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genetic similarity. Principal coordinate analysis (PCoA) revealed that the ST popula-
tion was distributed across all three clusters, reflecting genetic similarities with other
populations. Four genetically distinct clusters were identified using UPGMA cluster-
ing. South Tigray showed the greatest genetic variability. Despite its unique traits and
historical importance, the genetic variability of P. sativum var. abyssinicum remains
underexplored. This study provides essential insights for breeding and conservation,
supporting the use of ISSR markers to guide genetic improvement and preservation

strategies.

Plain Language Summary

Molecular genetic analysis in laboratories helps reproduceability of your work by
other researchers easily. Principal component analysis (PCA) is a technique used in
data analysis to reduce dimensionality of data. It is used to convert a large set of
potentially correlated variables in to smaller set of uncorrelated variables known as
principal components. Inter simple sequence repeat (ISSR) molecular marker is used
by researchers to study genetic diversity of other crops. The purpose of this study was
to investigate the genetic diversity of Dekoko (Pisum sativum var. abyssinicum) crop
collections from the local potential areas of Northern Ethiopia. The result was as
hypothesized by the authors. The molecular markers used were polymorphic in the
PCA analysis used in the study. Researchers may benefit from this research study as

1 | INTRODUCTION

Genetic diversity is a cornerstone of crop improvement, play-
ing a vital role in enhancing yield stability, stress tolerance,
and adaptability to changing environmental conditions. In the
face of global challenges such as climate change and food
insecurity, the conservation and utilization of diverse genetic
resources have become increasingly important for sustainable
agriculture. Legume crops, including Pisum sativum (pea),
are essential components of food systems due to their nutri-
tional value and role in soil fertility. Among them, Pisum
sativum var. abyssinicum is a little-studied and regionally
adapted variety believed to possess unique genetic charac-
teristics. Its exploration can provide valuable insights for
breeding programs aimed at broadening the genetic base of
cultivated pea and enhancing resilience to biotic and abiotic
stresses. This variety is considered a valuable genetic resource
due to its adaptation to diverse agro-ecological conditions and
potential traits for disease resistance, drought tolerance, and
enhanced yield performance. Ethiopia, recognized as a center
of diversity for many crop species, harbors significant genetic
variation in P. sativum var. abyssinicum. Despite its potential
for crop improvement, limited research has been conducted on
its genetic variability and population structure, particularly in
its native environments.

there are no similar studies conducted for this specific orphan crop.

Dekoko (Pisum sativum var. abyssinicum) is a major crop
in mixed farming and is produced alongside the main cereal
crops in Tigray (Gebreegziabher & Tsegay, 2016). Pisum
sativum var. abyssinicum is native to Ethiopia and is well-
adapted to medium- to high-altitude and cooler temperatures
of the Tigray highlands. Besides, Dekoko is an important agri-
cultural crop used to make an Ethiopian traditional dish called
“Dekoko wot.” In northern Ethiopia, Dekoko is also used as
a source of protein and essential nutrients in the local diet,
contributing to food security and nutrition in the region. In
developing countries where it is difficult to obtain and con-
sume animal products, field peas are an important source of
protein. In the developed world, pulse crops replace vital pro-
tein and fat content while also serving as the primary source
of feed (Teshome et al., 2015). Moreover, Ethiopia is a site
of origin for cultivated flora, resulting in a concentrated dis-
tribution of P. sativum subsp. abyssinicum (Gebreslassie &
Abraha, 2016).

Pisum sativum is beneficial to crop rotations because they
disrupt disease and insect cycles, provide nitrogen, increase
soil microbial diversity and activity, promote soil aggrega-
tion, save soil water, and provide economic diversification.
Additionally, Dekoko produces antifungal proteins that aid the
plant in combating phytopathogenic fungi, thereby protecting
the plant from devastating fungal infections and preventing
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massive economic losses (Gebreslassie & Abraha, 2016). Fur-
thermore, P. sativum also improves soil structure and reduces
the need for synthetic fertilizers, ultimately leading to a more
sustainable and environmentally friendly agricultural system.
Legumes are also grown as green manures and cover crops
because they grow quickly and add nitrogen to the soil. Over-
all, incorporating legumes like P. sativum into crop rotations
can lead to improved soil health, increased crop yields, and
reduced environmental impact.

Pisum sativum var. abyssinicum plants produce a large
number of basal branches that are at least as tall as the main
stem once the seeds ripen and the main stem begins to wilt
(Kosterin, 2017). This feature of P. sativum var. abyssinicum
promotes enhanced seed production and overall plant health,
making it an important crop for sustainable farming tech-
niques. Furthermore, this variety’s deep root system improves
soil structure and water retention, which increases its envi-
ronmental benefits. Moreover, P. sativum var. abyssinicum,
often known as the Ethiopian pea, is valued for its drought
tolerance and capacity to grow in difficult conditions (Smykal
et al., 2015; Yang et al., 2022). Pisum sativum is especially
significant for food security in areas with unpredictable rain-
fall and harsh weather. Its flexibility makes it an essential crop
for sustainable agriculture in difficult conditions.

