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Abstract 

 

MORPHO-AGRONOMIC, BIOCHEMICAL AND MOLECULAR 

CHARACTERIZATION OF BLACK CUMIN (Nigella sativa L.) IN 

ETHIOPIA 

 

 

Black cumin (Nigella sativa L.) is a diploid annual flowering plant native to Southern Europe, 

North Africa, and Southwest Asia. It is cultivated worldwide for its medicinal and aromatic 

values. Ethiopia is an important center of black cumin genetic diversity. This study aims to 

characterize Ethiopian black cumin genotypes using morpho-agronomic, biochemical, and 

molecular markers (SNPs). A total of 64 genotypes, including 8 improved varieties and 56 

genotypes from five Ethiopian regions, were characterized for morpho-agronomic and 

biochemical traits at Debre Zeit and Kulumsa Agricultural Research Centers. Essential oils and 

fixed oils were extracted, and their compositions analyzed using GC-MS. Molecular 

characterization was conducted using DArTseq SNP markers to determine genetic variation 

and population structure of 94 genotypes. Significant differences were found among genotypes 

for most morpho-agronomic traits, with substantial variability in essential oil compositions. 

Biochemical analysis revealed significant differences in fixed oil yield, essential oil content, and 

yield among genotypes. Molecular analysis indicated high levels of genetic diversity within 

regions and among genotypes, clustering into two distinct groups. The findings reveal 

significant diversity and variation among Ethiopian black cumin genotypes, offering valuable 

insights for conservation and breeding programs. The study emphasizes the need for equal 

attention to all growing areas for effective crop improvement.  

 

Keywords: Biochemical, Cluster analysis, Diversity, DArTseq SNP, Essential oil, Essential oil 

composition, Fixed oil, Morpho-agronomic traits, Principal component analysis 
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CHAPTER 1 
 

1.  Introduction 

1.1. Background and Justification 

 1.1.1. Black Cumin: General Perspectives 

Black cumin (Nigella sativa L.) is an annual flowering plant from the Ranunculaceae family. 

The genus Nigella comprises about 20 species occurring predominantly in Europe, the 

Mediterranean, and Central Asia (Demel, 2000). It is native to Southern Europe, North Africa, 

and Southwest Asia. Black cumin is cultivated in India, Pakistan, Syria, Turkey, Saudi Arabia, 

South Europe (Khare, 2004), and Ethiopia (Demel, 2000). It is diploid (2n = 2x = 12) and an 

erect, usually profusely branched herb that grows up to 70 cm tall (Ermias, 2009). The crop is a 

minor cultivated crop in the regions extending from Morocco to Northern India; in sub-Saharan 

Africa in particular, it is grown in Niger, and eastern Africa, especially Ethiopia (Iqbal et al., 

2010).  It grows in Southwest Asia, the Mediterranean Region (Toncer and Kizil, 2004), and 

Ethiopia.  

 

The seeds of black cumin contain 26.7% protein, 28.5% fat, 24.9% carbohydrates, 8.4% crude 

fiber, and 4.8% total ash, vitamins, and minerals like Cu, P, Zn, Fe, etc (Cheikh-Rouhou et al., 

2008). It contains all essential amino acids and is a rich source of vitamins and minerals (Abu-

Jadayil et al., 1999; Tierram, 2005). It is an important spice, commonly used to add flavor to 

bread. Black cumin seeds contain alkaloids (nigellicines and nigelledine), saponin (α- hederin), 

and fixed and essential oils (Ozel et al., 2009). The fixed and essential oil of black cumin 

contains various bioactive molecules such as thymoquinone, thymol, tocopherol, trans-retinol, 

and selenium (Sultan et al., 2009). Javed et al. (2010) have also described black cumin as a 
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miraculous plant and is considered by earliest herbal specialists as “The herb from heaven”. 

Medicinally, it is used for many complaints such as asthma, emphysema, and bronchitis (Atta, 

2003). Thymoquinone and nigellimine are among the main components (Ermias, 2009). Several 

findings also reported that black cumin has different pharmacological activities such as 

antioxidant (Ozdemir et al., 2018), antidiabetic (Daryabeygi-Khotbehsara et al., 2017), 

antihypertensive (Vasant et al., 2012), antibacterial (Abdallah, 2017), antifungal (Taha et al., 

2010; Marongiu et al., 2013; Mahmoudvand et al., 2014; Aljabre et al., 2015; Shokri, 2016), 

antiviral (Barakat et al., 2013; Onifade et al., 2013; Forouzanfar et al., 2014; Onifade et al., 

2015), antiparasitic (Bafghi et al., 2009; Okeola et al., 2011; Abd El-Hack et al., 2016; Bachek 

et al., 2016) and anticancer (Schneider-Stock et al., 2014). 

 

The cultivation and use of spices and other essential oil-bearing plants are not new to Ethiopia. 

