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Abstract

The genus Berberis comprises medicinally and ecologically important species widely distributed across diverse geographical regions.
Understanding the genetic diversity and phylogenetic relationships among Berberis species is crucial for conservation, breeding, and
sustainable utilization efforts. This study aimed to assess the genetic diversity and phylogenetic relationships of selected Berberis species
using ISSR (Inter Simple Sequence Repeat) and RAPD (Random Amplified Polymorphic DNA) markers. A total of 12 species of
Berberis were analyzed using 15 ISSR and 12 RAPD primers, generating highly polymorphic DNA profiles indicative of substantial genetic
variability. The polymorphism percentage ranged from 72% to 89%, with Nei’s genetic diversity index values between 0.26 and 0.34,
suggesting a high level of genetic variation among species. The UPGMA (Unweighted Pair Group Method with Arithmetic Mean)
dendrogram and Principal Component Analysis (PCA) clustered the studied species into two major groups, reflecting their genetic
similarities and possible evolutionary divergence. Analysis of Molecular Variance (AMOVA) revealed that 82% of genetic variation was
within species, while 18% was among species, indicating significant intra-species diversity. The phylogenetic tree constructed using the
Neighbor-Joining (NJ) method based on combined ISSR and RAPD data provided insights into the evolutionary relationships among
Berberis species, supporting taxonomic classifications and revealing close genetic affinities between certain species. The findings of this
study highlight the rich genetic diversity of Berberis species and emphasize the importance of molecular markers in phylogenetic research,
conservation planning, and genetic improvement programs. The results can aid in the identification of genetically distinct populations for
conservation prioritization, as well as in the selection of superior genotypes for medicinal and horticultural applications. Further studies
incorporating next-generation sequencing (NGS) and chloroplast genome analysis are recommended to refine phylogenetic relationships and
enhance the understanding of adaptive evolution in Berberis species.
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Introduction

The genus Berberis (Family: Berberidaceae) is a diverse
group of woody shrubs comprising over 500 species, widely
distributed across temperate and subtropical regions of Asia,
Europe, and North America (Landrum, 1999) [%. These
species exhibit remarkable ecological adaptability, thriving
in diverse environments ranging from lowland forests to
high-altitude regions, where they contribute to soil
stabilization and act as pioneer species in disturbed habitats
(Kumar et al., 2020) [,

Apart from their ecological significance, Berberis species
have been widely recognized for their medicinal properties.
“Various species in this genus are traditionally used for
their phytochemical richness, particularly in alkaloids such
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as berberine, berbamine, and oxyacanthine, which possess
antimicrobial,  antioxidant,  anti-inflammatory,  and
anticancer properties (Singh et al., 2018) %1, Due to the
increasing global demand for medicinal plants, the
conservation and sustainable utilization of Berberis species
require a thorough understanding of their genetic diversity
and evolutionary relationships. Molecular marker-based
phylogenetic studies are crucial in addressing these
conservation challenges.

Genetic Diversity and Phylogenetics: A  Molecular
Approach

Genetic  diversity is a fundamental component of
biodiversity that determines a species' ability to adapt to
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changing environmental conditions and ensures its long-
term survival (Frankham et al., 2017) BI. In medicinal plants
like Berberis, high genetic diversity is essential for
maintaining bioactive compound variability, which directly
influences their pharmacological potential. Traditional
morphological classification methods have been widely
used for identifying Berberis species, but these approaches
have limitations due to environmental influences and
phenotypic plasticity (Choudhary et al., 2021) [, Therefore,
molecular markers offer a more reliable and precise method
for assessing genetic variability and evolutionary
relationships among species.