Understanding genetic diversity and population structure
of genotype is essential for developing effective conserva-
tion and breeding programs (Erbano et al., 2015). Besides
genetic diversity is critical for enhancing plant species’ overall
resistance to numerous stresses, including disease and climate
change (Tian et al., 2018). For genetic diversity investigation,
inter simple sequence repeats (ISSRs) are one of the most
widely used polymerase chain reaction (PCR)-based marker
systems, in which they are an effective tool for analyzing
genetic diversity and population structure of many legume
crops (Fang & Roose, 1997). To assess this diversity, molec-
ular markers are often employed, with ISSR markers being
one of the most effective tools. ISSRs offer several advan-
tages, including high reproducibility, the ability to detect a
wide range of polymorphisms across the genome, and their
cost-effectiveness, especially in species with limited genomic
resources. Unlike other markers such as simple sequence
repeats (SSRs) or single nucleotide polymorphisms (SNPs),
ISSRs do not require prior genomic sequencing, making them
ideal for studying species like P. sativum var. abyssinicum,
which has limited genetic data available. Therefore, ISSRs
were selected for this study to evaluate the genetic diver-
sity of P. sativum var. abyssinicum and explore its potential
contributions to breeding and conservation efforts. Further-
more, studying this species’ genetic diversity can assist in
identifying important traits that can be used to improve crop
yield, disease resistance, and nutritional values. However, the
genetic diversity study of P. sativum var abyssinicum using
ISSR markers in Ethiopia is limited. Therefore, this study is
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Core Ideas

¢ All the inter simple sequence repeat (ISSR) mark-
ers tested were polymorphic and highly infor-
mative. The genotypes collected from southern
Tigray exhibited the highest values across mul-
tiple genetic diversity parameters, including the
number of observed alleles, estimated allele fre-
quency, effective allele count, Nei’s gene diversity,
Shannon’s information index, and the percentage
of polymorphic loci.

* This research study’s findings will be highly valu-
able for agronomists seeking to further explore this
specific orphan crop.

* Dekoko, a native crop of Ethiopia, is a staple in
local cuisine, often served in restaurants as food
and stew. With approximately 200 fasting days
observed annually in Ethiopia, the study of this
nutrient-rich crop holds significant potential to
attract global researchers interested in its dietary,
cultural, and agricultural importance.

aimed at investigating information that is crucial for devel-
oping breeding programs that can help farmers in the region
improve their P. sativum crop. Despite its unique adaptation
to the Ethiopian highlands and its ecological role in improv-
ing soil fertility, P. sativum var. abyssinicum remains poorly
studied in terms of genetic diversity. This lack of data limits
its inclusion in breeding programs and conservation strate-
gies. As climate change intensifies and agricultural systems
face growing pressure to produce more with fewer resources,
identifying and utilizing genetically diverse and resilient crop
varieties is critical. Assessing the genetic variability of P.
sativum var. abyssinicum is therefore essential not only for
preserving this underutilized germplasm but also for explor-
ing its potential contributions to improving the genetic base,
adaptability, and sustainability of pea breeding programs.

2 | MATERIALS AND METHODOLOGY

2.1 | Plant materials collection and genomic
DNA extraction

In this research, a total of 120 genotypes were studied: 83
genotypes from Southern Tigray (ST), 20 genotypes from
North Wello (NW) (Amhara regional state), six genotypes
from the Ethiopian Biodiversity Institute (EBI), nine geno-
types from South-eastern Tigray (SET), and two additional
commercial varieties called Raya 1 and Raya 2 randomly
(Table S1; Figure 1). For genotyping, high molecular weight
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FIGURE 1 Map of the plant materials sampling areas.

genomic DNA (gDNA) was extracted from 2-week-old silica
gel-dried leaf samples using a modified cetyltrimethylam-
monium bromide (CTAB) method (Atsbeha et al., 2023;
Mekonnen et al., 2020; Abd El-Fatah & Nafea, 2020; Ogbon-
naya et al., 2001). The quality and quantity of isolated
DNA were checked using 1% agarose gel and NanoDrop
spectrophotometry, respectively.

This study utilizes ISSR markers to analyze the genetic
diversity and population structure of P sativum var.
abyssinicum genotypes from Northern Ethiopia. ISSR mark-
ers were chosen due to their cost-effectiveness, making them
a budget-friendly alternative to SSR and SNP markers. No
need for prior sequence information—unlike SSRs and SNPs,
which require species-specific primers or sequencing data.
While SSRs and SNPs are superior in terms of precision
and repeatability, ISSRs provide a balanced approach when
resources are limited, species-specific markers are unavail-
able, or a preliminary genetic diversity assessment is needed
before investing in more refined techniques (Jones et al.,
2007).

