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Abstract

Objective

Black cumin (Nigella sativa L.), a plant belonging to the Ranunculaceae family with a 3000-year
history, has wide applications in the pharmaceutical industry. Despite the increasing global trend
in the use of medicinal and aromatic plants in various pharmaceutical, health, and therapeutic
industries, and despite numerous studies on the agronomy of medicinal plants, a significant gap
is felt in breeding evaluations aimed at achieving high-yielding cultivars suitable for cultivation
under different conditions in the country.

Materials and methods

In this study, the genetic diversity of 20 black cumin ecotypes collected from different regions of

Iran was investigated using the ISSR molecular marker. Genomic DNA was extracted from
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young, fresh leaves usingthe CTAB protocol based on the modified method of Lodhi etal. (1994).
The obtained data were analyzed to calculate various indices such as Polymorphic Information
Content (PIC), Resolving Power (Rp), and Marker Index (MI). Grouping was performed using
cluster analysis (based on Jaccard's dissimilarity matrix and the Neighbor-joining method) and
Principal Coordinate Analysis (PCoA) with the Darwin software. The population structure of the
molecular data was also investigated using the STRUCTURE software.

Results

Out of the 10 primers used, nine produced scorable bands. The primers collectively amplified 77
bands, of which 55 were polymorphic. The average number of bands produced per primer was
6.56. Primer 3 had the highest PIC value (0.408), and primer 4 had the lowest (0.217). Based on
the calculated values of PIC, MI, and Rp indices, the ISSR-1 primer was identified as the most
suitable primer for assessing the genetic diversity of black cumin in this study. The observed
genetic similarity based on these markers ranged from 0.123 to 0.485, indicating high genetic
diversity among the studied ecotypes. Cluster analysis separated the studied ecotypes into three
distinct groups; however, population structure analysis identified eight different population
groups.

Conclusions

Overall, the results of this research indicate the existence of high and potential genetic diversity
among the studied black cumin ecotypes. Given that native ecotypes are highly adapted to their
environment, this collection can be introduced as a valuable genetic resource for future black
cumin breeding programs.
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Introduction

Black cumin (Nigellasatival.), adiploid (2n=2x=12) annual self-pollinated medicinal plant

belonging to the Ranunculaceae family with over 3000 years of documented use, possesses
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well-established immunomodulatory, anti-inflammatory, and antioxidant properties. Despite the
rising global demand for medicinal and aromatic plants and numerous agronomic studies, a
significant gap remains in targeted breeding programs aimed at developing high-yielding, locally
adapted varieties suitable for the diverse agro-ecological conditions of Iran. Native ecotypes are
particularly valuable because they camry adaptive alleles shaped by long-term natural and farmer
selection. In this context, the present study was conducted to assess the molecular diversity of 20
Iranian local black cumin ecotypes obtained from the National Plant Gene Bank of Iran using
Inter Simple Sequence Repeat (ISSR) markers, to evaluatethe efficiency of these markers through
various indices (Polymorphism Information Content, Marker Index, and Resolving Power), to
analyze the population structure through Bayesian clustering, and to classify the ecotypes for
future breeding applications.

Materials and methods

Genomic DNA was extracted from young healthy leaves collected at the flowering stage
using a modified CTAB protocol based on Lodhi etal. (1994). Ten ISSR primers were initially
tested, of which nine produced scorable and reproducible bands. PCR reactions were performed
ina 10 pL volume containing 50 ngoftemplate DNA, 1 pL of primer, and 5 pL of2X MasterMix.
Thermal cycling conditions included an initial denaturation at 94 °C for 5 min, followed by 35
cycles of denaturation at 94 °C for 1 min, annealing at primer-specific temperatures (35-59 °C)
for 1 min, extension at72 °C for 1 min, anda final extensionat72 °C for 10 min. Amplicon s were
resolved on 1.5 % agarose gels, stained with Safe View II, and visualized under a gel
documentation system. Band presence was scored as binary data (1 for presence, 0 for absence).
Various genetic parameters were calculated using GenAlex version 6.4 1, including the number
of observed alleles (Na), effective number of alleles (Ne), Shannon’s information index (I),
expected heterozygosity (He), and unbiased expected heterozygosity (UHe). Marker efficiency
was assessed through PIC, MI, and Rp. Genetic similarity was estimated using Jaccard’s
dissimilarity matrix. Cluster analysis was performed using the Neighbor-Joining (NJ) method
with DARwin version 6.0, and the cophenetic correlation coefficient was calculated to evaluate
the robustness of the clustering. Principal Coordinate Analysis (PCoA) was carried out using
GenAlex. Population structure was inferred with STRUCTURE software version 2.3.4 using an
admixture model with correlated allele frequencies, assuming K values from 2 to 10, a burn-in
period of 100 000 iterations followed by 100 000 Markov Chain Monte Carlo(MCMC) replicates,
with 10 independent runs for each K. The optimal number of subpopulations (optimal K) was
determined using STRUCTURE HARVESTER based on the AK method of Evanno et al. (2005).