Molecular  markers, particularly ISSR  (Inter-Simple
Sequence Repeats) and RAPD (Random Amplified
Polymorphic DNA), have proven to be effective tools for
genetic diversity analysis and phylogenetic studies (Rahman
et al., 2019) ®3 ISSR markers amplify microsatellite
regions, providing high reproducibility and revealing
polymorphic loci that contribute to genetic differentiation
(Zhang et al., 2020) 81, RAPD markers, on the other hand,
are widely used for species differentiation due to their
ability to generate unique DNA fingerprints without prior
sequence knowledge (Williams et al., 1990) O, The
combination of ISSR and RAPD markers has been
successfully applied in previous studies to assess genetic
diversity and population structure in medicinally important
plant species (Das et al., 2022) 21,

Phylogenetic Analysis and Its Importance in Berberis
Conservation

Phylogenetic analysis is essential for understanding
evolutionary relationships among Berberis species,
providing insights into their divergence, adaptation, and
taxonomic classification (Mabberley, 2017) 3, Molecular
phylogenetics using neighbor-joining (NJ) and UPGMA
(Unweighted Pair Group Method with Arithmetic Mean)
clustering methodshas been widely employed to reconstruct
evolutionary relationships in plant species (Nei & Kumar,
2000) [, Studies using combined ISSR and RAPD marker
data have successfully elucidated phylogenetic linkages in
closely related plant taxa, revealing hidden genetic
variations that morphological analysis alone cannot detect
(Gupta et al., 2021) B1,

In the context of Berberis conservation, phylogenetic
analysis helps in identifying genetically distinct populations
that require prioritization for conservation efforts. The
identification of genetically diverse populations also aids in
the selection of superior genotypes for breeding programs
and sustainable cultivation (Khadivi et al., 2018) ['l. Given
the increasing threats to medicinal plant populations due to
habitat destruction and overharvesting, a molecular marker-
based genetic diversity and phylogenetic study of Berberis
species is essential for their long-term conservation and
sustainable utilization.

Objectives of the study

This study aims to

1. Assess the genetic diversity of selected Berberis species
using ISSR and RAPD markers.

2. Determine the phylogenetic relationships among
different Berberis species using molecular marker data.

3. Provide insights into conservation strategies for
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Berberis species based on genetic diversity and
phylogenetic clustering.

Review of Literature

Genetic Diversity in Berberis Species

Genetic diversity is a key factor in determining the
adaptability and resilience of plant species, particularly
medicinal plants like Berberis, which are subjected to
environmental and anthropogenic pressures (Frankham et
al., 2017) Bl Various studies have highlighted the
significance of genetic diversity in Berberis species using
molecular markers. For instance, Rahman et al. (2019) 113
conducted a genetic diversity assessment of Berberis
populations using ISSR and RAPD markers, revealing high
intra-population variability. Their study emphasized that
genetic diversity within populations was greater than among
populations, suggesting a strong gene flow between
geographically proximate populations.

Similarly, Gupta et al. (2021) B! employed ISSR markers to
analyze the genetic variation among different Berberis
species collected from the Himalayan region. Their findings
indicated that ISSR markers were highly polymorphic,
providing crucial insights into species differentiation.
Another study by Das et al. (2022) 4 used RAPD and ISSR
markers to investigate genetic diversity in medicinally
important Berberis species, highlighting the role of these
markers in identifying elite genotypes for conservation and
breeding programs. These studies underscore the
effectiveness of molecular markers in assessing genetic
variation and guiding conservation efforts for Berberis
species.

Use of molecular markers in phylogenetic analysis
Phylogenetic studies play a crucial role in understanding the
evolutionary relationships among species and provide
insights into their taxonomic classification (Mabberley,
2017) M, Molecular markers such as ISSR and RAPD have
been widely used in phylogenetic research due to their
ability to detect polymorphisms without prior sequence
knowledge (Williams et al., 1990) 7],

A study conducted by Khadivi et al. (2018) [ applied ISSR
markers to explore phylogenetic relationships in Iranian
Berberis species. Their results indicated that the genetic
clustering of species correlated with their geographical
distribution, suggesting that environmental factors influence
genetic differentiation. Zhang et al. (2020) 8 used a
combination of ISSR and chloroplast DNA markers to
construct a phylogenetic tree  of Berberis species,
confirming their evolutionary divergence and validating
traditional ~ taxonomic  classifications.  Furthermore,
Choudhary et al. (2021) ™ applied UPGMA and neighbor-
joining (NJ) clustering methods using RAPD markers to
establish phylogenetic relationships among Berberis species
from different ecological zones. Their study emphasized the
effectiveness of molecular markers in delineating
evolutionary relationships and detecting genetic admixture
among species.

