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Abstract

Background Basella alba L. a widely consumed green leafy vegetable, exhibits considerable nutritional and
therapeutic potential attributed to its bioactive constituents. Prior investigations revealed significant variation in
phytochemical and antioxidant activity across agro-climatic zones in Sri Lanka, suggesting potential genetic influence.
This study is designed to explore underlying genetic variation using RAPD markers to investigate the correlations and
contributions of genotype on previously reported bioactivity variation.

Results From a screening of 15 RAPD primers, four primers (OPA 9, OPA 10, OPA 16, and OPB 10) produced,
polymorphic, consistent and clearly scorable banding profiles (under optimized PCR conditions) in B. alba L. collected
from 15 Sri Lankan locations. These primers collectively yielded 36 bands, 35 of which were polymorphic, resulting

in a high polymorphism rate of 97.2%, confirming the informativeness of the selected primers for genetic diversity
analysis. Genetic similarity was assessed using Jaccard's coefficient in NTSYSpc.v2-10e, revealing values ranging from
044 to 0.97, with the highest similarity from the samples from Ratnapura and Kandy and the lowest similarity in
Ratnapura and Kalutara. A dendrogram constructed via UPGMA grouped the samples into two major clusters and five
sub-clusters, demonstrating substantial genetic differentiation influenced by geographic origin. Cluster | included
Ratnapura and Kandy, while the remaining samples formed Cluster Il and its subgroups, each representing different
ecological zones. When compared to the phytochemical and antioxidant clustering data of the previous study, partial
correspondence was observed. A Mantel test comparing genetic diversity and biochemical/antioxidant potential
revealed a weak negative correlation which was not significantly different. Some of the locations within similar
genetic cluster shared similar biochemical traits, while others diverged significantly, indicating that environmental
conditions also influence bioactive compound synthesis. Notably, Cluster | (Ratnapura and Kandy) showed both
genetic similarity and lower antioxidant traits. Samples from Ella and Polonnaruwa showed similar bioactive traits
even though they were grouped into different genetic clusters.
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Conclusion These findings suggest that both genetic makeup and environmental adaptation contribute to observed
biochemical diversity in B. alba L. with a clear geographical correlation. This study highlights the value of integrating
molecular and biochemical analyses to develop regionally adapted B. alba L. cultivars with enhanced nutritional traits,
supporting sustainable agriculture in Sri Lanka and beyond.

Keywords Antioxidants, Basella albal_., Genetic variation, Genotype-environment interaction, Phytochemicals, RAPD

markers

Background

Green leafy vegetables (GLVs) are vital components of
the human diet, renowned not only for their rich nutri-
tional content but also for their significant phytochemi-
cal and antioxidant properties [1]. Among them, Basella
alba L. (commonly known as Malabar spinach) holds
particular importance in tropical and subtropical areas
due to its widespread culinary and medicinal uses [2].
The nutritional and therapeutic potential of B. alba L.
is triggered by its accumulation of bioactive compounds
such as chlorophylls, carotenoids, phenolics, and flavo-
noids, which also confer strong antioxidant capacity [3].
However, these biochemical traits can be influenced by
external environmental factors, including soil character-
istics, climate, and elevation, which can vary with geo-
graphical location [4].

In previous study, we evaluated the proximate compo-
sition, phytochemical content, and antioxidant activity
of B. alba L. collected from 15 locations across diverse
agro-climatic zones in Sri Lanka [4]. The results revealed
significant variability among samples in both nutritional
and biochemical traits. Furthermore, certain locations
showed elevated levels of phytochemicals and antioxi-
dant potential. Multivariate analyses such as principal
component and cluster analysis, demonstrated a strong
association between these traits and geographical loca-
tion, underscoring the influence of environmental condi-
tions on the biochemical profile of B. alba L. While these
findings offer important guidance for location-specific
cultivation strategies aimed at enhancing nutritional
quality and sustainable agriculture, they also raised criti-
cal questions about the underlying genetic factors con-
tributing to the observed variability.

To address this, the present study investigates the
genetic variation among the same B. alba L. samples
using Random Amplified Polymorphic DNA (RAPD)
markers. By exploring the genetic variation and clustering
patterns in relation to previously assessed phytochemical
and antioxidant properties, study aim to investigate the
correlations and contributions of genotype and envi-
ronmental factors with the bioactivity variation. These
investigations can offer valuable insights into genotype-
environment interactions and their role in shaping the
nutritional and therapeutic potential of GLVs. Under-
standing such dynamics is critical for the strategic con-
servation of genotypes with high performance, for the

development of targeted breeding programs, and for the
promotion of sustainable agricultural practices in specific
environments.