It is as old as the crops themselves, and its history can be traced back to the reign of Queen 

Sheba (ca.992 BC). Ethiopia has many of these plant species (Endashaw, 2007). So far in 

Ethiopia, there are eight released varieties of black cumin, namely Derbera, ADEN, DERSHYE, 

Gammachis, Sooressaa, Silingo, Kenna, and Qeneni (MOA, 2019). 

 

Black cumin is cultivated in Amhara, Oromia, Tigray, Benshangul-Gumuz, and South West 

Ethiopia Peoples Regions at an altitude ranging between 1500 and 2500 m.a.s.l., often 

intercropped with cereals. Black cumin is one of the spices export commodities of Ethiopia. In 

2009/10, the export of black and white cumin was 801 MT (metric tons) valued at 1.55 million 

USD. Out of these, black cumin had the greater share of 97.59% and 99.02% volume in MT and 

value in USD, respectively. The countries of major destinations with their share of the total 
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value of cumin export are Indonesia, Saudi Arabia, and Sudan with a share of 33.8%, 28.7%, 

and 22.7%, respectively (Masresha, 2010).  

 

In Ethiopia, black cumin serves as a flavor in bread and sauces. Most Ethiopian people use it in 

their household spice preparation. More recently, a great deal of attention has been given to the 

seed and oil yields of black cumin. Consequently, consumption has increased, and among the 

spices, black cumin is the second cash crop exported next to ginger in Ethiopia. Ethiopia’s 

annual production of black cumin seed was 18,000 metric tons in 2014/15 (Ethiopian Investment 

Agency, 2015), and the national average of Black cumin productivity is 0.79 tons per hectare 

(Habtewold et al., 2017).  

 

Due to the increased demand for black cumin seed for local consumption, such as oil and 

oleoresin for medicinal purposes, its export market, its potential in crop diversification, and 

income generation, and its importance in reducing the risk of crop failure, black cumin as a best 

alternative crop under the Ethiopian smaller land holdings (Dessalegn and Wubshet, 2018). 

 

Natural or human-directed crop plant evolution is primarily based on existing genetic diversity 

in the population. The degree of differentiation between or within species is referred to as 

diversity. The foundation of all agricultural improvement initiatives is the existence of intra- 

and inter-specific differences (Bhandari et al., 2017). The basis of both crop improvement and 

plant survival in the natural world is genetic diversity. Given that genetic diversity may be the 

source of numerous novel traits that confer tolerance to various biotic and abiotic stresses, it 

becomes increasingly significant in the age of climatic change and the unanticipated events 

accompanying it. Plant breeders can create new and improved cultivars with desirable traits 
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(high yield potential, large seed, etc.) and breeder-prefer traits (pest and disease resistance and 

photosensitivity, etc.) (Bhandari et al., 2017). A healthy population depends on genetic diversity 

to preserve the variety of genes that may confer resistance against diseases, pests, or other 

stressful situations. Additionally, it helps individuals adapt to a range of biotic and abiotic 

stresses (Salgotra and Chauhan, 2023). Numerous significant agricultural phenomena, including 

heterosis and transgressive segregation, have a genetic basis. Both the development of new 

varieties and the correction of defects in commercial varieties require diverse lines. Therefore, 

the main objectives of any crop improvement program are to identify diverse lines (if available), 

create diversity (if not, or if it is limited), and then use that diversity.  

 

Variations in morphology, anatomy, physiological behavior, or biochemical features can 

manifest as heritable character variation. Morphological, cytological, biochemical, and 

molecular characterization methods can all be used for diversity analysis (Bhandari et al., 2017). 

Morphological markers were the first and are still used for diversity analysis. These were 

variations of a specific plant species that existed in the wild. Eventually, variations in a species' 

cytology and biochemistry that result from its genotypes were employed to measure genetic 

diversity. Molecular markers have emerged as the preferred approach for assessing genetic 

diversity (Bhandari et al., 2017). 

 

1.2. Statement of the Problem 

Black cumin is a crucial crop for income generation and domestic use in Ethiopia. However, 

research on its characterization and improvement has been intermittent. Comprehensive studies 

on its use potential, genetic diversity, and chemical and nutritional composition are scarce in 

Ethiopia, limiting our understanding of this valuable crop. 
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Some efforts have been made so far on nutritional compositions and showing black cumin as a 

good source of carbohydrates (29.18%), protein (18.09%), and lipids (32.74%) (Mamun and 

Absar, 2018). Besides, several studies were made involving: analysis of secondary metabolites 

showed the presence of alkaloids (10.11%), flavonoids (3.78%), saponins (7.58%) and tannins 

(2.21%) in Bangladesh (Mamun and Absar, 2018); analysis of oleoresin yield (24.79 - 28.40%) 

in Ethiopia (Ermias et al., 2015); analysis of main essential oil components such as 

thymoquinone (67.7%), carvacrol (8.4%), junipene (4.8%),  p-cymene (2.3%), 4-Terpineol 

(1.9%), longipinene (0.6%), bornylacetate (0.5%) and the main unsaturated fatty acid linoleic 

acid (39.20 - 43.74%) followed by oleic acid (33.41 - 37.75%) in Turkey (Nimet et al., 2015; 

Gulçin and Zehra, 2018); and evaluation of agronomic characters including seed yield per 

hectare in Ethiopia (Ermias et al., 2015; Gezahegn and Sintayehu, 2016), Turkey (Gulçin and 

Zehra, 2018; Nimet et al., 2015) and Jordan (Nasri et al., 2007).  

