal component biplot illustrating the distribution of 60 alfalfa 
genotypes and 27 phenotypic traits. Vectors represent trait loadings, and 
colors indicate the cos² contribution of each variable to the principal 
components.
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Figure 4. Heat map showing standardized (Z-score) variation among 60 
alfalfa genotypes and 27 phenotypic traits. Red indicates higher-than-average 
trait values, while blue indicates lower-than-average values.
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Figure 5. Pearson correlation matrix showing the relationships among 27 
(PR1-27) parameters studied in alfalfa populations. The color scale 
represents the correlation coefficient; red tones indicate positive correlation 
and blue tones indicate negative correlation. ***, **, and * indicate p < 0.001, 
p < 0.01, and p < 0.05, respectively.
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Figure 6. Representative ISSR banding patterns obtained from selected 
primers.
(a) Banding profile generated using the LOL4 primer (M = λ/HindIII 
molecular weight marker).
(b) PCR amplification profiles obtained using selected ISSR primers (LOL8–
10 and PHV5–7) across representative alfalfa genotypes.

M

a

b
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Figure 7. Principal Coordinate Analysis (PCoA) of 60 local and 4 control 
alfalfa (Medicago sativa L.) genotypes based on ISSR-derived genetic 
distance matrix. The first two coordinates (PCoA1 = 21.82%, PCoA2 = 
18.50%) jointly explain 50.32% of total genetic variation. Each color 
represents one of the five genetic clusters identified by the K-means 
algorithm (Cluster 1–5). Genotypes grouped in the same color belong to 
genetically similar groups, while those in different colors indicate distinct 
genetic backgrounds.
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Figure 8. Circular UPGMA dendrogram showing the hierarchical genetic 
relationships of 60 landrace and 4 control alfalfa (Medicago sativa L.) 
genotypes based on ISSR similarity coefficients. Five main genetic clusters 
(Clusters 1–5) are colored (Blue, Orange, Green, Red, Purple) consistent with 
PCoA analysis. Genotypes located on the same colored branch share higher 
genetic similarity, while greater branch distances indicate higher genetic 
divergence.
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Figure 9. ISSR-based Genetic Similarity Heatmap (1 − Distance) for 60 
alfalfa genotypes and 4 cultivars. Darker colors represent higher similarity 
coefficients, while lighter shades indicate lower genetic similarity. 
Hierarchical clustering (UPGMA, average linkage) shows the genetic 
relationships among genotypes.
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