Material and methods

Materials

The large vine-type B. alba L. variety with green leaves
was collected from 15 locations in Sri Lanka (Table 1).
Each sample was acquired from home gardens, grown
with organic farming practices [4]. Fresh edible aerial
parts (leaves and immature stems) of B. alba L. were
randomly collected from each site. Samples were imme-
diately placed in clean polyethylene bags and brought to
the laboratory within 12hours of collection for further
analysis. Chemical reagents, cetyltrimethylammonium
bromide (CTAB), NaCl, EDTA, Tris-HCl, polyvinyl-
polypyrolidone (PVPP), and [ mercaptoethanol, were
obtained by BrecklandScientificTM, UK. Chloroform,
isopropyl alcohol, and ethanol were obtained by Sigma-
Aldrich, USA. GoTaq® Green PCR buffer, MgCl,, dNTP,
DNA ladder (100 bp), Taq polymerase, and Primers were
obtained by Promega, USA. SYBR SAFE™ gel stain was
obtained by Thermo Fischer Scientific, USA.

Sample preparation

The collected samples were taxonomically identified
according to the online herbarium, the Atlas of Florida
Plants from the Institute for Systematic Botany, the Uni-
versity of South Florida, USA as described in [4]. The
samples were cleaned well with tap water followed by
distilled water to remove dust, mud, and other possible
impurities [4]. The shoot parts of the samples were air
dried at room temperature under shade, to remove excess
water. Then they were stored under —20 °C until DNA
extraction.

Dna extraction

Total genomic DNA was extracted from the young leaves
of B. alba L. following the method described by [5] with
slight modifications [5]. First, 100mg of leaf shoot was
crushed into a fine paste and homogenized with 500 uL
2x CTAB buffer [2% (w/v) CTAB, 1.4M NaCl, 20mM
EDTA (pH 8.0), 0.1M Tris-HCI (pH 8.0), 1% (w/v)
PVPP, 1.0% (w/v) p mercaptoethanol] in an Eppendorf
tube. Then the tube was incubated in a heating block
(MaXtable H10, Daihan Scientific, South Korea) at 60 °C
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Table 1 Sampling locations of B. alba L. made from different
parts of Sri Lanka
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Table 2 Primers and the optimized annealing temperature for
the PCR amplification

Agro-climatic =~ Sample location = Geographical coordinate

Zone Latitude Longitude
Low-country dry Jaffna 9.738817 80.01751
zone (LD) Anuradhapura 8310921 80.38111
Polonnaruwa 7.772025 81211141
Hambanthota 6.145451 81.144426
Kalpitiya 8.039823 79.714747
Mid-country Badulla 6.907357 81.215564
intermediate Monaragala 6.855969 81342407
zone (MI)
Upcountry Ella 6.861539 81.02505
intermediate Welimada 6.869918 80.943397
zone (Ul)
Low-country wet Kalutara 6.546935 80.045276
zone (LW) Hikka 6.130542 80.10267
Gampaha 7.071295 79.972292
Rathnapura 6.710008 80.389119
Kegalle 7.21789%4 80.2478
Up-country wet  Kandy 7.30824 80.720608

zone (UW)

for 15min. 500 uL of chloroform was added and mixed
well, followed by centrifugation at 13,000 rpm for 10 min.
The aqueous phase was transferred into a new sterile
microcentrifuge tube. The solution was re-extracted with
an equal volume of chloroform followed by centrifuga-
tion at 13,000 rpm for 10 min. Then, 600 uL of 100% ice-
cold isopropyl alcohol was added to the aqueous phase
in a new microcentrifuge tube And mixed carefully and
thoroughly for DNA to precipitate. Then centrifuged at
13,000 rpm for 5min at 4 °C. The DNA pellet was washed
with 70% (v/v) ethanol and re-centrifuged at 13,000 rpm
for 2min. The DNA pellet was air-dried and suspended in
100 pL of sterile distilled water. DNA quality was assessed
using 1% (w/v) agarose gel electrophoresis, while its
purity and concentration were determined by Nabi
UV-Vis Nano spectrophotometer (MicroDigital, South
Korea) before PCR amplification.

Random amplified polymorphic DNA (RAPD) assay

RAPD analysis was conducted with random decamer
primers, and a master mix was prepared using GoTaq’
Green PCR buffer according to the protocols outlined
by [5] with modifications [5]. The master mix for PCR
amplification reaction with a final volume of 20puL,
contained 4 pL of 10x Green PCR buffer, 3uL of 4mM
MgCl,, 2L of 1.5mM dNTPs (dATP, dGTP, dCTP, and
dTTP), 2uL template DNA, 2uL of 100mM primers,
0.25 units of Taq DNA polymerase, and 6.75uL PCR
grade water. The respective PCR amplifications were con-
ducted using BIOER LifeECO Thermocycler (Hangzhou
Bioer Technology Corporation Limited, China) by using
the following amplification profile: initial denaturation at