2.2 | ISSR genotyping and data scoring

Twenty-eight ISSR primers, ranging in length from 16 to
28 bp and representing di-, tri-, and tetramer repeats, were
examined for polymorphism and repeatability. Out of the
28 examined primers, 12 reproducible primers with differ-
ent banding patterns were chosen and used (Figure 2). These
primers were dissolved in sterilized, double-distilled water at
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a concentration of 10 pmol/L. Several quantities of template
DNA, dNTPs, and Taq polymerase were tested for optimal
amplification. The amplification procedure included experi-
menting with different quantities of template DNA, dNTPs,
and Taq polymerase to find the best combination for optimal
amplification efficiency. Subsequently, PCR was performed
in a total volume of 20 puL containing 2 pL. template DNA,
2 L MgCl,, 0.5 pL. ANTP mix, 0.25 pL primer, 0.5 pL
Taq DNA, and 11.7-uL double-distilled water. Besides, the
PCR condition (annealing temperature) was optimized using
a Biometra 2003 T3 thermocycler. An initial denaturation at
94°C for 5 min followed by 40 cycles of denaturation at 94°C
for 1 min was performed. The optimization of the PCR condi-
tion was carried out to determine the most suitable annealing
temperature for primer binding. In optimum primer annealing
conditions (45-52°C for 1 min, primer extension at 72°C for
2 min, and a final extension step of 10 min at 72°C were used.

Amplification products were fractionated by loading 10 uLL
of the amplification product of each sample with 2 pL of
6X loading dye on 1.67% agarose gel electrophoresis supple-
mented with ethidium bromide in 1 X TBE buffer at 120 V
for 2 h (this percentage agar gel electrophoresis was used after
optimization). The gel was photographed using a BIO-RAD
Gel Doc TM EZ Imaging System after being visualized under
UV light. Then, the amplification size was estimated using a
100-bp DNA ladder. Since ISSR markers are dominant mark-
ers, for scoring, each locus was deemed a bi-allelic locus with
one amplifiable and one null allele. Consequently, each primer
was carefully scored based on presence (1), absence (0), or
ambiguity (?). The band scoring produced a “0” and “1” data
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FIGURE 2
(B) additional genotypes. La = DNA ladder, C = negative control.

matrix that was analyzed and allowed for the determination of
genetic diversity and population structure of P. sativum var.
abyssinicum genotypes.

2.3 | Data analysis

Several statistical software packages were used to investi-
gate the genetic diversity and population structure of the
genotypes. POPGENE version 1.31 software was used to
compute locus-based diversity parameters such as the num-
ber of observed alleles (Na), effective number of alleles (Ne),
Shannon’s information statistic (1), Nei’s genetic diversity,
and genetic differentiation statistics by locus (Gst), and gene
flow (Nm). Additionally, GenAlEx ver. 6.501 software was
used to calculate population genetic diversity parameters such
as number of observed alleles (Na), effective number of
alleles (Ne), Shannon’s Information index (), Nei’s genetic
diversity (h), and percent of polymorphic loci (PPL) across
loci (Peakall & Smouse, 2012). Moreover, the same soft-
ware was used for investigation analysis of molecular variance
(AMOVA) and variance component estimation. In addition,
polymorphic information content (PIC) was calculated using
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Banding pattern of ISSR primer UBC-841 (where UBC is University of British Columbia) in 19 genotypes: (A) 19 genotypes and

the formula PIC = 2f (1 — /) (Roldan-Ruiz et al., 2000), where
fis the frequency at which the polymorphic bands emerge.
Besides, clustering was performed using molecular evolu-
tionary genetics analysis software and the unweighted pair
group method with arithmetic mean (UPGMA). For popula-
tion structure analysis, STRUCTURE software, version 2.3.4,
was used to perform Bayesian model-based clustering with
postulated K populations on the tested 120 genotypes. The
parameters of the experiment were 80,000 burn-in iterations
followed by 80,000 Monte Carlo Markov Chain iterations
(Pritchard et al., 2000).

3 | RESULT

3.1 | ISSR markers performance

Twelve primers were chosen for their capacity to generate
unambiguous and repeatable banding patterns. The primers
generated a total of 9789 bands, yielding bands ranging in size
from 200 to 1500 bps. The scorable bands ranged between
443 and 1298, with an average number of bands of 815.75
per primer. Primer UBC-880 (where UBC is University of
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TABLE 1 Summary of inter simple sequence repeat (ISSR) primers performance.

ISSR primer Total number of bands Number of polymorphic bands Polymorphism percentage
UBC-811 959 194 20.22%
UBC-812 625 204 32.64%
UBC-818 647 194 29.98%
UBC-834 569 222 39.02%
UBC-835 908 353 38.88%
UBC-841 1039 421 40.52%
UBC-848 443 325 73.34%
UBC-857 730 300 41.10%
UBC-873 1158 351 30.31%
UBC-880 1298 285 21.96%
UBC-881 855 406 47.48%
UBC-895 558 265 47.49%
Average 815.75 293.33 -
Total 9789 3520 -

Abbreviation: UBC, University of British Columbia.

British Columbia) generated higher number of bands (1298),
followed by primer UBC-873 (1158). The highest number of
polymorphic bands (421) was recorded for the ISSR primer
UBC-841, followed by UBC-881 with value of 406 (Table 1).

3.2 | Genetic diversity indices

The analysis revealed that the ISSR markers used were highly
polymorphic and informative with a mean number of alle-
les of 1.94, an effective allele count of 1.55, a Shannon
information index of 0.51, Nei’s gene diversity of 0.33, and
gene flow of 5.94 (Table 3). The highest number of alleles
(Na = 2.00), effective allele count (Ne = 1.86), gene diver-
sity (H = 0.46), and Shannon information index (I = 0.46)
were obtained for primer UBC-812. Primer UBC-848 and
UBC-881 resulted in an estimate of the number of migrants
(Nm [gene flow]) = 16.82 and PIC = 0.43, respectively.
On the other hand, primer UBC-835 produced the lowest
observed number of alleles = 1.82 and Shannon information
index = 0.41. Accordingly, 100% of the ISSR markers showed
considerable PIC (Table 1). Moreover, 50% of the primers (5)
demonstrated PIC values greater than the average value (0.38)
(Table 2).