 

Genetic diversity of some black cumin genotypes has previously been studied using a variety of 

molecular markers, such as random amplification of polymorphic DNA (RAPD) (Aydın, 2024; 

Iqbal et al., 2011; Khan et al., 2017; KorehKhosravi et al., 2018; Sudhir, 2016), inter simple 

sequence repeat (ISSR) (Birhanu et al., 2015; KorehKhosravi et al., 2018; Mehri et al., 2022), 

start codon targeted (SCoT) (El-Mahrouk et al., 2020; Golkar and Nourbakhsh, 2019; Mirzaei 

and Mirzaghaderi, 2015) and sequence-related amplified polymorphism (SRAP) (Golkar and 

Nourbakhsh, 2019).  

 

Existing research efforts have been fragmented, focusing on specific aspects such as nutritional 

compositions and secondary metabolites in different regions. While some studies have used 
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molecular markers to analyze genetic diversity, there has been no comprehensive study using a 

combination of morpho-agronomic, biochemical, and molecular markers. 

 

The lack of detailed information on black cumin genotypes hampers efforts to collect, conserve, 

and improve the crop. Traditional identification methods using local names complicate the 

identification and improvement of genotypes. To address these issues, it is essential to assess 

the genetic diversity, population structure, and chemical composition of Ethiopian black cumin. 

 

This study aims to provide valuable baseline information for breeders and policymakers, 

enabling the development of effective crop improvement and conservation strategies. By 

applying morpho-agronomic, biochemical, and molecular techniques, the research will enhance 

our understanding of black cumin's genetic diversity and potential, ultimately benefiting 

growers and consumers. 

 

The findings will serve as a resource to address major production constraints and pave the way 

for the improvement of black cumin cultivation in Ethiopia. 
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1.3. Research questions and hypotheses 

1.3.1. Research Questions 

This study addressed the following research questions: 

1) What is the extent of genetic diversity among black cumin genotypes growing in 

Ethiopia in terms of morpho-agronomic traits? 

2) What biochemical traits are found in black cumin genotypes growing in Ethiopia? 

3) What essential oil compositions are found in black cumin genotypes growing in 

Ethiopia? 

4) What is the extent and pattern of genetic diversity and population structure of black 

cumin genotypes using GBS? 

 

1.3.2. Hypotheses 

The following null hypotheses were tested: 

1) There is no significant genetic diversity among black cumin genotypes growing in 

Ethiopia in terms of morpho-agronomic traits. 

2) There is no significant biochemical trait difference among black cumin genotypes 

growing in Ethiopia. 

3) There is no significant difference in essential oil composition among black cumin 

genotypes growing in Ethiopia. 

4) The DNA profile of the black cumin genotypes growing in Ethiopia are similar. 
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 1.4. Research Objectives  

General Objective 

The study's overall objective was to contribute towards expanding the knowledge base of black 

cumin to enhance the conservation, improvement, and utilization of black cumin genetic 

resources in Ethiopia  

 

Specific objectives  

The specific objectives are: 

• To characterize black cumin genotypes using morpho-agronomic traits and determine 

their variability, heritability, and genetic advance, 

• To characterize black cumin genotypes using biochemical traits and determine their 

corresponding variability in Ethiopia, 

• To characterize black cumin genotypes using essential oils composition of and determine 

their corresponding variability in Ethiopia, and  

• To estimate the extent and pattern of genetic diversity and population structure of black 

cumin genotypes using GBS. 

 

 

 

 

 

 



9 
 

Outline of the thesis 

The various chapters of this thesis each address one of the aforementioned specific goals. Since 

the chapters were written separately and interrelated, overlaps are most likely to occur in terms 

of content and references among the different chapters. The chapters are organized as follows:  

 

Chapters Title 

1 General Introduction  

2 Literature Review 

3 Genetic Diversity of Ethiopian Black cumin (Nigella sativa L.) Based on 

Morpho-Agronomic Characteristics 

4 Biochemical Characterization of Ethiopian Black Cumin (Nigella sativa L.) 

5 Diversity of Ethiopian Black Cumin (Nigella sativa L.) Based on Compositions 

of Essential Oil 

6 Genetic Diversity and Population Structure of Ethiopian Black Cumin (Nigella 

sativa L.) as Revealed by DArTseq SNP Markers 

7 Summary, Conclusion, and Recommendation 
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CHAPTER 2 

 

2. Literature Review 

2.1.  Distribution of black cumin (Nigella sativa L.)  

Black cumin is native to Southern Europe, North Africa, and Southwest Asia, and it is cultivated 

in many countries in the world like South Europe, India, Pakistan, Syria, Turkey, Saudi Arabia 

(Khare, 2004), and Ethiopia (Demel, 2000).  