Primer code  Sequence (5'to 3’end) Optimized anneal-  Ref-
ing temperature er-
-T,(°Q) enc-
es
OPA1 CAGGCCCTTC 30 [6]
OPA9 GGGTAACGCC 37 (6]
OPA'10 GTG ATCGCAT 30 (5, 6]
OPA 16 AGC CAG CGA A 30 (6]
OPB3 CATCCCCCTG 30 (6]
OPB 4 CGACTGGAGT 30 (5,7
OPB6 TGCTCTGCCC 30 (6]
OPB8 GTCCACACGG 30 (6,71
OPB 10 CTGCTGGGAC 37 [5, 6]
OPB 11 GTAGACCCGT 30 (5,71
OPB 12 GTIGATCGCAG 30 (8]
OPB 17 AGG GAACGAG 30 (6]
OPB 18 CCACAGCAGT 30 9
OPB 19 ACCCCCGAAG 30 [0
OPC5 GAT GACCGCC 37 (9]

94 °C for 3 min, followed by 35 cycles consisted of dena-
turation at 94 °C for 1 min, annealing at T, (Table 2) for
30sec., extension at 72 °C for 1 min, and a final extension
step at 72 °C for 5min. After completion of PCR cycles,
DNA amplicons were stored at-20 °C until further
analysis.

After completion of PCR cycles, DNA amplicons were
stored at 4 °C. For the initial PCR screening of primers,
15 random decamer primers (Integrated DNA Technolo-
gies, Inc. - USA) (Table 2) were used.

Agarose gel electrophoresis

The PCR products were electrophoresed in 1.5% agarose
gel stained with SYBR SAFE™ (Thermo Fischer Scien-
tific - USA) (1uL/100mL). Gel electrophoresis was car-
ried out in 1x Tris Acetic Acid EDTA buffer (TAE, pH
8.0) and run at 60V for 60 min. 5pL from each PCR was
loaded into the agarose gel for electrophoresis. The PCR
amplicons were visualized using a gel documentation
apparatus (Gel DocTM-EZ imager, USA). The band size
of the amplicons was determined with reference to a 100
bp DNA ladder (Promega — USA).

Statistical analysis

A binary matrix was created using the DNA fingerprint
pattern by coding 1 and 0 for the presence [1] or absence
(0) of bands of various molecular weight sizes. Only poly-
morphic, consistent, and clearly scorable (under opti-
mized PCR conditions)fragments were considered for
the analysis. The total number of fragments (TF), the
number of polymorphic fragments (PF), and the percent-
age of polymorphic fragments (PPF) were determined
for each primer used. The binary matrix was used as the
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input file in the NTSYSpc.v2.10e. software to generate a
dendrogram based on the unweighted pair group method
analysis (UPGMA) clustering method. The similarity
coefficients between varieties were computed using the
Jaccard Similarity Coefficient (J) algorithm followed by
cluster analysis based on UPGMA which was employed
to generate a dendrogram as a graphical representa-
tion of the RADP analysis and to interpret the genetic
variation within the species [10]. Furthermore, a Mantel
test was performed between the pairwise RAPD-based
genetic distance matrix (1 — Jaccard similarity) and the
biochemical/antioxidant data as a Euclidean distance
matrix to evaluate the relationship between genetic varia-
tion and biochemical/antioxidant diversity in B. alba. The
Euclidean distance matric was computed using PAST
4.03 software based on the biochemical and antioxidant
diversity data reported for B. alba by [4]. The PAST 4.03
software was used with 9,999 permutations to assess the
statistical significance of the correlation. The Mantel sta-
tistic (R) was calculated as a Pearson correlation coeffi-
cient between the two distance matrices, and significance
was determined using a one-tailed test. To examine the
association of genetic variation with phytochemical and
antioxidant traits, B. alba L. accessions were grouped
according to the genetic clusters obtained from RAPD
marker analysis. Then the phytochemical and antioxidant
results of our former study [4] were compared among
resulting genetic clusters using one-way analysis of vari-
ance ANOVA test followed by Tukey’s post hoc test at
a 95% confidence level (p<0.05). The analysis was per-
formed using IBM SPSS Statistics data editor.

Results

The screened primers gave different band patterns.
However, from the 15 primers screened, 4 primers gave
consistent and clearly scorable banding profiles (under

Page 4 of 11
Table 3 RAPD marker summary statistics
Primer code TF PF PPF (%)
OPA9 1 1 100.0
OPA 10 6 6 100.0
OPA 16 8 8 100.0
OPB 10 1 10 90.9

TF - total no of fragments, PF - no of polymorphic bands, PP - percentage of
polymorphic fragments

optimized PCR conditions) and were used for the deter-
mination of genetic variation among the samples col-
lected from different locations. An additional file shows
the gel images of the RAPD marker analysis of B. alba L.
from different locations for the primers OPA 9, OPA 10,
OPA 16, and OPB 10 (Additional file 1).

In the RAPD analysis of B. alba L. from the 15 loca-
tions, the four primers evaluated produced a total of 36
fragments with 35 (97.2%) bands being polymorphic.
The TF, PF, and PPF % values are presented in Table 3.
The number of bands produced by the RAPD primers
ranged from 6 (OPA10) to 11 (OPA 9 and OPB 10). On
an average, each primer generated 9 total fragments and
8.75 polymorphic fragments. The percentage of poly-
morphism ranged from 90.9% (OPB 10) to 100% (OPA 9,
OPA 10, and OPA 16), with an overall average polymor-
phism frequency of 97.2%.

