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Abstract

Background and Objectives: Cuminum cyminum L. (green cumin) is one of the most important
medicinal and spice plants, with a wide genetic diversity in Iran. This diversity, expressed in physio-
logical, metabolic, and agronomic traits, provides valuable resources for breeding programs aimed at
enhancing yield, quality, and stress tolerance. The present study aimed to compare ten native Iranian
cumin ecotypes in terms of antioxidant capacity, secondary metabolites, and agronomic traits, to iden-
tify superior genotypes for targeted breeding and medicinal exploitation.
Materials and Methods: This study was conducted during the 2023-2024 growing season at the
Experimental Farm of the Research Technology Institute of Plant Production, Afzalipour Research
Center, Shahid Bahonar University of Kerman. The experiment was laid out in a randomized com-
plete block design with three replications. Ten native cumin ecotypes (Esfarayen, Bardaskan, Khan-
sar, Ardestan, Sepidan, Sivand, Sirjan, Mahan, Bardsir, and Rafsanjan) collected from different prov-
inces of Iran (North Khorasan, Razavi Khorasan, Isfahan, Fars, and Kerman) were evaluated under
uniform agronomic conditions including land preparation, planting, irrigation, weed control, and har-
vesting. Throughout the growing season, sampling and trait measurements were conducted using
standardized procedures. Evaluated traits included seed yield per hectare, essential oil content (%),
essential oil yield (calculated as seed yield x essential oil content), cuminaldehyde percentage, total
protein content, total phenolics, and total anthocyanins. Activities of antioxidant enzymes (superoxide
dismutase (SOD), catalase (CAT), guaiacol peroxidase (GPX), and ascorbate peroxidase (APX))
were also assayed using conventional enzymatic methods. Data were analyzed using analysis of var-
iance (ANOVA) to assess ecotype effects, Pearson correlation to determine relationships among
traits, stepwise regression to identify key predictors of seed yield, and principal component analysis
(PCA) to explore trait variation patterns and ecotype differentiation.
Results: Analysis of variance revealed significant differences among the ecotypes for all studied
traits, indicating substantial genetic diversity within native Iranian cumin. The Esfarayen ecotype
exhibited the highest seed yield, exceeding the lowest-yielding ecotype, Sirjan, by 111%. However,
Esfarayen had the lowest total phenolics and protein content. The Mahan ecotype stood out with the
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highest essential oil content and essential oil yield among all ecotypes, whereas Bardsir showed the
highest total anthocyanin levels. Rafsanjan exhibited the highest total phenolics and activities of guai-
acol peroxidase and ascorbate peroxidase but had the lowest catalase and superoxide dismutase ac-
tivities. Conversely, Sepidan showed the highest catalase and superoxide dismutase activities. Sig-
nificant negative correlations were observed between protein content and CAT and SOD activities.
Additionally, essential oil content negatively correlated with anthocyanin levels, and cuminaldehyde
content was negatively correlated with total protein, suggesting metabolic pathway trade-offs in the
synthesis of these compounds. Stepwise regression identified four key traits as significant predictors
of seed yield: essential oil content (17%), cuminaldehyde percentage (14%), APX activity (10%), and
SOD activity (9%), collectively explaining 50% of the variation in seed yield. PCA revealed that the
first two principal components accounted for 61.20% of the total trait variation, effectively differen-
tiating the Mahan, Esfarayen, Sepidan, and Rafsanjan ecotypes based on their combined performance
and biochemical profiles.

Conclusions: The results highlight a rich pool of genetic and biochemical diversity among Iranian
cumin ecotypes, which can be exploited to develop high-yielding, high-quality, and stress-tolerant
cultivars. Esfarayen, Mahan, Rafsanjan, and Sepidan emerged as promising candidates for breeding
programs, each combining specific desirable traits. The findings also emphasize that improving EO
yield in cumin is more effectively achieved through enhancing seed yield rather than increasing EO
percentage alone. These outcomes underline the necessity of multi-objective breeding approaches to
balance productivity, phytochemical composition, and resilience in medicinal and aromatic plants.