 

In Ethiopia, black cumin is found in an altitudinal range between 1500-2500 m.a.s.l (Demel, 

2000). Black cumin is widely cultivated in the Amhara Region, Northern Gondar Zone, Dembia 

district and Oromia region, Bale Zone (Sinana, Goro, Ebisa, Lega hide, Fedis, and Ginnir 

districts). It also grows in Western Arsi (Kofele and Dodola districts) and Arsi Zone (Shirka, 

Tena, and Silitana districts) (Edeget, 2016). It is highly cultivated in Kaffa and Keficho Zones 

(Ermias et al., 2015). 

 

 2.2. Taxonomic classification and common names of black cumin 

N. sativa belongs to the family Ranunculaceae and genus Nigella (Sultana et al., 2015). In 

Ethiopia black cumin is known by different common names in different ethnic groups such as a 

afo in keffa; abasuda guraacha, abaesuda guraatii, habasuuda, nugaa guraacha, nugii guraacha 

in Oromia; awesda in Gurage and Tigray; habasuda in Adere; karesa sawo in Gamo; and kareta 

lawu’a in Welayta; and tqur azmud in Amharic (Demel, 2000). However, in the rest of the world 

it is known by Rabi crop in Bangladeshi (Mamun and Absar, 2018); fennel flower, nutmeg 

flower, Roman coriander, blackseed or black caraway, black sesame in English; Assamese - 

kaljeera or kolajeera, Bengali - kalojeeray, Kannada – Krishna Jeerige, Tamil - 
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karumjeerakam, Hindi/Urdu - kalaunji/mangrail in India; Chernushka in Russian; Ketzakh in 

Hebrew; Cörek out in Turkish; habbat al-barakah in Arabic; siyâhdâne in Persian; jintanhitam 

in Indonesisan; þurekot in Bosnian (Zohray and Hopf, 2000); nigelle de Crète, touteépice in 

French; Schwarzkümmel in Germany; svartkummin in Swedish; cominho-negro in Portuguese; 

and ajenuz, arañuel in Spanish (http://www.ars-grin.gov/cgi-bin/npgs/html/taxon.pl?25337).  

 

2.2. Botanical description of black cumin   

In Ethiopia, one species is widely cultivated (i.e., Nigella sativa), and the other (i.e., N. 

damascena) is ornamental (Demel, 2000). N. damascena is easily distinguished from N. sativa 

by its leaf-like involucre; the British call it ‘love-in-the-mist’ (Jansen, 1981). N. sativa has 

flowers without an involucre and a capsule, usually with 5 locules (Figure 2.1).  Whereas, N. 

damascena has flowers closely surrounded by a much-divided involucre; capsule usually with 

10 locules. 

 

 

 

 

 

 

 

 

 

http://www.ars-grin.gov/cgi-bin/npgs/html/taxon.pl?25337
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Figure 2.1. Image showing two Nigella species: a) Nigella sativa: - flowering and fruiting stem, 

from Sebsebe Demissew and Nigatu 1208; b) N. damascena: - the fruiting stem, from Mesfin 

Tadesse. 6110. Drawn by Damtew Teferra. (Source: Demel, 2000). 

 

Black cumin is an erect annual herb attaining 30 cm to 67.6 cm (mean 52.18 cm ± 4.42) in plant 

height at maturity. Number of primary branches per plant ranges from 4 to 10 (mean 7.0 ± 0.71); 

leaf arrangement alternate, leaf phyllotaxy 1-2, pinnae of leaves broad, number of pinna per 

rachis 5-6; total branches per plant 22.5 ± 4.1 (6 - 48); flower hermaphrodite with determinate 

flowing patterns, main axis terminate with a solitary flower, delicate; flower size 2.74 cm × 2.78 

cm; color - French blue (43/3 – Horticultural Color Chart) (Datta et al., 2012), white, yellow, 

pink, pale blue or pale purple (Sultana et al., 2015); flowers without any involucre of bracts, 

pedunculate; peduncle long, erect; petaloid sepals broad, ovate in a single whorl, 4-6 mostly 5 

and characterized by the presence of nectarines; flower fertility 89.89%; stamens in 3 to 4 

whorls, numerous (32 to 66; mean 49.6 ± 2.7) and shed their pollen as the filament bent outward 
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during male phase; gynoecium 5, completely united follicles, each with a long indehiscent style 

and composed of variable number of multi ovule carpel, developing into a follicle after 

pollination; fruit single partially connected to form a capsule like structure (capsule: 5 to 45; 

mean 20.0 ± 3.37); capsule fertility: 94.5% dehiscence through junction; fruits (length: 0.4 to 

1.7 cm, mean 1.03 cm ± 0.13); seta per capsule: 4 to 8, mean 5.10 ± 0.10 with numerous seeds 

(59.29 ± 3.2); average seed production/plant: 935 ± 177.9; seed yield/plant: 1.91 g; seed 

viability: 80% to 90%; seeds ovate, tetra angular, angles sharp, acute, more tapering at the end, 

color black; seed size: 2.33 mm ± 0.1 × 1.14 mm ± 0.02 (Datta et al., 2012). 