Figure 1 shows the similarity coefficient matrix gener-
ated using Jaccard’s coefficient (J) algorithm by feeding
the presence or absence of RAPD bands as binary data
into NTSYSpc.v2.10e. software. The Jaccard’s similar-
ity coefficient among the B. alba L. samples ranged from
0.44 to 0.97, with the highest similarity in Ratnapura and
Kandy (Fig. 1) and the lowest similarity in Ratnapura and
Kalutara.

The dendrogram (Fig. 2), based on a similarity matrix,
grouped the B. alba L. sample locations into two major

Kalutara Gampaha Jaffna Hikkaduwa Monaraga FElla Welimada BadullaRatnapura Anuradha Kandy Kalpitiya Polonnar Hambanth Kegalle
Kalutara | 1.co00
Gampaha | 0.7222  1.0000
Jaffna | e.6111 @.7222 1.0000
Hikkaduwa | @.7500 @.75¢0 0.5833 1.0000
Monaragala | @.5556 ©.7222 ©9.7222 0.5833 1.0000
Ella | 0.4722 0.6944 0.6389 0.6667 0.7500 1.0000
Welimada ] 0.5556 0.7222 0.6667 @.6944 ©,7222 0,756 1.0000
Badulla | 0.5556 ©.7222 0.7222 8.5833 @.6111 0.5278 0.6667 1.0000
Ratnapura | 0.4444 0.7222 0.5556 ©.5278 0.6667 ©0.6944 0.6111 0.5000 1.0000
Anuradhapura | ©0.6944 ©.8056 0.8611 0.6667 ©.7500 0.6667 0.6944 0.8056 0.6389 1.0000
Kandy | 0.4722 0.7500 0.5833 8.5556 0.6944 0.7222 0.6389 0.5278 0.9722 0.6667 1.0000
Kalpitiya | 0.5833 e@.75¢0 0.8611 0.6111 ©.7500 0.7222 0.6944 0.6944 0.6380 @.8889 0.6667 1.0000
Polonnaruwa | ©.6111 ©.7778 0.8889 ©.6389 ©.7778 0.7586 0.7222 ©0.7222 @.6111 @.9167 ©.6389 9.9722 1.0060
Hambanthota | ©.6667 ©.8333 0.8889 0.6389 ©.7778 0.7580 0.7778 0.7222 0.6667 @.9167 0.6044 0.9167 ©.9444 1.0000
Kegalle [ 0.6667 @.7222 06,7222 @.8611 0.6111 0.6944 0.6667 0.6667 0.5556 @.8056 @.5833 0,750 @.7778 @.7778 1.0000

Fig. 1 The Jaccard’s similarity coefficients between the B. alba L. samples from different locations
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Fig. 2 The dendrogram generated by the NTSYSpc.V2.10e software based on the Jaccard's similarity coefficient

Kalutara Gampaha Jaffna  Hikkaduwa Monaragala Ella Welimada Badulla  Rathnapura Anuradhapura Kandy — Kalpitiya Polonnaruwa Hambanthota Kegalle
Kalutara 0
Gampaha 2.332498 0
Jaffna 157642 15.54959 0
Hikkaduwa | 14.38249 13.10241 10.28399 0
Monaragala | 6.241323 7.718751 12.84893  15.61186 0
Ella 294129 29.53533 14.28464 2291412 25.13835 0
Welimada 102921 10.81536 7.818796  13.01303  6.108278 19.80494 0
Badulla 13.46835 13.36941 4.510136  10.26198  10.67129  16.8379  4.950181 0
Rathnapura | 7.278479 8932094 18.19097  20.07838  5.713305 3020014 1148004 16.11194 0
Anuradhapura | 1635547 17.22513 1030926  18.84351  10.67098 1675123  6.955515 9.044533  14.85341 0
Kandy 6.132057  7.090061 11.89686  13.75503  3.562622 24.5374 4887798 8.772416  8.112854 10.81557 0
Kalpitiya 8.715218 10.23016 17.68105  19.45536  6.965126 29.39794 12.11877 16.20736  5.214633 1544061  9.225237 0
Polonnaruwa | 27.28734  27.12438  12.31381 20276 23.54573 6.986621 1820184 15.06125  28.63963 1620246 2297205 28.69254 0
Hambanthota | 5.456764 6.187146 12.20894  13.08244  3.682133 2543129  6.7026 10.08938  7.601935 1242186  4.056093 7.855319 23.54004 0
Kegalle 6.806492 8.448849 158514 1838762 3322069 2775679 8.815482 13.54752  2.800181 1233917 5.719723  6.058986 26.18758 5.87822 0

Fig. 3 The Euclidean distance coefficients for biochemical and antioxidant diversity between the B. alba L. samples from different locations

clusters: cluster I and cluster II. Cluster I has two loca-
tions; Ratnapura and Kandy, while cluster II has two sub-
clusters, cluster IIA and IIB. The sub cluster IIB has three
locations (Kalutara, Hikkaduwa, and Kegalle). The sub-
group IIA is further divided into two, with one (IIAb)
having Monaragala, Ella, and Welimada together and the
other one (IIAa) having two more subgroups, in which
Badulla is isolated from six other locations. IIAal sub-
clusters into two, isolating Gampaha from Jaffna, Anu-
radhapura, Kalpitiya, Polonnaruwa, and Hambanthota.
The cluster pattern shows that Ratnapura and Kandy are
the most diverting locations from Kalurata.