Population Structure and Genetic Differentiation in
Berberis Species

Population structure analysis is essential for understanding
genetic differentiation among species, as it provides insights
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into evolutionary processes such as genetic drift, migration,
and natural selection (Nei & Kumar, 2000) 2. Several
studies have assessed population structure in Berberis
species using molecular markers.

For example, Singh et al. (2018) %! examined population
differentiation among Berberis species from the Western
Himalayas using ISSR markers. Their study revealed
moderate genetic differentiation (F_ST = 0.18), suggesting
ongoing gene flow between populations. Tewari et al.
(2022) 181 reported significant genetic structuring among
Berberis populations in  different altitudinal  zones,
indicating that geographic and environmental factors
contribute to genetic divergence. Additionally, Landrum
(1999) I suggested that population differentiation in
Berberis may be influenced by reproductive isolation
mechanisms, leading to the formation of distinct genetic
lineages.

Conservation Implications of Genetic Diversity Studies
in Berberis

The assessment of genetic diversity has direct implications
for the conservation and sustainable utilization of medicinal
plants (Frankham et al., 2017) Bl Conservation strategies
should prioritize populations with high genetic diversity to
ensure long-term species survival. Kumar et al. (2020) [
emphasized the need for integrating genetic diversity data
into conservation planning, particularly for threatened
species of Berberis. They suggested that both in situ and ex
situconservation approaches should be implemented to
safeguard genetic resources.

A study by Das et al. (2022) @ proposed a conservation
model for Berberis species based on genetic clustering data,
recommending that genetically distinct populations should
be prioritized for conservation. Furthermore, Rahman et al.
(2019) 31 advocated for sustainable harvesting practices and
habitat protection to mitigate genetic erosion in wild
Berberis populations. Such studies underscore the
importance of genetic diversity assessments in formulating
evidence-based conservation strategies.

Role of Environmental Factors in Genetic Diversity of
Berberis Species

Environmental factors play a crucial role in shaping the
genetic diversity and population structure of Berberis
species. Variations in climate, soil composition, altitude,
and ecological conditions contribute to  genetic
differentiation among populations (Huang et al., 2019) (1.
Studies have shown that populations of Berberis in high-
altitude regions exhibit distinct genetic signatures compared
to those in lower altitudes, likely due to adaptive selection
and limited gene flow (Sharma et al., 2020) [24],

For instance, Kumar et al. (2021) [ analyzed genetic
diversity in Berberis aristata populations across different
ecological zones of the Himalayas using ISSR markers.
Their results indicated that populations in drier, high-
altitude regions exhibited lower genetic diversity due to
harsher environmental conditions and geographical
isolation. In contrast, populations in more temperate regions
maintained higher genetic variability, suggesting ongoing
gene exchange and adaptation to diverse environmental
conditions.

Similarly, Gao et al. (2022) ™ studied the influence of

https://researchtrendsjournal.com

https://researchtrendsjournal.com

environmental gradients on genetic differentiation in
Berberis species using SSR markers. Their study found a
significant correlation between genetic diversity and
climatic factors such as temperature and precipitation.
Populations in regions with fluctuating climatic conditions
exhibited greater genetic divergence, indicating the role of
environmental selection pressures in shaping genetic
structure.

Furthermore, Tewari et al. (2022) ¢l suggested that habitat
fragmentation due to deforestation and land-use changes has
led to genetic bottlenecks in several Berberis species,
reducing overall genetic diversity. Conservation strategies
must therefore consider environmental factors and habitat
preservation to maintain the genetic integrity of these
species.

These findings highlight the need for integrating ecological
and genetic data in conservation planning, as environmental
factors significantly influence the genetic adaptation and
survival of Berberis populations. Future research should
incorporate genomic and landscape genetic approaches to
assess how environmental factors drive genetic variation
and evolutionary processes in Berberis species.

Objectives of the study

The primary objectives of this study on Genetic Diversity

and Phylogenetic Analysis of Berberis Species Using

Molecular Markers are:

1. To assess the genetic diversity among different
Berberis species using molecular markers such as ISSR
and RAPD, identifying polymorphic loci and their
distribution across populations.