Keywords: Genetic diversity, secondary metabolites, agronomic traits, biosynthetic pathways, me-
dicinal plant breeding.
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Table 1. ANOVA for traits of ten Cuminum cyminum ecotypes

SO.V. daf ~ Protein CAT APX GPX SOD Total
content activity activity activity activity phenol content
Replication 2 147603™ 3.31" 0.024™ 4.86™ 0.9996™ 1.897"
Genotype 9 9384™ 0.59" 0.038™ 2195™ 0.0469™ 12.23"
Experimental error 18 2117 0.05 0.0002 0.78 0.013 0.036
C.V. (%) - 4.94 4.89 3.76 7.03 4.66 5.34

APX: Ascorbate peroxidase, GPX: Guaiacol peroxidase, CAT: Catalase, and SOD: Superoxide dismutase.

n.s. and **: non-significant and significant at 1% probability level, respectively.
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Continued Table 1. ANOVA for ...

S.0.V. d.f. Anthocyanin content Essential oil (EO) Seed yield EO yield Cumin aldehyde
Replication 2 0.0004"s 0.234™ 2624™ 339786™ 0.131™
Genotype 9 0.009™ 1.15" 113849™ 2664256 4.29™
Experimental error 18 0.0002 0.019 167 21399 0.0102
C.V. (%) 6.27 3.89 1.49 474 0.56

n.s. and **: non-significant and significant at 1% probability level, respectively.
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Table 2. Mean trait comparison among ten Cuminum cyminum ecotypes

G Protein content CAT activity APX activity GPX activity SOD activity Total phenol content
enotype (mg g?) (umg'! protein) (mg g* quercetin)
Esfarayen 841.97 4.38% 0.30¢ 1.57¢ 2.47%¢ 0.489
Khansar 944424 4.50% 0.40¢ 1.00¢f 2.43%¢ 4.79°
Sirjan 997.3% 4.27% 0.48° 1.80¢ 2.27¢% 0.549
Mahan 897.4¢ 4.39% 0.30¢ 1.58¢f 2.55% 5.86°
Bardsir 953.6%d 4.39% 0.28f 18.10° 2.380¢ 4.91c
Rafsanjan 977.5%¢ 3.53¢ 0.622 88.072 2.20¢ 6.252
Ardestan 924.9¢ 4.40b° 0.32¢ 0.25f 2.48%¢ 4.14¢
Sepidan 864.3¢f 5.342 0.42% 3.57¢ 2.582 3.47e
Sivand 10132 4.18¢ 0.26f 2.49% 2.30¢ 2.60f
Bardaskan 905.1¢f 4,59P 0.44¢ 7.32¢ 2.48%¢ 2.58f

APX: Ascorbate peroxidase, GPX: Guaiacol peroxidase, CAT: Catalase, and SOD: Superoxide dismutase.
Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Continued Table 2. Mean trait comparison ...

Genotype Anthocyanir}lcontent Essential oil (EO) Seed y!«leld EO yiild Cumin aldehyde
(mg g™ (%) (kg h™) (kg h™) (%)
Esfarayen 0.25° 3.66° 1167.00? 4271.502 19.09%¢
Khansar 0.17¢ 3.66° 754.00f 2759.80¢ 19.592
Sirjan 0.18¢ 3.60° 553.00" 1990.90f 16.68¢9
Mahan 0.17¢ 4107 1059.00° 4342.102 18.92¢
Bardsir 0.282 1.924 649.009 1256.709 18.58¢
Rafsanjan 0.17¢ 3.922 796.00¢ 3121.00% 18.17¢
Ardestan 0.22¢ 3.66° 990.00°¢ 3626.10° 16.86°
Sepidan 0.25° 3.33¢ 932.004 3109.60% 19.21°
Sivand 0.23¢ 4.00? 761.00f 3044.10¢ 16.10"
Bardaskan 0.09¢ 3.30° 1009.00¢ 3335.70° 18.15¢
Means with common letters are in the same statistical group at 5% probability level (LSD test).
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Table 3. Trait correlations among ten Cuminum cyminum ecotypes