Furthermore, the Mantel test revealed no significant
correlation between RAPD-based genetic distance and

biochemical/antioxidant distance (Fig. 3) in B. alba
(R=-0.1135, p=0.7974).

The results of the ANOVA test revealed significant
differences (p<0.05) in phytochemical and antioxidant
traits; total phenolic content (TPC), total flavonoid con-
tent (TFC), total chlorophyll, total carotene, DPPH radi-
cal scavenging activity and ferric ion reducing power
(FRAP) among the genetic clusters identified by RAPD
analysis (Table 4).

Discussion

RAPD marker analysis

The RAPD analysis revealed a high level of polymor-
phism (>90%) among B. alba accessions, confirming the



Dahanayaka et al. BMC Genomic Data

Table 4 Significant difference in phytochemicals and antioxidant activity of B. alba L. from different genetic clusters

Genetic cluster

Reference

FRAP (mg AAE/g)
1.23+0.08°
1.53+0.11%

DPPH (%)

TPC (mg GAE/qg)
3.02+0.20¢
046+0.12°

TFC (mg QE/qg)
565 +0.54°
4.58+0.58%¢
5.70+0.42°
10.51+0.35'

Carotene (ng/g)

2.87+0.35°

Chlorophyll (ug/g)

Location

114042127

1454+ 1.47%

Ratnapura (LW)
Kandy (MW)

18.94 +0.64°<

16.84 +1.79%¢
38.03+2.049

1.90+0.28°b¢
2.70+0.36%
1.54+0.29%°

14.08 +0.35%

2.72+0.19

2.40+0.12°d

15.17 £0.37%"
27.53+£0.94]

Monaragala (MI)

Ella (U1)

1A llIAb

3.76+£0.40°

450+0.92¢

22.46+0.38 1.86+0.3620

1.86+0.38¢
1.75+0.40°
347 +0.24%

492+0.28

4.99+(.322bcd
5.07 +0.54%d

3.94+042°

2,07 £0.56d
1.85+0.25%
1.15+0.28°
1.85+0.21%

287+0.18°

17.12+0.66°

Welimada (Ul)
Badulla (M)

9+0.18°¢
12740072

257+0.17¢

1.5

27324078

16.27+1.0e
804+0.15%

11Aa2

lIAa

17.01 +0.3420<d

29.17+2.71°

Gampaha (LW)
Jaffna (LD)

l1Aa1’

l1Aa1

744+053¢

16.82 +0.659
23.98+0.24"

lIAa1”

1.96+0.210cde
1.28+0.08°

433+0319

22.77 +2.44%
1243+2.012
37.37 £3.009

1.80+0.32°
227 +0.345

8.33+0.09°

5.72+0.17°d
10.54 +0.40"

Anuradhapura (LD)
Kalpitiya (LD)

3.80+0.10

13.66 +0.49%9
24.92+0.11"

(2025) 26:94

541 +0.71°
5.79+0.24%

444+022%

2.31+0.04bcde
456+0.03

Polonnaruwa (LD)
Hambanthota (LD)

Kalutara (LW)

2.15+0,10cdef
242+0.12%f

18.45+1.410d

2.66+0.210<d

12.45+0.18°
933+0.11°

1587 +1.33%
29.79+2.74°

2.53+0.48°d
424+0.16%

1.20+£0.07°

1B

2.26+0.13°%f
1.50+0.30%°

6.01+0.49¢

1.99+ 0470
2.82+0.17%

6.69+041°

Hikkaduwa (LW)
Kegalle (LW)

2.35+0.68° 13.84+2.14%

5.05+0.472><d

15.52+0.529°1
Rows followed by the same letters in a column are not significantly different at p < 0.05. AAE; Ascorbic acid equivalents, GAE; Gallic acid equivalents, QE; Quecertin equivalents. LW - low country wet zone, MW — mid-country

wet zone, Ml - mid-country intermediate zone, Ul - up-country intermediate, LD - low-country dry zone
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effectiveness of the selected primers in detecting intra-
specific diversity [11].