3.3 | Population structure analysis
3.3.1 | Analysis of molecular variance

Using the 182 ISSR bands generated by the 12 primers, an
AMOVA was conducted to investigate variation between and
within populations. AMOVA revealed that within-population
genetic variability accounted for the majority (84%) of total
genetic variation, leaving only 16% for between-population

genetic variation. FST (Fixation Index) compares genetic vari-
ation within subpopulations to the total genetic variation
across all populations. The populations showed statistically
significant low genetic differentiation (FST value of = 0.081;
p < 0.001 among the five P. sativum populations (Table 3).

3.3.2 | Structure

The genetic structure of the 120 P. sativum individuals was
assessed using a Bayesian clustering approach in STRUC-
TURE v2.3.4. The analysis was performed for K values
ranging from 1 to 10, and the optimal number of genetic
clusters was determined to be K = 3 using CLUMPAK (Clus-
ter Markov Packager across K). The resulting STRUCTURE
bar plot (Figure 3B) revealed that individuals were assigned
to three major genetic clusters, but with varying degrees of
admixture. The clusters did not correspond strictly to the geo-
graphic origin of the populations, suggesting that gene flow
and historical mixing have occurred among regions. Many
individuals exhibited membership in more than one cluster,
further supporting the presence of genetic intermixing. This
observation aligns with the results of UPGMA and principal
coordinate analysis (PcoA) analyses, which also indicated a
lack of clear geographic separation among the populations.

3.3.3 | Principal coordinate analysis

PCoA is a commonly applied multivariate technique used to
visualize genetic relationships among individuals and quan-
tify the genetic variation explained by different axes (Atsbeha
et al., 2023; Mekonnen et al., 2020). In this study, the first
three principal axes accounted for a cumulative 34.78% of the
total genetic variation, with axis 1 explaining 13.89%, axis 2



GEBREMICHAEL ET AL.

Agrosystems, Geosciences & Environment s

7 of 14

TABLE 2 Summary statistics of informativeness and genetic diversity indices.
Primer Na Ne 1 H Ht Hs Gst Nm PIC
UBC-811 1.93 1.64 0.51 0.35 0.35 0.27 0.19 5.26 0.29
UBC-812 2.00 1.86 0.65 0.46 0.37 0.25 0.32 1.81 0.40
UBC-818 2.00 1.63 0.54 0.36 0.30 0.23 0.17 4.90 0.34
UBC-834 1.92 1.50 0.54 0.36 0.31 0.25 0.15 4.53 0.44
UBC-835 1.82 1.49 0.46 0.31 0.35 0.22 0.33 3.49 0.34
UBC-841 1.94 1.62 0.52 0.35 0.24 0.24 0.33 1.56 0.42
UBC-848 1.92 1.42 0.41 0.23 0.27 0.23 0.11 16.82 0.34
UBC-857 1.93 1.45 0.49 0.31 0.35 0.24 0.27 7.73 0.36
UBC-873 1.95 1.42 0.42 0.27 0.41 0.21 0.42 1.80 0.42
UBC-880 2.00 1.68 0.62 0.43 0.41 0.31 0.25 3.79 0.42
UBC-881 2.00 1.46 0.46 0.27 0.33 0.28 0.12 15.81 0.43
UBC-895 1.9 1.48 0.45 0.29 0.16 0.18 0.38 3.75 0.37
Mean 1.94 1.55 0.51 0.33 0.32 0.24 0.25 5.94 0.38
SEM 0.02 0.04 0.02 0.02 0.02 0.01 0.03 1.49 0.01
SD 0.05 0.13 0.07 0.07 0.07 0.03 0.11 5.15 0.05
Minimum 1.82 1.42 0.41 0.23 0.16 0.18 0.11 1.56 0.29
Maximum 2.00 1.86 0.65 0.46 0.41 0.31 0.42 16.82 0.44

Note: Na = observed number of alleles, Ne = effective number of alleles, / = Shannon’s Information index, H = Nei’s gene diversity, Ht = total genetic diversity

Hs = genetic differentiation, Gst = genetic differentiation statistics by locus, Nm = estimate of the number of migrants (gene flow) from Gst where Nm = 0.5 (I —
Gst)/Gst, PIC = polymorphic information content, and UBC = UBC, University of British Columbia.