Results

The nine ISSR primers amplified a total of 77 distinct bands, of which 55 were polymorphic,
resulting in an overall polymorphism percentage of 71.57 %. The number of amplified bands per
primer ranged from 4 (primer 4) to 11 (primer 10), with an average of 8.55 bands per primer. The
average number of polymorphic bands per primer was 6.11, and the average number of bands per

genotype was 6.56. Percentage of polymorphism varied from 40 % (primer 2 and primer6) to
3
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100 % (primer 3 and primer 9). The Polymorphism Information Content (PIC) ranged from 0.217
(primer 4) to 0.408 (primer 3), with a mean value of 0.339. According to standard classification,
primers 3 (PIC=0.408) and 7 (PIC=0.401) were considered highly informative, demonstrating
good utility for distinguishing even closely related individuals. The Marker Index (MI) varied
from 0.408 (primer 4)to 2.306 (primer 1), averaging 1.541. Resolving Power (Rp) ranged from
1.875 (primer 4) to 6.872 (primer 10), with a mean of 4.501. The average number of observed
alleles (Na) per primer was 14.556, while the effective number of alleles (Ne) averaged 1.516.
Shannon’s information index (I) ranged from 0.00 to 0.64 (mean=0.41), and expected
heterozygosity (He) ranged from 0.00 to 0.45 (mean =0.285). Based on the combined values of
PIC, MI, Rp, Ne and I, primers 1, 3 and 7 were identified as the most suitable markers for
assessing genetic diversity in black cumin. Genetic similarity coefficients (Jaccard) among the 20
ecotypes ranged from as low as 0.123 (between ecotype 16 from Ferdos and ecotype 17 from
Chenaran) to a maximum of 0.485 (between ecotype 10 and ecotype 12), with an overall low
average similarity of approximately 0.29, demonstrating that the studied germplasm possesses a
high level of genetic diversity. The cophenetic correlation coefficient for the NJ method (0.956)
was higher than for Ward (0.926), Single linkage (0.918), UPGMA (0.930)and WPGMA (0.935),
confirmingthatthe NJ dendrogram faithfully represented the original distance matrix. The cluster
analysis divided the 20 ecotypes into three main groups: Group I comprised six ecotypes
(KC-82-191 from Isfahan, KC-59-248 from Hamadan, KC-59-751 from Gonabad, KC-82-750
from Ferdos, KC-82-749 from Chenaran, and the IPK reference ecotype); Group II contained
eight ecotypes (KC-82-746 from Golestan, KC-59-268, KC-82-747 from Golestan, KC-59-267,
KC-59-257, KC-59-256, KC-59-254, and KC-59-249 from Khorasan); Group III included the
remaining six ecotypes (KC-59-252, KC-59-251, KC-59-255, KC-82-691 from Zabol, and
KC-59-224). Ecotype 12 (Kurdistan) was the most divergent, showing the largest genetic
distances from ecotypes 10,13 and 20. The population structure analysis using Bayesian
clustering revealed that the optimal number of subpopulations was K =8, based on the highest
AK value, indicating the presence of eight genetically distinct groups among the 20 ecotypes. The
eight inferred groups (shown as different colors in the Q-plot) were as follows: group 1 (red)
contained only ecotype 12 (Kurdistan); group 2 (green) contained ecotypes 9, 19,18, 7,5,20
(IPK),4 and 1; group 3 (dark blue) contained only ecotype 11; group 4 (cyan) contained
ecotypes 13, 15 and 3; group 5 (pink) contained only ecotype 10; group 6 (purple) contained only
ecotype 14; group 7 (yellow-orange) contained ecotypes 17, 16, 6 and 8; group 8 (light blue)
contained only ecotype 2. Several ecotypes (e.g., KC-82-747 and KC-59-256) showed admixed
ancestry (mixed colors), suggesting historical gene flow between populations. The Principal
Coordinate Analysis (PCoA) showed that the first three principal components (eigenvalues
greater than 1) collectively explained 62.82 % of the total molecular variance. The
two-dimensional PCoA plot confirmed the grouping patterns observed in both the cluster analysis
and the Bayesianstructure analysis: ecotypes belongingto the same STRUCTURE groups tended
to cluster together in the PCoA space, and admixed ecotypes were positioned intermediate
between groups, thus strongly validating the consistency of the genetic groupings. Notably, the
structure results (eight groups) were only partially congruent with the simpler dendrogram (three
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groups), a discrepancy that is expected because hierarchical clustering is based on distance
matrices while Bayesian structure analysis partitions individuals based on allele frequency
differences without assuming any particular distance metric. Consequently, both approaches are
complementary rather than contradictory: the cluster analysis provides a hierarchical overview,
while the Bayesian method reveals cryptic subpopulations that can cause spurious associations if