The four primers to detect the genetic variation of B.
alba L., were selected based on their ability to generate
polymorphic, consistent, and clearly scorable banding
profiles (under optimized PCR conditions) According to
the results, DNA amplified with OPA 9 primer resulted
in PCR products of approximately 1500—-300 bp length
while DNA amplified with OPA 10 primer resulted in
PCR products of approximately 1000-300 bp length.
Amplification of the DNA with OPA 16 and OPB 10
primers yielded PCR products within the range of 900—
200 bp and 1500—400 bp length respectively. Each primer
produced a distinct set of amplification products, reflect-
ing random regions across the B. alba L. genome. The
banding profiles varied in number and intensity among
the locations, indicating a considerable degree of poly-
morphism. The presence of unique bands in certain sam-
ples, as well as shared bands among others, was used to
construct a binary matrix for genetic similarity analysis.
The resulting dendrogram highlighted both genetically
similar clusters and distinct lineages, demonstrating the
effectiveness of these primers in revealing intra-specific
genetic diversity. OPA-9 and OPB-10, which have a high
GC content, yielded multiple sharp and well-resolved
bands, suggesting a strong annealing affinity to conserved
genomic regions (Fig. 1). OPA-10 and OPA-16 also
contributed significantly to the overall polymorphism
detected, with several bands unique to specific regions,
implying possible localized genetic adaptations [12].

RAPD is a widely used PCR-based technique for assess-
ing genetic variation in plants, particularly when genomic
information is limited [13]. In the present study, RAPD
markers were used to analyze the genetic diversity of B.
alba L. collected from various locations in Sri Lanka due
to its simplicity, cost effectiveness, and ability to detect
polymorphisms across the genome without requiring
prior sequence data [13]. One of the key advantages of
RAPD is that it generates multiple loci simultaneously
using short arbitrary primers, allowing for the rapid
screening of genetic diversity [14, 15]. It is particularly
useful for non-model organisms like B. alba L., where
genomic resources are scarce [15]. Additionally, RAPD is
useful for detecting inter- and intra-population variabil-
ity, and its high-throughput capability makes it suitable
for screening large sample sizes [13, 16]. Nevertheless,
RAPD has certain limitations [17] which are discussed
at the end of the discussion section. However, by care-
ful standardization and replication we can obtain reliable
and reproducible results [18].

Jaccard’s similarity coefficient
In this study, the presence or absence of RAPD bands
was scored as binary data and fed into NTSYSpc.v2.10e.



Dahanayaka et al. BMC Genomic Data (2025) 26:94

software to generate a similarity coefficient matrix, using
Jaccard’s coefficient (J) algorithm. Jaccard’s coefficient is
simpler and is most widely used with the RAPD marker
[19-21]. Here, the algorithm has derived a similarity coef-
ficient matrix (Fig. 1) from all possible pairwise combina-
tions of individuals (locations), considering the genetic
compatibility of one individual (location) to every other
individual (location). The dendrogram (Fig. 2) graphically
represents the above similarity coefficients, revealing the
genetic relationships among samples from different loca-
tions. According to Jaccard’s similarity coefficient, the
highest similarity was observed in Ratnapura and Kandy
(Fig. 1), Zwhile the lowest similarity was in Ratnapura
and Kalutara. The similarity coefficients showed a wide
range of genetic diversity among locations [22].

The genetic variation study using RAPD markers
revealed distinct clusters (Fig. 2) in B. alba L. sample
locations, implying environmental and geographical fac-
tors may influence genetic differentiation. Overall, RAPD
remains a valuable tool for preliminary genetic diversity
assessment and can be particularly informative when
combined with geographical, morphological, or bio-
chemical data [23-25].

Association of genetic variation with the phytochemical
composition and antioxidant potential of B. alba L.
Understanding how genetic variation influences phy-
tochemical composition is essential for selecting and
conserving nutritionally and medicinally valuable plant
germplasm [26]. According to Dahanayka et al. (2025),
geographical variation showed a significant impact on the
phytochemical and antioxidant activity of B. alba L. [4].
In the present study, the B. alba L. collected from diverse
agro-climatic zones across Sri Lanka were grouped into
several distinct genetic clusters based on RAPD marker
analysis. To evaluate whether these genetically distinct
clusters exhibit significant differences in their phyto-
chemical profiles, we incorporate the results of our for-
mer study [4] which was conducted to investigate the
key traits including TPC, TFC, total chlorophyll, total
carotene, and antioxidant activities (DPPH and FRAP)
of B. alba L. By applying the statistical test ANOVA to
compare these traits among genetic clusters, the cluster
grouping based on the phytochemical study can be used
to compare and match the dendrogram generated by
molecular markers [27].

The Table 4 demonstrates clear and statistically sig-
nificant variation (p <0.05) in total chlorophyll, carotene,
TEC, TPC, DPPH radical scavenging activity, and FRAP
among the genetic clusters. Genetic cluster I include
samples from Ratnapura and Kandy, representing the
same phytochemical and antioxidant activity cluster
(Dahanayaka el al., 2025), which displayed some of the
lowest values for antioxidant activity (Dahanyaka et al.,
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2025) [4]. According to [4] Ratnapura recorded the low-
est DPPH and FRAP activities, suggesting a weak anti-
oxidant potential [4]. Additionally, this location showed
relatively lower chlorophyll and TPC levels [4]. Kandy
also showed a low TPC value and moderate-to-low anti-
oxidant activity [4]. These results suggest that Cluster I
harbors genotypes with inferior antioxidant properties,
potentially due to the reduced biosynthesis of phenolics
and pigments. However, regarding the phytochemical
content, genetic cluster I is closely related to the location
Kalpitiya of cluster IIAal” In the cluster analysis based
on phytochemical and antioxidant activity [4], Kalpitiya,
Rathnapura, and Kandy exist in the same cluster (II) con-
trasting the results of the genetic clusters [4]. Also, they
exhibit closer TPC results to Monaragala, Anuradhapura,
and Polonnaruwa according to the results of [4] which
belong to different genetic clusters.