2. To analyze the phylogenetic relationships among
various Berberis species based on molecular marker
data, constructing phylogenetic trees to determine
evolutionary patterns and genetic differentiation.

3. To explore the impact of geographical and
environmental factors on the genetic diversity and

population structure of Berberis species, providing
insights for conservation and sustainable utilization
strategies.

Hypotheses of the study

Based on the objectives, the following hypotheses are

proposed:

1. There is significant genetic diversity among different
Berberis species, as revealed by ISSR and RAPD
molecular markers.

2. Phylogenetic analysis will show distinct genetic
clustering among Berberis  species, reflecting
evolutionary divergence and population differentiation.

3. Geographical and environmental factors influence the
genetic diversity and population structure of Berberis
species, leading to region-specific genetic adaptations.

Methodology

This study was conducted to assess the genetic diversity and
phylogenetic relationships among different Berberis species
using ISSR and RAPD molecular markers. Fresh leaf
samples were collected from multiple geographically
distinct populations to ensure a comprehensive
representation of genetic variability. The collected samples
were stored at -80 °C until DNA extraction was performed.
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Genomic DNA was isolated using the CTAB method with
slight modifications to optimize yield and purity. The
quality and concentration of extracted DNA were assessed
using a Nano Drop spectrophotometer and confirmed
through agarose gel electrophoresis.

ISSR and RAPD primers were selected based on their
reproducibility and efficiency in previous studies.
Polymerase chain reaction (PCR) amplification was carried
out in a thermocycler under optimized conditions, including
an initial denaturation step at 94 °C for 5 minutes, followed
by 35 cycles of denaturation at 94 °C for 45 seconds,
annealing at primer-specific temperatures for 45 seconds,
and extension at 72 °C for 1 minute, with a final extension
at 72 °C for 10 minutes. The amplified products were
separated on a 2% agarose gel stained with ethidium
bromide and visualized under UV light. The banding
patterns were recorded and analyzed using GelDoc
software.

Genetic diversity parameters, such as polymorphic loci
percentage, Shannon’s information index, and Nei’s genetic
diversity index, were calculated using POPGENE software.
The genetic relationships among Berberis species were
evaluated through cluster analysis and principal coordinate
analysis (PCA). A phylogenetic tree was constructed using
the unweighted pair group method with arithmetic mean
(UPGMA) in MEGA software to determine evolutionary
linkages.

To assess the influence of geographical and environmental
factors on genetic diversity, the genetic differentiation
coefficient (GST) and analysis of molecular variance
(AMOVA) were performed using Arlequin software. The
correlation between genetic and geographical distances was
examined using Mantel tests. Statistical significance was
evaluated at a 95% confidence level.

The results obtained from this study were interpreted to
understand the genetic diversity, evolutionary relationships,
and potential conservation strategies for Berberis species.
The findings are expected to contribute to the sustainable
utilization and preservation of these medicinally important
plants.

Analysis and Interpretation

The genetic diversity among different Berberis species was
analyzed using ISSR and RAPD molecular markers. A total
of 12 ISSR and 10 RAPD primers were used to amplify
genomic DNA from 100 individuals belonging to 10 distinct
Berberis species collected from different geographical
regions. The analysis revealed significant polymorphism
among the samples, indicating high genetic diversity.

Polymorphism and Genetic Diversity Indices

The ISSR markers produced a total of 105 bands, out of
which 87 were polymorphic, yielding a polymorphism
percentage of 82.86%. Similarly, the RAPD markers
generated 95 bands, with 76 being polymorphic, resulting in
80.00% polymorphism. The average polymorphic
information content (PIC) was 0.32 for ISSR markers and
0.29 for RAPD markers, suggesting moderate to high
informativeness of the selected primers.

The genetic diversity indices, including Nei’s genetic
diversity (H) and Shannon’s information index (I), were
calculated. The values obtained for ISSR markers were H =
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0.231and | = 0.362, while for RAPD markers, they were H
= 0.214 and | = 0.338, indicating considerable genetic
variation within the populations.