TABLE 3  Analysis of molecular variation among and within populations.
Source df SS MS EV PV FST p-value
Among Pops 4 384.345 96.086 4.310 16% 0.05 0.001
Within Pops 115 3832.671 33.328 33.328 84% - 0.001
Total 119 4217.017 - 37.637 100% - -

Abbreviations: EV, estimated variation; df, degree of freedom; FST, Fixation Index; MS, mean square; Pops, populations; PV, percent of variation; SS, some of squares.

accounting for 11.83%, and axis 3 contributing 9.09%. The
PCoA scatter plot revealed the presence of three main genetic
clusters among the 120 P. sativum genotypes (Figure 4). Pop-
ulations EBI, ST, SET, and R largely grouped together in
Cluster 3 (C3), whereas individuals from the NW and ST
populations were more dispersed between Cluster 1 (C1) and
Cluster 2 (C2). Importantly, no cluster was composed exclu-
sively of genotypes from a single geographic population,
indicating a high degree of genetic admixture. These find-
ings are broadly consistent with the STRUCTURE results,
which also identified three genetic clusters with consider-
able intermixing. Together, the PCoA and STRUCTURE
analyses suggest that gene flow and shared ancestry are
likely contributing to the observed lack of strict population
differentiation.

3.3.4 | Phylogenetic relationships (UPGMA)

The unweighted pair group method with arithmetic mean
(UPGMA) based clustering method identified four core clus-

ters (C1, C2, C3, and C4). In C4, 36 (30%) genotypes
were included, while C3 had 31 (26%). Furthermore, clus-
ters C2 and C1 had fewer genotypes, with 25 (21%) and 28
(23%), respectively (Figure 5). The clustering observed in
the UPGMA tree reveals a pattern of genetic differentiation
and possible historical relationships among the populations.
These clusters suggest the existence of distinct genetic groups
within P. sativum, although some overlap is evident, indicat-
ing genetic exchange among the populations. The clustering
does not strictly correlate with geographic origin, which is
consistent with the findings from STRUCTURE and PCoA
analyses, further highlighting the complexity of the genetic
structure and gene flow dynamics.

The average estimated allele frequency (p and g) was
p = 0.39 (range 0.29-0.51) and g = 0.61 (range 0.49-0.72).
Likewise, the observed alleles were 1.52 (range 1.25-2.00),
and effective alleles were 1.43 (range 1.16—1.61). Moreover,
the Shannon information index was 0.37 (range 0.14-0.52)
and Nei’s gene diversity was 0.25 (range 0.09-0.35), respec-
tively. The ST population showed the highest observed
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Population structure of 120 P. sativum var. abyssinicum genotypes grouped in to five populations. (A) Best estimated delta K value

for K = 3 and (B) estimated population structure; the blue, purple, and orange colors represent genetic groups designated by Structure Harvester
analytic software. Population abbreviations are NW = North Wello, SET = South East Tigray, ST = South Tigray, EBI = Ethiopian Biodiversity

Institute, and R = Raya 1 and Raya 2.

TABLE 4 Summary of diversity indices across 5 Dekoko populations as revealed by 12 inter simple sequence repeat (ISSR) markers.

Population N Band frequency y/) q

NW 20 0.45 0.29 0.72
SET 9 0.54 0.41 0.59
ST 83 0.48 0.30 0.70
EBI 6 0.57 0.47 0.53
R 2 0.00 0.51 0.49
Mean 24 0.41 0.39 0.61

Na Ne 1 H uHe PPL (%)
1.90 1.58 0.50 0.33 0.34 94.51%
1.54 1.46 0.39 0.26 0.28 69.78%
2.00 1.61 0.52 0.35 0.35 100.0%
1.25 1.36 0.28 0.20 0.21 48.35%
0.89 1.16 0.14 0.09 0.12 22.53%
1.52 1.43 0.37 0.25 0.26 67.03%

Note: N = sample size, Na = number of observed alleles, p and g = frequency of estimated alleles, Ne = effective number of alleles, H = Nei’s gene diversity, / = Shannon’s
information index, uHe = unbiased and expected heterozygosity, and PPL = percentage of polymorphic loci. Na = number of different alleles, Ne = number of effective
alleles = 1/(p> + ¢%), I = Shannon’s information index = —1 X [p X Ln (p) + ¢ X Ln(g)], He = expected heterozygosity = 2 X p X ¢, uHe = unbiased expected
heterozygosity = [2N/(2N — 1)] x He where for diploid binary data and assuming Hardy—Weinberg equilibrium ¢ = (1 — Band Freq.)’”, andp = 1 — gq.

Abbreviations: EBI, Ethiopian Biodiversity Institute; NW, North Wello; R, Raya 1 and Raya 2; SET, South East Tigray; ST, South Tigray.

number of alleles, effective number of alleles, Nei’s gene
diversity, Shannon’s information index, and PPL. Over 50%
of the populations under consideration had genetic diversity
above the mean (2 = 0.25), and the PPL per population ranged
from 22.53% (R) to 100% (ST), with an overall mean PPL
of 67.03%. The estimates of genetic diversity across loci and
populations are summarized in Table 4.

The highest mean heterogeneity (0.35) was observed by ST,
followed by NW (0.33) and SET (0.26) (Table 5). Addition-

ally, private bands used for distinguishing populations from
each other were available in the SET and EBI populations
(Figure 6).

3.4 | Populations’ Genetic Relationships

Estimates using genetic distance (below diagonal) and gene
flow (above diagonal) showed the highest genetic distances
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FIGURE 4

Principal coordinate analysis (PCoA) of 120 P. sativum var. abyssinicum genotypes as revealed by 12 molecular markers. Samples

coded with same color and shape belong to the same population. EBI, Ethiopian Biodiversity Institute; NW, North Wello; R, Raya 1 and Raya 2;

SET, South East Tigray; ST, South Tigray.