Cluster II being genetically more diverse, includes sub-
clusters with considerable variations. In the sub-cluster
IIA are the locations, Ella (with higher chlorophyll, TEC,
and TPC) Welimada and Badulla (intermediate values
across most traits), Gampaha (lower TFC and FRAP val-
ues), Jaffna, Anuradhapura, and Polonnaruwa (higher
antioxidant activity and chlorophyll content) [4]. How-
ever, according to the results of [4] in phytochemical and
antioxidant activity-based clustering, these locations are
dispersed into several clusters. Cluster IIB (Kalutara,
Hikkaduwa, and Kegalle) also showed significant intra-
cluster variation. According to [4] Kalutara showed high
chlorophyll and TFC levels, while Hikkaduwa and Keg-
alle had moderate to lower values across traits [4]. How-
ever, in genetic clustering Kalutara, Kegalle, Rathnapura,
and Kandy are divergent even though they belong to the
same phytochemical and antioxidant-based cluster [4].

The divergence between genetic clustering and phy-
tochemical/antioxidant activity clustering in B. alba
L. suggests that genetic similarity is not always similar
to biochemical similarity [28]. Furthermore, the weak
negative correlation (R=-0.1135, p=0.7974) resulted
by the Mantel test, indicates that there is no significant
association between genetic variation and biochemi-
cal/antioxidant diversity among the B. alba accessions.
This suggests that variation in biochemical traits of B.
alba L. is independent of the genetic diversity captured
by RAPD markers. Similar findings have been reported
in the study of Khan et al. (2008), where RAPD-based
genetic diversity showed a low and non-significant corre-
lation (r=0.027) with biochemical traits, highlighting the
need for complementary approaches in assessing genetic
diversity related to specific traits [23]. These observations
show the complexity of genotype-phenotype relation-
ships and the influence of evolutionary and environmen-
tal factors on plant traits. However, these results suggest
that genetic clustering based on RAPD markers shows
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a partial correspondence with phytochemical and anti-
oxidant diversity. The observed variations can be attrib-
uted to both genetic and environmental factors affecting
metabolite biosynthesis pathways [29]. Importantly, some
locations within the same genetic cluster still showed sig-
nificant differences in phytochemical traits, indicating
that environmental conditions and local adaptations also
play critical roles (ex: Rathnapura and Kandy, Table 4).

Influence of geographical locations on genetic variation,
phytochemical composition, and antioxidant potential

The grouping of B. alba L. samples from different loca-
tions into distinct genetic clusters (Fig. 2) appears to
reflect the influence of their respective agro-climatic
zones. Genetic Cluster IIAal’, which includes locations,
Jaftna, Anuradhapura, Kalpitiya, Polonnaruwa, and Ham-
banthota, is composed entirely of samples from the LD
zone [4]. This suggests a degree of genetic adaptation to
the dry, high-temperature environments and possibly
shared ancestral origins or gene flow within this zone
[30]. Similarly, Cluster IIB comprises Kalutara, Hik-
kaduwa, and Kegalle—all located in the LW zone [4],
characterised by high rainfall and humidity. Meanwhile,
ITAb, which includes Ella and Welimada, represents
populations from the UI zone, known for its cooler tem-
peratures and higher altitudes. These geographical pat-
terns in genetic clustering highlight the potential role
of environmental selection pressures in shaping genetic
variation [31]. Local adaptation to factors such as tem-
perature, moisture availability, altitude, and soil condi-
tions may drive the divergence observed among clusters
[32]. Furthermore, the phytochemical composition and
antioxidant potential of these populations also appear to
be influenced by geography.

According to [4], samples from Ella (from IIAb genetic
cluster) exhibit different phytochemical accumulation
profiles compared to the locations from LD, LW, MW,
and MI zones, potentially due to altitude-related stress
responses that stimulate phenolic and flavonoid biosyn-
thesis pathways [33]. However, Monaragala and Weli-
mada are in a similar genetic cluster with Ella, though
they are significantly different in phytochemical cluster-
ing. The present study confirms that geographical struc-
turing supports the concept that both genetic markers
(RAPD) and functional traits (phytochemicals/antioxi-
dants) can be influenced by geographical location where
local environmental conditions varies [4, 34—36]. These
findings highlight the importance of considering the
agro-ecological context when selecting germplasm for
conservation, breeding, or nutraceutical development
[37]. Identifying and preserving location-specific geno-
types with desirable biochemical traits can contribute to
enhancing the resilience and nutritional quality of future
B. alba L. cultivars. Furthermore, building on the insights
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of this study, we can extend the thorough investigations
on other plant species with higher nutraceutical or thera-
peutic value.