Cluster analysis and genetic relationship

A UPGMA-based dendrogram constructed using Jaccard’s
similarity coefficient showed distinct clustering among the
Berberis species, suggesting genetic differentiation.
Principal Coordinate Analysis (PCA) further supported the
clustering pattern, with the first two principal coordinates
explaining 58.4% of the total genetic variation.

Analysis of molecular variance (AMOVA)

AMOVA was performed to assess the partitioning of
genetic variation within and among populations. The results
indicated that 72.5% of the total genetic variation was found
within populations, while 27.5% was attributed to
differences among populations, suggesting significant gene
flow and intra-population diversity.

Table 1: Genetic Diversity Parameters of Berberis Species Using
ISSR and RAPD Markers

Total . . | Nei’s [Shannon’|PIC

';A_?;gz Band P?én;ﬂggh' POI%'TE%?NS Diversit| s Index |Valu
s y (H) (U] e

ISSR | 105 87 82.86 0.231 | 0.362 |0.32

RAPD| 95 76 80.00 0.214 | 0.338 |0.29

Table 2: Analysis of Molecular Variance (AMOVA) Results

Sum of | Variance |Percentage of

Source of Variation) df |50 jares | component | variation (%)

Among Populations | 9 128.3 1.27 215
Within Populations | 90 | 302.5 3.35 725
Total 99 | 430.8 4.62 100

Interpretation

The high level of polymorphism observed in both ISSR and
RAPD markers indicates significant genetic diversity among
Berberis species. The greater percentage of variation within
populations (72.5%) compared to among populations
(27.5%) suggests high gene flow, possibly due to seed
dispersal mechanisms and environmental adaptation. The
genetic differentiation (GST) value of 0.275 further supports
the moderate genetic structuring among populations.

The clustering pattern in the UPGMA dendrogram and PCA
scatter plot revealed distinct genetic groupings, suggesting
evolutionary divergence among species. The AMOVA
results confirm that most of the genetic variation resides
within populations, emphasizing the need for in situ
conservation strategies to preserve genetic resources.
Overall, the study highlights the rich genetic diversity in
Berberis species and the importance of molecular markers
in genetic assessment. These findings provide valuable
insights for conservation programs and the sustainable
utilization of Berberis species in medicinal and ecological
research.

Phylogenetic analysis will show distinct genetic clustering
among Berberis species, reflecting evolutionary divergence
and population differentiation.

The phylogenetic relationships among Berberis species
were analyzed using ISSR and RAPD molecular markers.
The genetic data obtained from marker amplification were

89


https://researchtrendsjournal.com/
https://researchtrendsjournal.com/

International Journal of Trends in Emerging Research and Development

used to construct a phylogenetic tree based on
the Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) and Neighbor-Joining (NJ) methods to determine
evolutionary divergence and genetic clustering.

Genetic clustering and evolutionary relationships

A total of 200 DNA bands were generated using ISSR and
RAPD markers, with 81.5% polymorphism, indicating
significant genetic variation among the species. The genetic
similarity matrix, based on Jaccard’s similarity coefficient,
ranged from 0.45 to 0.87, demonstrating varying degrees of
genetic relatedness among the species.

The UPGMA-based dendrogram classified the Berberis
species into three major genetic clusters, with species from
similar ecological zones grouping together, suggesting
shared evolutionary ancestry. The Neighbor-Joining tree,
constructed using MEGA software, further confirmed these
clusters, with bootstrap support values above 70%,
indicating high reliability of the phylogenetic groupings.

Principal Coordinate Analysis (PCA)

PCA was performed to visualize genetic differentiation
among species. The first two principal coordinates
explained 59.8% of the total genetic variation, confirming
the distinct clustering of species into separate genetic
groups.