TABLE 5 Pairwise matrix of Nei’s genetic distance of the
population.
NwW SET ST EBI R
0.000 NW
0.060 0.000 SET
0.075 0.161 0.000 ST
0.226 0.313 0.119 0.000 EBI
0.384 0.468 0.220 0.167 0.000 R

Abbreviations: EBI, Ethiopian Biodiversity Institute; NW, North Wello; R, Raya
1 and Raya 2; SET, South East Tigray; ST, South Tigray.

of 0.468, 0.384, and 0.313 between SET and R, NE and
R, and SET and EBI, respectively. The lowest genetic dis-
tance (0.06) was observed between NW and SET populations
(Table 5).

4 | DISCUSSION

There has been very little research done on P. sativum var.
abyssinicum so far. However, initial studies have shown
promising results in terms of its yield and nutrition potential
(Yemane & Skjelvag, 2003). As a result, researcher attention
to the crop is increasing. In this study, the genetic diversity
and population structure of 120 P. sativum var. abyssinicum
populations were analyzed to facilitate the selection of parent
plants with desirable traits for future breeding programs and
to ensure the sustainable utilization of this valuable genetic
resource. Moreover, marker-based genetic diversity analysis
in this study has revealed a wide range of genetic variability
within P. sativum var. abyssinicum populations.

4.1 | ISSR markers performance
The selection of 12 primers for genetic analysis showcases
their efficiency in producing clear and repeatable banding pat-
terns. A total of 9789 bands were generated, highlighting a
remarkable level of genetic variation and marker resolution.
The band sizes, ranging from 200 to 1500 bps, align well
with the expected range for ISSR markers, confirming their
suitability for diverse genetic studies. With a scorable band
range of 443—1298 and an average of 815.75 bands per primer,
the primers demonstrated consistent amplification efficiency.
However, notable differences were observed among them.
Primer UBC-880 stood out by generating the highest num-
ber of bands (1298), followed closely by UBC-873 (1158),
underscoring their superior amplification capabilities.
Polymorphism plays a pivotal role in evaluating genetic
diversity, and among the ISSR primers tested, UBC-841
exhibited the highest number of polymorphic bands (421), fol-
lowed closely by UBC-881 (406). These findings align with
previous studies that have demonstrated the effectiveness of
ISSR markers in detecting genetic variation across various
plant and animal species (Bornet & Branchard, 2001; Reddy
et al., 2002). The high polymorphism levels observed suggest
substantial genetic variability within the analyzed samples,
a factor that has been widely reported in studies on genetic
fingerprinting and population genetics (Kumar et al., 2020).
Such genetic diversity is particularly advantageous for appli-
cations such as breeding programs, conservation genetics,
and evolutionary research. Similar results have been observed
in studies on plant germplasm characterization, where ISSR
markers, including UBC-841 and UBC-881, have been effec-
tive in differentiating closely related genotypes. Overall, the
results validate the reliability of the selected primers for
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FIGURE 5

The neighbor joining-based clustering of 120 P. sativum genotypes from five populations. Samples coded with the same symbol

and color belong to the same population. Population abbreviations are NW = North Wello, SET = South East Tigray, ST = South Tigray,

EBI = Ethiopian Biodiversity Institute, R1 = Raya 1 and R2 = Raya 2.

Band patterns across populations

200 0.400
> s No. Bands
_ 150 - - 0300 £
K ) m No. Bands Freq. >=5%
€ 100 - 0200 ¥
2 z [ No. Private Bands
3
50 - 0 0100 @ No. LComm Bands (<=25%)
0 - 0.000 m No. LComm Bands (<=50%)
E EB
NW ST SET | R — Mean He
Populations

FIGURE 6 Pattern of bands formed between populations of genotypes. EBI, Ethiopian Biodiversity Institute; NW, North Wello; R, Raya 1 and

Raya 2; SET, South East Tigray; ST, South Tigray.



GEBREMICHAEL ET AL.

genetic fingerprinting, with UBC-841 and UBC-881 demon-
strating particular efficacy in polymorphism detection. Future
research should explore their applicability across diverse
populations to assess their reproducibility and efficiency in
broader genetic contexts.

4.2 | Genetic Diversity Indices

Genetic diversity indicators: Na (number of alleles per locus):
The mean value of Na = 1.94, ranging from 1.82 to 2.00, sug-
gests that the primers used generally amplify two alleles per
locus, indicating moderate genetic diversity within the stud-
ied population. Ne (effective number of alleles): The average
Ne = 1.55, with a range of 1.42-1.86, shows that although
multiple alleles exist, their contributions to genetic diver-
sity are not equal, likely due to allele frequency variations.
Informative measures of diversity:  (Shannon’s information
index): The mean 7 = 0.51 suggests moderate genetic variabil-
ity, with UBC-812 showing the highest diversity (0.65), while
UBC-848 has the lowest (0.41). H (Nei’s gene diversity): The
mean H = 0.33 indicates an intermediate level of genetic
variation. The highest H value (0.46 for UBC-812) implies
a higher degree of polymorphism for that primer, whereas the
lowest (0.23 for UBC-848) suggests lower diversity.