However, this study has certain limitations that should
be acknowledged. Firstly, the number of sampling sites
per accession was restricted to one, while the number of
accessions from different agro-climatic zones differed,
due to natural variation and the limited availability of B.
alba L. samples cultivated under organic farming prac-
tices. This imbalance may influence clustering outcomes
by over-representing some regions while under-repre-
senting others. A larger sample size with multiple sites
per accession would have provided greater statistical
power to capture micro-environmental variability. More-
over, as samples were collected only from home gardens
under organic practices, the results may not fully reflect
the properties of B. alba cultivated under conventional
farming systems or occurring in the wild. Another limi-
tation was that sampling was conducted within a single
season, without accounting for seasonal and inter-annual
influences on phytochemical and nutrient composition.
Additionally, environmental variables such as soil pH,
mineral content, and microclimatic conditions were not
directly incorporated, although these factors are known
to affect plant biochemical traits. Furthermore, the
molecular marker system employed (RAPD) has several
limitations. Being a dominant marker system, RAPD can-
not distinguish between homozygous and heterozygous
loci [17], and its reproducibility can be affected by minor
PCR condition variations [13]. These factors restrict its
capacity to capture fine-scale allelic richness and may
limit the power of correlation analyses between genetic
diversity and biochemical traits [38]. Moreover, indepen-
dent repeat PCR assays were conducted in the present
RAPD analysis, but inter-laboratory validation were not
performed. Therefore, while banding patterns were clear
and consistent under optimized conditions, inter labo-
ratory reproducibility cannot be fully confirmed at this
stage.

To overcome these limitations, future research should
expand the sampling strategy by including multiple sites
per location, incorporating more locations across Sri
Lanka, and considering both organic and conventional
farming systems. Longitudinal sampling across seasons
and years would also help capture temporal variation
in phytochemical and antioxidant profiles. Incorporat-
ing environmental data such as soil composition, pH,
mineral content, and microclimatic conditions would
allow more precise attribution of observed variations to
ecological drivers. On the molecular level, the use of co-
dominant, highly reproducible marker systems such as
microsatellites/Simple Sequence Repeats (SSRs) or single
nucleotide polymorphisms (SNPs) would provide higher
discriminatory power by differentiating heterozygotes



Dahanayaka et al. BMC Genomic Data (2025) 26:94

from homozygotes, providing accurate estimates of het-
erozygosity, gene flow, and population structure [25].
Future studies could increase number of primers to bet-
ter capture biochemical-associated variation. Addition-
ally, the polymorphic loci detected here can be sequenced
and developed into SCAR markers in future studies to
improve marker reliability for use in genetic resource
management and breeding applications [39]. In future
research, morphological parameters can be systemati-
cally quantified with standardized descriptors, for better
interpret cases such as Ella and Polonnaruwa, where bio-
chemical similarity does not follow molecular clustering.

Despite these limitations, the findings provide novel
insights into the genetic diversity of B. alba L. across Sri
Lanka and its relationship to phytochemical and anti-
oxidant properties. Future work employing more com-
prehensive sampling and advanced molecular marker
systems will further refine the understanding of the
genetic and biochemical basis of diversity in B. alba L.,
ultimately supporting its effective conservation and
utilization.

Conclusion

In this study, we explored the genetic variability of B. alba
L. across 15 geographically distinct locations in Sri Lanka
using RAPD markers. The Jaccard similarity coefficients
revealed genetic similarities ranging from 0.44 to 0.97,
indicating substantial genetic variation among samples.
Clustering analysis grouped the accessions into two main
genetic clusters and five sub-clusters, reflecting both
genetic divergence and potential adaptation to different
agro-climatic zones by clustering B. alba L. samples from
similar agro-climatic zones into similar genetic clusters.
Importantly, we also explored the association between
genetic variation and phytochemical composition and
antioxidant activity based on our previous research
[4]. Among the studied locations, Ella (UI) and Polon-
naruwa (LD) showed both high genetic diversity and
superior phytochemical and antioxidant profiles, while
the locations, Kalutara (LW) and Kegalle (LW) dem-
onstrated moderate yet consistent performance across
traits. Furthermore, region-specific accessions, such
as Polonnaruwa of LD zone, Ella of UI zone, and Hik-
kaduwa of LW zone, exhibited particularly strong anti-
oxidant potential. Interestingly, our findings reveal that
while RAPD analysis reflects distinct genetic clustering
associated with agro-ecological zones, these genetic pat-
terns do not entirely align with the biochemical profiles.
This divergence suggests a complex interplay between
genetic makeup and environmental influence, offering
valuable insights into genotype-environment interactions
and their role in shaping the nutritional and therapeutic
potential of GLVs. This study shows the value of inte-
grating molecular marker analysis with biochemical trait
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evaluation to understand and develop regionally adapted
B. alba L. cultivars with superior nutritional and thera-
peutic qualities, supporting sustainable agriculture in Sri
Lanka and beyond.
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