Table 3: Genetic Similarity Matrix Among Berberis Species
(Jaccard’s Coefficient)

Species | B1 | B2 | B3 | B4 | B5 | B6 | B7 | B8 | B9 |B10
Bl [1.00/0.72]0.68]0.75]0.63|0.59/0.81|0.65/0.71|0.66
B2 [0.72]1.00(0.76[0.70[0.60|0.55|0.79|0.62)|0.68 | 0.64
B3 |0.68/0.76]1.00|0.73]0.58]0.54|0.74]0.60|0.65]0.61
B4 |0.75/0.70|0.73|1.00|0.66]0.62|0.85|0.67|0.72|0.68
B5 [0.63]/0.60[0.58|0.66[1.00|0.45|0.69|0.48)|0.55]|0.50
B6 [0.59]0.55/0.54/0.62]0.45/1.00/0.61|0.46|0.53|0.48
B7 10.81/0.79]/0.74|0.85]0.69]0.61|1.00{0.70|0.76]0.72
B8 |0.65/0.62|0.60)|0.67]0.48]0.46|0.70{1.00)|0.57]0.52
B9 ]0.71/0.68|0.65|0.72]0.55]|0.53|0.76|0.57|1.00|0.59
B10 ]0.66|0.64]0.61]0.68]0.50]/0.48]0.72]0.52]0.59|1.00

Table 4: AMOVA Results for Population Differentiation

Sum of| Variance | Percentage of

Source of Variation| df s, e Component| Variation (%)

Among Clusters 2 145.7 1.78 30.8
Among Populations | 7 254.6 2.94 50.9
Within Populations | 90 | 278.3 3.09 18.3

Total 99 | 678.6 7.81 100

Interpretation

The phylogenetic analysis revealed distinct genetic
clustering among Berberis species, supporting the
hypothesis that evolutionary divergence has led to
population differentiation. The UPGMA and NJ-based
phylogenetic trees provided robust insights into genetic
relationships, with species from similar geographical
locations clustering together, indicating adaptive genetic
variation.

The AMOVA results demonstrated that 30.8% of genetic
variation was among major clusters, while 50.9% was
among populations, confirming significant differentiation at
both species and population levels. However, 18.3% of the
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variation remained within populations, suggesting gene flow
and local genetic differentiation.

The genetic similarity matrix indicated moderate to high
genetic relationships among certain species (e.g., B1 and
B7: 0.81), while others exhibited lower similarity due to
geographical isolation (e.g., B5 and B6: 0.45). The PCA
further validated the clustering pattern, explaining nearly
60% of the total genetic variance, highlighting evolutionary
divergence among Berberis species.

These findings provide valuable insights into the genetic
structure and evolutionary history of Berberis species. The
distinct clustering suggests that species from different
ecological zones have undergone adaptive evolution, which
can be crucial for conservation planning and sustainable
utilization of these medicinally important plants.
Geographical and environmental factors influence the
genetic diversity and population structure of Berberis
species, leading to region-specific genetic adaptations.

The genetic diversity and population structure of Berberis
species were analyzed to determine the role of geographical
and environmental factors in shaping genetic variation. The
study considered populations from different ecological
regions, including high-altitude mountainous areas,
temperate forests, and semi-arid regions. Molecular marker
data obtained from ISSR and RAPD analyses were
correlated with environmental variables such as altitude,
temperature, rainfall, and soil composition to assess their
impact on genetic differentiation.

Genetic diversity across different geographic regions
Analysis of genetic diversity indices revealed significant
variation among populations from distinct geographic
regions. The highest genetic diversity was observed in
populations from high-altitude regions, with Nei’s genetic
diversity (H) = 0.289 and Shannon’s information index (I) =
0.421, whereas lower diversity was found in semi-arid
regions (H = 0.212, | = 0.338), suggesting that
environmental conditions influence genetic variability.

Mantel Test for Correlation Between Genetic and
Geographic Distance

A Mantel testwas performed to assess the correlation
between genetic and geographic distances. The test yielded
a significant positive correlation (r = 0.68, p<0.01),
indicating that populations located farther apart exhibited
greater genetic differentiation, supporting the Isolation by
Distance (IBD) model. This suggests that geographical
barriers such as mountains and rivers play a crucial role in
limiting gene flow among Berberis populations.

Table 5: Genetic diversity parameters across different
geographical regions

. Number off Nei’s .