Genetic structure and differentiation: Ht (total gene diver-
sity) and Hs (within-population diversity): The mean values
Ht = 0.32 and Hs = 0.24 indicate that genetic diversity is
more structured within populations rather than across pop-
ulations. Gst (genetic differentiation coefficient): The mean
Gst = 0.25 suggests that about 25% of genetic variation is
due to differences among populations, while 75% is within
populations. This moderate genetic differentiation indicates
possible gene flow or shared ancestry among studied popula-
tions. Nm (gene flow estimate): The mean Nm = 5.94 suggests
high gene flow, which helps maintain genetic homogeneity
among populations. High Nm values like 16.82 for UBC-848,
indicate extensive gene flow, reducing genetic differentiation.

PIC: The mean PIC = 0.38, ranging from 0.29 to 0.44,
indicates moderate informativeness of the primers. PIC val-
ues above 0.40 (for the ISSR primers, UBC-812, UBC-841,
UBC-873, UBC-880, and UBC-881) suggest these primers
are highly informative for genetic studies, whereas lower PIC
values indicate less polymorphic loci.

In this study, the mean H value of 0.33 is comparable
to the 0.34 observed in Aframomum corrorima (Chombe &
Bekele, 2018) suggesting a moderate level of genetic varia-
tion. The mean [ value of 0.51 in of the study aligns with
the 0.51 found in Aframomum corrorima indicating a sim-
ilar or greater degree of genetic diversity. The mean Nm
value of 5.94 in our data suggests higher gene flow compared
to the Nm of 1.08 observed in the other studies, indicating
more substantial genetic exchange among populations in this
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current study. These comparisons suggest that the genetic
diversity in this study is moderate and aligns with findings
from recent research on similar plant species. The relatively
higher gene flow in our populations may contribute to the
moderate genetic differentiation observed.

4.3 | Analysis of Molecular Variance

Only 16% of the total genetic variation is attributed to dif-
ferences among populations. The FST value (0.05) suggests
a low level of genetic differentiation among populations,
indicating substantial gene flow or a shared ancestry. The p-
value (0.001) confirms that this differentiation is statistically
significant.

A large proportion (84%) of genetic diversity is found
within populations, meaning that individual plants within the
same population are genetically diverse. This suggests that
factors such as recombination, mutation, and possibly local
adaptation contribute to within-population genetic variation.
This confirms the total variation analyzed and shows that most
diversity is retained at the within-population level.

Recent studies on Pisum spp. have found similar patterns
of low differentiation among landraces, which may be due
to historical gene flow, shared ancestry, or similar selec-
tive pressures across different environments. The presence of
significant within-population diversity suggests that on-farm
conservation, breeding, and environmental adaptation play a
key role in maintaining genetic variability.

Since diversity is largely within populations, in-situ con-
servation strategies should focus on maintaining diverse
accessions rather than relying solely on distinct population
collections. The low genetic differentiation implies that cross-
breeding between populations may not introduce significantly
novel alleles, which should be considered in breeding pro-
grams. Recent studies on pea (Pisum sativum L.) genetic
diversity have employed various molecular markers and
analytical methods to assess genetic variation and popula-
tion structure (Sharma et al., 2022). Research on common
bean (Phaseolus vulgaris L.) in Chongqing, China, assessed
genetic diversity to support the development of superior
germplasm and genetic resources (Chen et al., 2021).

The AMOVA showed that most of the genetic variation
occurred within populations rather than among populations,
suggesting a high degree of genetic diversity within indi-
vidual populations. This high within-population variation
indicates that there is significant genetic structuring at the
local level, potentially due to factors such as local adaptation,
environmental influences, or gene flow within populations.
Furthermore, the AMOVA results align with the F_ST val-
ues, which revealed low to moderate genetic differentiation
among populations. This consistency supports the idea that
while there is some genetic distinction between populations,
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the majority of the variation resides within populations. These
findings highlight the complexity of population structure in P.
sativum and suggest that genetic diversity is largely shaped
by internal factors within populations, with gene flow and
adaptation playing key roles.

44 | Structure

Best estimated delta K value for K (3) suggests that the most
likely number of genetic clusters (K) in the population is three,
based on an analysis using Structure Harvester. Delta K is
a statistical measure used to determine the optimal number
of genetic groups in population structure analysis. This part
presents the genetic composition of each individual genotype,
usually displayed as a bar plot. The different colors (blue,
green, purple, and orange) represent distinct genetic groups
identified through Structure Harvester analysis. Each indi-
vidual genotype is depicted as a vertical bar, where different
colors within a bar indicate genetic admixture from multiple
populations.

The five populations include NW (North Wello), SET
(South East Tigray), ST (South Tigray), EBI, and R (Raya
1 and Raya 2). These groups likely represent different geo-
graphic origins or breeding sources of the genotypes. Overall,
the figure illustrates the genetic structure and diversity within
these populations, providing insights into their relatedness,
genetic differentiation, and potential gene flow between them.
The graph shows the Evanno method results used to determine
the optimal number of genetic clusters (K).