not accounted for in subsequent marker-trait association studies.

Conclusion

The overall findings of this research demonstrate the existence of high and potentially
valuable genetic diversity among the studied Iranian black cumin ecotypes. Because native
ecotypes have undergone long-term adaptation to their local environments, this collection can be
considered a precious genetic resource for future black cumin breeding programs. The high
genetic distance observed between certain ecotype pairs(e.g., betweenecotype 12 and ecotype 16
and 17, with similarity coefficients as low as 0.123-0.429) makes them ideal candidates for
producing F1 hybrids with potentially high heterosis, as well as for generating transgressive
segregants in later selfing generations. The identification of eight distinct subpopulations
underscores the importance of controlling for population structure before conducting any
association mapping (AM) or genome-wide association study (GWAS) using this germplasm. If
structure is ignored, the proportion of false positive marker-trait associations can become
unacceptably high. For this reason, any future association study should incorporate the Q matrix
(derived from STRUCTURE) or principal components (from PCoA) together with a kinship
matrix (K) into a Mixed Linear Model (MLM). The most informative ISSR primers identified in
this study — namely primers 1, 3 and 7 — are recommended for fingerprinting, genebank quality
control, and marker-assisted selection once quantitative trait loci (QTLs) for economically
important traits (such as thymoquinone content, seed yield under drought stress, or disease
resistance) have been identified. From a conservation perspective, the National Plant Gene Bank
of Iran holds a unique and irreplaceable genetic repository that can support a long-term,
sustainable breeding program for black cumin. Future research should expand the sample size to
include more provinces across Iran, incorporate codominant markers (e.g., SSR or SNP) for finer
resolution of population genetic parameters, integrate molecular data with morphological,
agronomic and phytochemical traits, and include additional reference accessions from

international gene banks to place Iranian diversity in a global context.
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Table 2. ISSR primers were used to investigate the genetic diversity of black caraway

ecotypes

Jlail sled Skl Jlg Skl ss Sl o)les
T. Annealing Primer sequence Primer code Primer No.

57 5-GAGAGAGAGAGAGARG-3" ISSR1 1

53 5-CACACACACACACAYC-3’ ISSR2 2

57.5 5’-AGAGAGAGAGAGAGAGT-3’ ISSR3 3

50 5'-AGAGAGAGAGAGAGAGYC-3’ ISSR4 4

54 5-GTGTGTGTGTGTGTGTYC-3’ ISSR5 5

54 5-ACACACACACACACACYG-3’ ISSR6 6

52 5-TGTGTGTGTGTGTGTGRC-3’ ISSR7 7

35 5’-ATATATATATATATRC-3’ ISSR8 8

59 5-CACACACACACACAYG-3’ ISSR9 9

52 5-CACACACACACACACARC-3’ ISSR10 10

S5 Sl 329 9 2929 pae Sl i g o oty odd iS5 slakil w30 e 15,0l (Sl o5

S St L S8 2508 o ISz ML (Slgiee o 5L el IS oy yslite &y 255 S0
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by 4 9 [l ALl pie uwple wlal p adllas 390 slacuisST cameg,5 (et al., 2019; Powell et al., 1996
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Table 3. The results of analyzes the band patterns of ISSR primers were used to investigate
the genetic diversity of black caraway ecotypes