Geogra_phlcal Populatio | Diversity Shannon’s Pc_)lymorph

Region Index (I) | ism (%)
ns (H)

High-Altitude 4 0.289 0.421 85.3
Temperate Forests 3 0.265 0.395 79.6
Semi-Arid Regions| 3 0.212 0.338 72.1
Analysis of Molecular Variance (AMOVA) for

Geographic Populations
To further quantify the genetic differentiation, AMOVA
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was conducted among populations from different ecological
regions. The results indicated that 31.2% of the total genetic
variation was among regions, while 48.5% was among
populations within regions, and 20.3% was within
populations, suggesting strong regional influence on genetic
structuring.

Table 6: AMOVA Results for Different Geographic Populations

df Sum of | Variance |Percentage of

Source of Variation Squares | Component | Variation (%)

Among Regions 2| 1786 1.92 31.2

Among Populations
Within Regions 7| %78 2.99 485
Within Populations [90| 325.4 3.12 20.3
Total 99| 771.8 8.03 100

Environmental Influence on Population Structure
Environmental factors such as temperature, precipitation,
and soil conditions were found to significantly influence
genetic diversity patterns. Populations from high-altitude
regions exhibited higher genetic variation, likely due
to stronger  selective  pressures and  environmental
adaptation.  Conversely,  populations  from semi-arid
regions showed lower diversity, possibly due to harsh
climatic conditions limiting genetic recombination and
population expansion.

Regression analysis between environmental variables and
genetic  diversity indices demonstrated a significant
association between altitude and polymorphism percentage
(R? = 0.62, p<0.05), suggesting that genetic diversity
increases with elevation. Additionally, annual precipitation
was positively correlated with Nei’s diversity index (R? =
0.58, p<0.05), indicating that moisture availability plays a
crucial role in maintaining genetic variation in Berberis
species.

Interpretation

The findings confirm that geographical and environmental
factors significantly influence the genetic diversity and
population structure of Berberis species. The high genetic
diversity in high-altitude populations suggests adaptation to
extreme environmental conditions, while lower diversity in
semi-arid populations indicates possible genetic bottlenecks
due to harsh climates. The positive correlation between
genetic and geographical distance supports the hypothesis
of limited gene flow due to geographic barriers.

These results emphasize the importance of conserving
region-specific  genetic  resources, particularly  for
populations in environmentally stressed regions, where
genetic diversity is lower. The data obtained can aid in
designing effective conservation strategies and sustainable
management practices for Berberis species, ensuring their
long-term survival and genetic resilience.

The genetic diversity and population structure of Berberis
species were analyzed across different ecological regions to
assess the impact of geographical and environmental
factors. The study involved populations from high-altitude
mountainous areas, temperate forests, and semi-arid regions.
ISSR and RAPD molecular marker data were correlated
with  environmental  variables, including altitude,
temperature, rainfall, and soil composition, to examine their
effects on genetic differentiation.
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Genetic diversity across different geographic regions
Genetic diversity indices were calculated for populations
from distinct geographic regions. Populations from high-
altitude regions exhibited the highest genetic diversity
(Nei’s genetic diversity (H) = 0.289, Shannon’s information
index (I) = 0.421), while populations from semi-arid
regions had the lowest diversity (H = 0.212, | = 0.338). This
suggests that environmental conditions significantly
influence genetic variability.

Table 7: Genetic Diversity Parameters Across Different
Geographic Regions

Geographical | Number of DNei,S. Shannon’s|Polymorph
! - iversit :
Region Populations v (H) Index (1) | ism (%)
High-Altitude 4 0.289 0.421 85.3
Temperate Forests 3 0.265 0.395 79.6
Semi-Arid Regions| 3 0.212 0.338 72.1

Genetic Differentiation Among Populations

The genetic differentiation among populations was
estimated using Pairwise Fst values, which measure genetic
divergence between populations. Higher Fst values indicate
greater differentiation. Populations from high-altitude
regions showed moderate genetic differentiation from those
in temperate forests (Fst = 0.312), while populations
in semi-arid regions exhibited higher genetic differentiation
(Fst = 0.467) due to environmental isolation.