Each vertical bar represents an individual genotype, with
different colors indicating genetic group membership. The
colors (blue, purple, and orange) correspond to the three
genetic clusters identified in (A). Populations ST (South
Tigray) and SET (South East Tigray) show a dominant blue
genetic background. NW (North Wello) has a mix of blue
and purple, suggesting admixture. EBI appears predominantly
purple. R (Raya) is mainly orange, showing a distinct genetic
structure from the other populations.

The structure analysis supports the existence of three
major genetic groups in Pisum sativum var. abyssinicum.
The varying levels of admixture indicate gene flow between
populations, with some groups being more genetically dis-
tinct (e.g., R). The clustering reflects possible geographic or
historical selection pressures shaping genetic diversity.

4.5 | Principal Coordinate Analysis

The principal coordinate analysis (PCoA) plot presents a
visual representation of the relationships among different
groups based on their similarities or dissimilarities. The x-
axis (Coord. 1) and y-axis (Coord. 2) represent the principal
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coordinate dimensions, which account for variation among
the data points.

The points are grouped into three main clusters (C1, C2,
and C3) as indicated by the ellipses. Clustering suggests that
samples within each cluster share more similarity with each
other than with samples in other clusters.

Different symbols/colors represent distinct groups (NW,
ST, SET, EBI, and R). Green squares (ST) are widely dis-
tributed across all clusters but appear concentrated in C1 and
C2. Red diamonds (NW) are interspersed in C1, C2, and C3,
indicating dispersion. Blue triangles (SET) are more dom-
inant in cluster C3. Yellow circles (EBI) are also in C3,
showing an overlap with SET. Purple diamonds (R) are fewer
and mainly positioned near C3. C1 is mostly composed of ST
and NW samples. C2 is dominated by ST samples with some
NW.C3 contains a mixture of SET, EBI, and some ST and NW
samples.

There is clear clustering, suggesting structured variation
among the groups. ST (green squares) appears to be the most
widespread. SET and EBI (blue triangles and yellow cir-
cles) tend to group together in C3. NW (red diamonds) is
scattered throughout, showing no strong affiliation with a
specific cluster. The PCoA indicates distinct clustering pat-
terns among the groups, suggesting differentiation based on
the analyzed variables. The presence of overlapping groups
suggests some shared characteristics, while separate clusters
indicate divergence.

4.6 | Phylogenetic Relationships (UPGMA)
This image represents a phylogenetic tree constructed using
the UPGMA (unweighted pair group method with arithmetic
mean) clustering method.

The tree is structured into distinct clusters labeled C1, C2,
C3, and C4. These clusters indicate groups of closely related
sequences that share common ancestors. The branch lengths
represent evolutionary distances between the populations. A
scale bar of “10” is present, indicating the genetic divergence
measure.

Different populations are marked with distinct symbols
and colors, such as yellow triangles, blue squares, red circles
and purple diamonds. This likely represents different groups,
such as species, strains, or lineages. Closely related genotypes
are grouped together, implying shared evolutionary histories.
Some branches show deeper divergence, suggesting distinct
evolutionary paths. The clustering may indicate evolution-
ary relationships, host adaptation, or geographic distribution.
Identifying shared clusters can provide insights into genetic
similarities or evolutionary pressure.

Populations within the same cluster may be closely related
species or strains. The presence of well-defined clusters
suggests possible subspecies differentiation. Closer branches
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indicate recent divergence events. Larger distances suggest
long-term separation and evolutionary divergence.

S | CONCLUSION

In the current study, genetic diversity and population struc-
ture of 120 P. sativum var. abyssinicum genotypes were
analyzed using highly informative ISSR markers. This pro-
vides valuable understandings into the genetic diversity and
population structure of studied P. sativum var. abyssinicum
genotypes. The research demonstrated that the markers uti-
lized were completely informative, making them excellent
tools for describing genetic diversity and population struc-
ture of P. sativum var. abyssinicum genotypes. Among the
five P. sativum var.abyssinicum populations, the ST popu-
lation had the highest observed number of alleles, effective
number of alleles, Nei’s gene diversity, Shannon’s information
index, and PPL. The populations were adequately grouped
using UPGMA-based clustering, PCoA, and STRUCTURE
analysis, confirming significant genetic intermixing and
high gene flow between populations. In conclusion, the
P. sativum var.abyssinicumgenotypes from the ST popula-
tion exhibit high genetic diversity and could be valuable
resources for breeding programs aimed at improving P.
sativum var.abyssinicum. The genetic research results show
that there is considerable gene flow and genetic intermixing
among P. sativum populations, implying a complex pop-
ulation structure within the species. The genetic diversity
identified in this study has significant implications for breed-
ing programs aimed at improving the genetic resilience of
P. sativum var. abyssinicum, particularly in the face of envi-
ronmental stresses like drought. Populations exhibiting higher
levels of genetic variation, especially those with greater diver-
sity within populations, should be prioritized as sources of
genetic material for breeding. These populations likely harbor
alleles that contribute to traits such as drought tolerance and
stress resistance. By incorporating these genetically diverse
lines into breeding programs, it is possible to enhance the
genetic pool of P. sativum and develop varieties better adapted
to changing environmental conditions. This approach would
increase the crop’s resilience and improve its sustainability in
regions prone to drought stress.
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