 

Black cumin is a self-pollinating crop that releases pollen grains when the anthers reach a 

horizontal position. At the beginning of the male stage, stamen stand upright, curved outwards 

one by one, roughly in whorls, and strictly reflecting the order of initiation. The male phase of 

black cumin is initiated a few days before the stigmas become receptive and lasts for five days. 

Anther receptivity occurred between 8:00 am and 1:00 pm for a single day, and the male and 

female stages synchronized on the last day of flowering (Abu-Hammour and Wittmann, 2008). 

One of the most significant characteristics of stigmas is their capacity to promote pollen 

germination, a crucial step in successful fertilization that varies greatly between plant species. 

This capacity is known as stigmatic receptivity (Heslop-Harrison, 2000). Empty anthers curled 

upwards; the pollinator honey bee, one bee per flower, visits in the morning at around 7:00 am; 

the pollinated stigma is upright and forms an angle of 180º with the ovary; the style and anther 

length are almost equal to 1.73 cm; high temperatures affect the success of fertilization by 

influencing stigma receptivity and hastening ovule degeneration (Postweiler et al., 1985). 
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2.3. Importance and use values of black cumin   

2.3.1. Medicinal uses  

The seeds of black cumin are used in the treatment of various diseases like bronchitis, diarrhea, 

rheumatism, asthma, and skin disorders. It acts as a liver tonic, appetite stimulant, 

and emmenagogue. It is used in digestive disorders, to increase milk production in nursing 

mothers, to fight parasitic infections, and to enhance the immune system (Al-Ali et al., 2008). 

Seeds are also used in food as flavoring additives in bread and pickles because it has very low 

levels of toxicity (Yarnell and Abascal, 2011). Seeds are useful in the treatment of worms and 

skin eruptions. The oil is used as an antiseptic and local anesthetic externally. Roasted black 

cumin seeds are given internally to stop vomiting (Morsi, 2000). 

 

2.3.2. Food applications 

Black cumin is used as a food preservative, mainly by oxidation processes or by 

microorganisms, during processing, storage, and marketing is an important issue in the food 

industry. The food industry has used synthetic additives, which reduce microbial growth and 

delay the oxidation of oxidizable materials, such as lipids. Nevertheless, owing to the economic 

impact of spoiled foods and consumers’ growing concerns over the safety of foods containing 

synthetic antioxidants, much attention has been paid to natural bioactive compounds (Alzoreky 

and Nakahara, 2003; Viuda-Marto et al., 2011). Black cumin is predominantly consumed in 

Africa and the Far East (Herms, 2015).  

 

Black cumin seeds are added as a spice to a variety of foods such as yogurt, pickles, sauces, and 

salads (Hajhashemi et al., 2004; Venkatachallam et al., 2010). Seeds are used in the preparation 

of a traditional sweet dish and eaten with honey and syrup as well as for sprinkling on bread 
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(Cheikh-Rouhou et al., 2007; Hamrouni-sellami et al., 2008). Seeds are of importance as a 

carminative; often, they are used as a condiment in bread and other dishes (Burits and Bucar, 

2000; Ramadan, 2007). Volatile and fixed black cumin seed oil is used worldwide for functional 

foods and nutraceuticals (Hassanien et al., 2015). 

 

2.4. Biochemical composition and nutritional profile of black cumin 

Black cumin is one of the essential oil-bearing seed spices. Essential oils are characterized by a 

strong odor and are formed by medicinal or aromatic plants as secondary metabolites. Recovery 

of essential oils could be obtained by expression, fermentation, or extraction. Essential oils are 

usually obtained by hydro-distillation, steam distillation, or dry distillation of a plant or some 

parts of it (Bakkali et al., 2008).  

 

The most important active constituents are thymoquinone (30 - 48%), thymohydroquinone, 

dithymoquinone, p-cymene (7 - 15%), carvacrol (6 - 12%), 4-terpineol (2 - 7%), t-anethol (1 - 

4%), sesquiterpene longifolene (1 - 8%), α-pinene and thymol, etc. Seeds contain two different 

types of alkaloids; i.e. isoquinoline alkaloids e.g. nigellicimine and nigellicimine- N-oxide, and 

pyrazol alkaloids or indazole ring-bearing alkaloids which include nigellidine and nigellicine. 

Moreover, N. sativa seeds also contain α-hederin, a water-soluble pentacyclic triterpene, and 

saponin, a potential anticancer agent (Al-Jassir, 1992). 

 

The seeds of black cumin contain fatty oil rich in unsaturated fatty acids, mainly 50 - 60% 

linoleic acid, 20% oleic acid, 3% eicodadienoic acid, and 10% dihomolinoleic acid; about 30% 

or less saturated fatty acids (palmitic; stearic acid).  Alpha-sitosterol is a major sterol, which 
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accounts for 44% and 54% of the total sterols in Tunisian stigmasterol (6.57 - 20.92% of total 

sterols) (Bourgou et al., 2008).  