Total phenol

Anthocya-

Essen-

Protein content CAT a,Ct'V'ty APX activity GPX activity SOD activity content nin con- tial oil S.%d EO-yield Cumin alde-
(umg? pro- ield hyde
mg g* g-p u mgtprotein u mg! protein u mg protein mg g quer- tent EO YIe'e kg ht 4
tein) (kg h') (%)
cetin) (mgg?) (%) g °
X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11
X1 1
X2 -0.85™ 1
X3 -0.22m 0.07™ 1
X4 0.12m -0.42* 0.67" 1
X5 -0.96™ 0.91™ 0.15™ -0.22m 1
X6 0.23m -0.30m 0.08" 0.49™ -0.17m 1
X7 0.03" 0.06" -0.50™ -0.14™ -0.06"™ -0.05m™ 1
X8 0.20m -0.33™ 0.12m 0.04ms -0.21" 0.01" -0.38" 1
X9 -0.31™ 0.11™ -0.26™ -0.19m 0.21™ -0.02ns -0.08m 0.34" 1
)81 -0.12ms -0.10m -0.17m -0.12m 0.05™ 0.02m -0.22m 0.72*" 0.89™ 1
)(11 -0.23"™ 0.17m 0.03™ 0.04" 0.13™ 0.32™ 0.05™ -0.17m 0.37" 0.20™ 1

n.s., *, and **: non-significant, significant at 5, and 1% probability levels, respectively.
APX: Ascorbate peroxidase, GPX: Guaiacol peroxidase, CAT: Catalase, and SOD: Superoxide dismutase.
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Table 4. Stepwise regression for seed yield (kg.ha?) based on ten Cuminum cyminum ecotypes

Variable Parameter estimate Partial R-Square Model R-Square P>F

Intercept -1200" - - 0.03

Cumin aldehyde (%) 69.5" 0.14 0.14 0.05

Essential oil (%) 159.7" 0.17 0.30 0.02

Ascorbate peroxidase activity (u mg protein) -612.5" 0.10 0.41 0.04
Superoxide dismutase activity (u mg* protein) 198.6" 0.09 0.50 0.04

*: significant at 5% probability levels.
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Table 5. Eigenvalues, variance, cumulative variance, and eigenvector coefficients from principal component analysis
(PCA) of traits in ten Cuminum cyminum ecotypes

Variable PC1 PC2

Protein content -0.91 -0.16
Catalase activity 0.73 -0.42
Ascorbate peroxidase activity -0.50 0.53
Guaiacol peroxidase activity -0.62 0.49
Superoxide dismutase activity 0.95 -0.05
Total phenol content -0.17 0.31
Anthocyanin content 0.13 -0.63
Essential oil (EO) 0.03 0.74

Seed yield 0.80 0.49
EO-yield 0.61 0.70

Cumin aldehyde 0.52 0.15
Eigenvalue 4.22 251
Proportion 38.38 22.80
Cumulative 38.38 61.19

Eigenvalues (of the correlation matrix) above 1 are significant. Only significant eigenvalues are shown in the table.
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Figure 1. Biplot from principal component analysis (PCA) of traits in ten Cuminum cyminum ecotypes
Trait: Y: Seed yield, YEO: Essential oil yield, EO: Essential oil percentage, TPC: Total phenolics content, APX: Ascorbate peroxidase, GPX: Guaiacol
peroxidase, Pro: Total protein, Anto: Total anthocyanin, CAT: Catalase, and SOD: Superoxide dismutase.
Genotype: Sep: Sepidan, Esf: Esfarayen, Mah: Mahan, Bar.K: Bardaskan, Ard: Ardestan, Kha: Khansar, Raf: Rafsanjan, Siv: Sivand, Sir: Sirjan, and
Bar.S: Bardsir.
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