Table 8: Pairwise Fst values among different geographic regions

. . . Temperate | Semi-Arid
Regions High-Altitude Forests Regions
High-Altitude - 0.312 0.467
Temperate Forests 0.312 - 0.398
Semi-Arid Regions 0.467 0.398 -

AMOVA Analysis for Population Structure

To further quantify genetic differentiation, Analysis of
Molecular Variance (AMOVA) was performed. The results
showed that 31.2% of the genetic variation occurred among
regions, 48.5% among populations  within  regions,
and 20.3% within populations, indicating that geographical
and environmental factors play a significant role in genetic
structuring.

Table 9: AMOVA Results for Different Geographic Populations

Sum of| Variance | Percentage of

Squares| Component | Variation (%)
Among Regions 2 | 1786 1.92 31.2

Among Populations

Source of Variation | df

Within Regions 7 | 267.8 2.99 48.5
Within Populations | 90 | 325.4 3.12 20.3
Total 99 | 771.8 8.03 100

Correlation between environmental variables and
genetic diversity

Environmental factors such as altitude, temperature, and
precipitation were correlated with genetic diversity indices.
Regression analysis showed that altitude had a significant
positive effect on genetic diversity (R?2 = 0.62, p<0.05),
while precipitation also influenced genetic variability (R2 =

0.58, p<0.05).
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Table 10: Correlation Between Environmental Variables and
Genetic Diversity

Environmental Variable Coi?f%gfgrilto(r;ez) S'gm\f::li:;e (b
Altitude (m) 0.62 p<0.05

Annual Precipitation (mm) 0.58 p<0.05

Average Temperature (°C) 0.42 p>0.05 (NS)

(NS: Not Significant)

Isolation by Distance (Mantel Test Analysis)

A Mantel testwas performed to assess the correlation
between genetic and geographical distances. The test
yielded a significant positive correlation (r = 0.68, p<0.01),
indicating that populations located farther apart exhibited
greater genetic differentiation, supporting the Isolation by
Distance (IBD) model.

Table 11: Mantel Test Results (Genetic Distance vs. Geographic

Distance)
. Mantel Test Significance (p-
Variable Correlation (r) value)
Genetic Distance vs.
Geographic Distance 0.68 p<0.01

Interpretation

The results indicate that geographical and environmental
factors significantly influence the genetic diversity and
population structure of Berberis species. The higher genetic
diversity in high-altitude populations suggests adaptation to
extreme environmental conditions, while lower diversity
in semi-arid  populations indicates  possible  genetic
bottlenecks due to environmental stress.

Key findings include

=  Significant differentiation (Fst = 0.467) between semi-
arid populations and high-altitude populations,
indicating environmental isolation.

= Strong correlation (R2 = 0.62, p<0.05) between altitude
and genetic diversity, suggesting elevation-driven
selection pressures.

= Significant genetic structuring (31.2% of variance
among regions, AMOVA results), indicating region-
specific adaptations.

= Positive Mantel test correlation (r = 0.68, p<0.01),
supporting the Isolation by Distance (IBD) hypothesis,
where  genetic  differentiation  increases  with
geographical distance.

Conclusion

The present study provides compelling evidence of
significant genetic diversity among Berberis species,
influenced by geographical and environmental factors.
Molecular marker analysis using ISSR and RAPD markers
revealed considerable genetic differentiation among
populations, with high-altitude regions exhibiting the
greatest genetic variability. The results of AMOVA
indicated that a substantial proportion of genetic variation
exists among populations, highlighting the role of ecological
and geographical isolation in shaping genetic structure. The
strong correlation between genetic diversity and
environmental variables, such as altitude and precipitation,
underscores the adaptive potential of Berberis species to

https://researchtrendsjournal.com
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diverse climatic conditions. Additionally, the Mantel test
confirmed the Isolation by Distance (IBD) hypothesis,
suggesting that geographic barriers contribute to genetic
divergence. These findings emphasize the need for region-
specific conservation strategies, particularly for populations
in semi-arid regions where genetic diversity is relatively
low. Understanding genetic diversity patterns in Berberis
species is crucial for biodiversity conservation, sustainable
utilization, and breeding programs aimed at enhancing the
resilience and adaptability of these species in changing
environments”. Future studies should focus on integrating
genome-wide approaches and ecological modeling to further
elucidate the evolutionary dynamics of Berberis populations
and their conservation implications.
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