 

2.5. Assessment of genetic diversity   

Diversity is the essence of the biological world. No two living things (even maternal twins) are 

exactly similar to each other. The difference in one or a few traits of the organism is referred to 

as variability. In common phrasing, genetic variability and genetic diversity are considered 

synonyms to each other, which is mistaken. Genetic variability is the variation in alleles of genes 

or the variation in DNA/RNA sequences in the gene pool of a species or population. This 

expresses itself in terms of alternate forms in phenotype. Conversely, genetic diversity is a broad 

term encompassing all the variability occurring among different genotypes concerning the total 

genetic makeup of genotypes related to a single species or between species. Genetic diversity is 

the base for the survival of plants in nature and for crop improvement (Bhandari et al., 2017). 

Diversity in plant genetic resources provides an opportunity for plant breeders to develop new 

and improved cultivars with desirable characteristics, which include both farmer-preferred traits 

(high yield potential, large seed, etc.) and breeder-preferred traits (pest and disease resistance 

and photosensitivity, etc.). 

 

Genetic resources of plants encompass a diversity of genetic material limited to traditional 

varieties, modern cultivars crop wild relatives, and other wild species. Genetic diversity 

provides options to develop new and more productive crops that are resistant to pests and 

diseases and adaptive to changing environments (Rao, 2004).  Zhang et al. (1993) report, 

that measurement and characterization of genetic diversity has always been a primary concern 

in population genetic studies. Understanding the genetic variation within and among populations 



17 
 

is crucial for the effective conservation, management, and efficient utilization of plant genetic 

resources. Adequate knowledge of existing genetic diversity in plant populations is of 

fundamental interest to basic science and applied aspects. The ability to identify genetic 

diversity is crucial to the effective management and utilization of genetic resources (Mondini et 

al., 2009). Thus, genetic resource conservation activities require characterization of the 

germplasm (Karp et al., 1997), which is performed using genetic markers (Mondini et al., 2009). 

According to Collard et al. (2005), genetic markers are broadly categorized into three major 

types: morphological markers, biochemical markers, and molecular markers. 

 

2.5.1. Morphological markers 

The traditional approach to variety identification is composed of the observation and the 

recording of morphological characters or descriptors (Nováková et al., 2010). Morphological 

markers are often multigenic, continuously expressed, and influenced by environmental 

interactions, making it difficult to assess them quickly and objectively; and requiring replication 

of observation Mba and Thome (2005) quoting as cited by Nováková et al. (2010). 

 

Variations in qualitative morphological traits such as texture, color, and growth habit, or 

quantitative traits like yield potential, height, size, weight, etc. are used for the assessment of 

genetic diversity in crops. According to Rao (2004), morphological traits have their basis in 

genetic alterations that lead to visible differences in the phenotype. The morphological 

characterization does not require expensive technology. Using morphological traits alone is 

often undesirable but cannot be replaced by any biochemical or molecular techniques (Smith 

and Smith, 1989). According to Karp et al (1997), the results of molecular studies should be 

considered complementary to morphological characterization. 
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2.5.2. Molecular markers  

Molecular markers can be classified into different groups based on the mode of transmission 

(biparental nuclear inheritance, maternal nuclear inheritance, maternal organelle inheritance, or 

paternal organelle inheritance), the mode of gene action (dominant or co-dominant markers), 

and the method of analysis (hybridization-based or PCR-based markers). These molecular 

markers include hybridization-based markers such as restriction fragment length polymorphism 

(RFLP); PCR-based markers like randomly amplified polymorphic DNA (RAPD), amplified 

fragment length polymorphism (AFLP), inter-simple sequence repeats (ISSRs), and 

microsatellite or simple sequence repeats (SSRs), and sequence-based markers like single 

nucleotide polymorphism (SNP) (Gupta and Varshney, 2000). 

 

Molecular markers and high-throughput genome sequencing initiatives have made it possible to 

characterize genetic diversity in the germplasm pool for almost any crop species with more 

accuracy and insight (Moose and Mumm, 2008). Since molecular markers are unaffected by the 

environment and the stage of plant development, and typically found in non-coding regions of 

DNA, they are selectively neutral. All phases of plant growth exhibit their presence (Winter and 

Kahl, 1995). In plant genetics, molecular markers are used for many purposes, including 

determining cultivar identity and the degree of genetic diversity in germplasm. By conducting 

selection on molecular markers associated with the desired trait rather than the trait itself, they 

present a significant opportunity to increase the effectiveness of traditional plant breeding 

(Mohan et al., 1997). They are effective diagnostic instruments that identify DNA 

polymorphism at the locus and entire genome levels (Laurentin, 2009). According to Agarwal 

et al. (2008), the most crucial factors in choosing a molecular marker type should be its 

informativeness and ease of genotyping for the particular crop system. 
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All types of molecular marker assays have different properties. An ideal molecular marker 

should possess the following features: (1) evenly distributed throughout the genome; (2) provide 

adequate resolution of genetic differences; (3) generate multiple, independent, and reliable 

markers; (4) be simple, quick and inexpensive; (5) need small amounts of tissue and DNA 

samples; (6) have linkage to distinct phenotypes and (7) require no prior information about the 

genome of an organism. Nevertheless, no molecular marker presents all the listed advantages. 