sl Loy
SVl (glgies JM?T DUI - f& dufb ) IA..’J slaadl slas
< sl st Sty oA S s S5
s . s N Sl 595 Percentage JSsaix Num“ber S5
Polymorphism Resolving Marker Number  of number  Number of of Primer
information power index of bands of . polymgmhic amplified
content per polymorphic  amplified bands
genotypes  amplified bands
bands
0.339 6.795 2.306 7.55 90.00 9 10 1
0.375 3.480 1.305 8.70 40.00 4 10 2
0.408 4.500 1.839 4.50 100.00 7 7 3
0.217 1.875 0.408 3.75 50.00 2 4 4
0.382 3.563 1.359 5.70 60.50 5 8 5
0.373 3.520 1311 8.80 40.00 4 10 6
0.401 5.200 2.083 5.85 88.89 8 9 7
0.283 4.700 1.328 4.70 100.00 8 8 9
0.281 6.872 1.929 945 72.73 8 11 10
0.339 4.501 1.541 6.56 71.57 6.11 8.55 o5l
Mean

Gy ool C ity SibsS oy 39 SFAD B IWY e lpeei alels e (S5 Al culy s polie
by sy KB oy lude gy (dla S 4pS oy plw | 5V (+/A07) Neighbor joining, i,
gy B g +/AYD 5 /AT /DA AV L ply s a, WPGMA 3 UPGMA Single linkage ‘Ward
390 dhialuw lacaissT ol opl g () JS2i5) €83 41,8 eoliul 390 ewssST caiog )3 sl Neighbor joining
{TN-82-750 ;TN-59-751 TN-59-248 TN-82-191 o)l_i slocuisSl .50 puundi5 |pmo 09,5 4w ;3 adlllan
TN-59- TN-59-267 TN-82-747 ;TN-59-268 .TN-82-746 o)la_—s sloccssSt ¢ gl 04,5 )5 TN-82-749
TN- TN-59-251 TN-59-252 ¢ s)le—i (slacassSl g 4pgd 09,5 TN-59-249 TN-59-254 TN-59-256 257
b S )15 pow 09,5 TN-59-224 3 TN-82-691 59-255
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Table 5. Genetic parameters estimated in black caraway ecotypes using ISSR marker

s L2y Ml 5)00 Gsaseim e Seujeie oMbl pasls el S sl sl
Primer Ko s g0 ] osls 5y 045 oaalia
PPL UHe He 1 Ne Na
1 0.75 041 0.40 0.57 1.72 19.00
2 0.87 0.18 0.18 0.25 1.32 14.00
3 0.64 046 045 0.64 1.82 14.00
4 1.00 0.00 0.00 0.00 1.00 4.00
5 0.71 031 0.30 0.44 1.52 14.00
6 0.88 0.18 0.17 0.25 1.32 14.00
7 0.65 0.39 0.38 0.55 1.72 17.00
8 0.58 0.36 0.36 0.53 1.62 16.00
9 0.85 0.33 0.33 0.46 1.60 19.00
10 0.75 0.292 0.285 041 1.516 14.556
Mean 77.13 0.29+0.03 028+043 041=+0.05 0.05+1.72 19.00
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Figure 1. Cluster analysis of studied black caraway ecotypes based on ISSR marker
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Figure 2. The plot of appropriate number of subpopulations determination between black

caraway ecotypes based on the target marker
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Table 6. Statistics calculated for the optimal value of K using STRUCTURE software

K Ln'(K) Stdev LnP(K) Mean LnP(K) Reps |Ln"(K)| Delta K
2 10 -1050.680 1.006 - - -

3 10 -985.070 4.331 65.610 2.360 0.544
4 10 -921.820 13.863 63.250 10.700 0.771
5 10 -847.870 16.076 73.950 24.730 1.538
6 10 -798.650 20.492 49.220 19.960 0.974
7 10 -729.450 10.175 69.180 2.800 0.275
8 10 -663.090 14.984 66.380 23.740 1.584
9 10 -620.450 25.351 42.640 24.770 0.977
10 10 -553.040 18.266 67.410 - -
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Figure 3. Q plot of black caraway ecotypes investigated based on the Bayesian model and
ISSR primers. Different colors represent different genetic groups
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Figure 4. Two-dimensional plot of black caraway ecotypes based on principal coordinates
analysis using ISSR marker
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