Thus, the most important criteria to determine the type of molecular marker should be 

informativeness and ease of genotyping for the specific crop system (Agarwal et al., 2008; 

Powell et al., 1996). 
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CHAPTER 3 

 

3. Genetic Diversity of Ethiopian Black cumin (Nigella sativa L.) Based on 

Morpho-Agronomic Characteristics 

 

Abstract 

This study was conducted to investigate the variability of Ethiopian black cumin genotypes by 

using morpho-agronomic traits. Sixty-four genotypes were tested at Debre Zeit and Kulumsa 

Agricultural Research Center in 2021 using an 8×8 simple lattice design with two replications. 

Analysis of variance revealed significant differences among the genotypes for all traits studied 

except the number of primary branches per plant. The effect of location was significant for all 

traits except the number of primary branches per plant. It is expected to improve all 

phenological traits as well as seed yield and yield-related qualitative traits by 4 to 41% over 

improved varieties by selecting the top 5% of black cumin accessions. Thus, through selection, 

it would also be possible to shorten the flowering and maturity periods of the genotypes. High 

broad-sense heritability values coupled with high to moderate genetic advance as a percentage 

of mean values were shown by the number of capsules per plant and plant height, indicating 

possibilities for improvement of these traits through selection. Plant height, number of primary 

branches per plant, number of seeds per capsule, and thousand-seed weight had a positive and 

significant phenotypic and genotypic association with seed yield per hectare. Plant height had 

a positive direct effect on seed yield per hectare, both phenotypically and genotypically. This 

would be a direct selection criterion for further improvement of the genotypes. The principal 

component analysis of 12 quantitative traits exhibited 81.5% of the total variance captured by 

the first four principal components (PCs). Days to 50% flowering, days to full blooming, days 

to maturity, number of seeds per plant, and seed yield per plant were the main contributor traits 

for the variation in the first and second PCs. The genotypes were grouped into three different 

clusters (C-I = 35.93%, C-II = 9.38%, and C-III = 54.69%) based on 12 quantitative traits with 

significant inter-cluster distances. This clearly showed that there was sufficient diversity among 

the genotypes, which can be exploited for the future black cumin improvement program. 

 

Keywords: Cluster analysis, Diversity, Heritability, Nigella sativa L., Principal component 

analysis 
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3.1. Introduction 

 

Genetic diversity can be described as the degree of differentiation between or within species 

(Bhandari et al., 2017). Plant genetic resources allow plant breeders to develop new and 

improved cultivars with desirable characteristics, including farmer and breeder-preferred traits 

(Govindaraj et al., 2015). In different countries, genetic diversity studies of black cumin have 

been conducted using morphological traits such as plant height, number of pods per plant, 

number of branches per plant, seed yield per hectare, etc. (Amdie and Teshome, 2021; Demis 

et al., 2023; Ermias and Addis, 2015; Gezahegn and Sintayehu, 2016; Nimet et al., 2015; 

Tewodros et al., 2018). 

 

In this study, N. sativa seeds of the genotypes were planted in two different agroecological areas 

of the country to measure their diversity in terms of traits using univariate, bivariate, and 

multivariate methods.  

 

Despite its invaluable spice and medicinal uses, there have been very few genetic diversity 

studies on the Ethiopian black cumin genotypes, particularly using morpho-agronomic 

characters. Therefore, this study aims to investigate the variability of Ethiopian black cumin 

genotypes using morpho-agronomic traits.  

 

3.2.  Materials and Methods 

3.2.1. Planting materials 

Seeds of 64 black cumin genotypes (44 from Debre Zeit Agricultural Research Center (DZARC) 

and 20 from Sinana Agricultural Research Center (SARC)) were used for this experiment 
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(Appendix Table 1). These genotypes were the improved varieties and those collected from 

potential black cumin growing areas of Ethiopia covering different parts of the country such as 

Oromia, Amhara, Tigray, Benshangul-Gumuz, and South West Ethiopia Peoples regions. The 

individual genotypes acquired were initially collected in collaboration with Ethiopian 

Biodiversity Institute (EBI) staff from sites at least 5 km apart from each other unless they were 

clearly distinguished morphologically by their appearance.  

 

3.2.2. Description of experimental sites 

The experiment was conducted at Debre Zeit and Kulumsa Agricultural Research Centers` 

experimental sites under field conditions in Ethiopia during the 2021 cropping season.  

 

Debre Zeit Agricultural Research Center is located about 47 km East of Addis Ababa, in East 

Shewa Zone, Ada district, 08o46'04'' N latitude and 39o00'08'' E longitude at an altitude of 1865 

m.a.s.l (meter above sea level). The area receives an average annual rainfall of 851 mm while 

having minimum and maximum temperatures of 19.03 °C and 26.91 oC, respectively. The soil 

type of the experimental area is black soil or Vertisol, which has a high water-holding capacity 

(Tewodros et al., 2018). 

 

Kulumsa Agricultural Research Center (KARC) is located about 170 km South of Addis Ababa, 

in Oromia National Regional State, Arsi Administrative Zone, Tiyo district, 8º01'04' N latitude 

and 39º09'24'' E longitude at an altitude of 2177 m.a.s.l. The area receives an average annual 

rainfall of 820 mm while having minimum and maximum temperatures of 10.5 °C and 22.8 oC, 

respectively (Zerihun et al., 2018). The soil type of the experimental area is Vertic Luvisol 

(Sahlemedhin et al., 2003). The meteorological data and site maps of both testing locations are 
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illustrated in Figures 3.1 and 3.2, respectively.  The site maps were made by using ArcGIS 

Desktop Advanced version 10.8 (ESRI, 2011). 

   

Figure 3.1. Monthly total rainfall and average temperature (maximum and minimum) at Debre 

Zeit and Kulumsa during 2021. 

 

Figure 2.2. Map of Ethiopia, Oromia Region, and East Shewa and Arsi Zones showing where 

the testing locations are. 
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3.2.3. Treatments and experimental procedures 

For this experiment, an 8 × 8 simple lattice design was used. The layout and randomization were 

done as per the standard procedure set by Cochran and Cox (1957). A distance of 30 cm was 

kept between rows in the same plot, 1 m between plots and blocks in the same replication, and 

2 m between replications. The plots had a size of 2 m × 1.5 m (length × width). The seeds of 64 

black cumin genotypes were used for this experiment. Genotypes were comprised of 18 from 

Oromia, 24 from Amhara, 6 from Tigray, 4 from Benshangul-Gumuz, 4 from Southern Nations, 

Nationalities and Peoples Regional (SNNPR) State, and 8 improved varieties (Appendix Table 

1). The seeds of each genotype were sown directly on the field at a soil depth of 3 cm after the 

field was prepared well with a seed rate of 15 kg/ha. Sowing took place at the commencement 

of the main rainy season. Appropriate crop management practices, like weeding and hoeing, 

were applied as required. Thinning was done when the plants reached a height of 15 cm or at 

the true leaf stage. The R package “agricolae” (De Mendiburu, 2014) was used for the 

randomization of treatments using R-software version 4.2.2 (R Core Team, 2022). 

 

3.2.4. Data collection 

Morpho-agronomic data  

Five randomly selected plants were used for recording quantitative character data for every 

genotype, except days to flowering, days to 50% flowering, days to full blooming, and days to 

maturity, which were recorded on a plot basis. However, the most frequent character state was 

recorded for the qualitative characters (Appendix Table 3). During this experiment, the 

following parameters were measured: 

Days to flowering: The number of days from sowing to flowering of at least one plant in the 

row bear flower was recorded carefully. 



25 
 

Days to 50% flowering: The number of days from sowing to 50% of the plants in the row bear 

at least one open flower was recorded. 

Days to full blooming: The number of days from sowing till 100% of the plants in the row bear 

flower.  

Days to maturity: The number of days from sowing to all plants in a plot matured fully was 

recorded. 

Plant height (cm): When the plants reached their maximum growth stage, the height of the 

main stem from ground level to the tip of each sampled plant was measured using a tape meter, 

and the average height was determined. 

Number of primary branches per plant: This was determined by counting the number of 

primary productive branches when the plants reached the maximum growth stage and 

determining the average branch number. 

Number of capsules per plant: When they matured, the capsules of each sampled plant from 

the central rows of each plot were counted carefully, and the average capsule number per plant 

was determined. 

Number of seeds per capsule: The number of seeds from the five randomly selected matured 

capsules of the sampled plant was counted carefully, and the average number of seeds per 

capsule was determined. 

Number of seeds per plant: The number of seeds from the capsules of each sampled plant was 

counted carefully, and the average number of seeds per plant was determined. 

Seed yield per plant (g): The seeds of five randomly selected plants from each genotype were 

collected from the capsules when dried and weighed carefully using a sensitive analytical 

electronic balance. Then, the average seed yield per plant was determined. 
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1000-seed weight (g): This was estimated by taking 1000 seeds randomly from the composite 

sample of each genotype five times and weighing them using a sensitive analytical electronic 

balance, and then the average value was determined. 

Seed yield per plot (kg): This was determined by harvesting the matured capsules from the net 

plot area by excluding the borders, threshed, cleaned, and weighted critically using a sensitive 

analytical electronic balance.  

Seed yield per hectare (t): This was determined by the following formula after seed yield per 

plot was estimated carefully:  

 

Seed yield per hectare (t) =
Seed yield per plot (kg) 𝑥 10 𝑚2

Harvested 𝑝𝑙𝑜𝑡 𝑎𝑟𝑒𝑎 (𝑚2)
                                (3.1) 

                        

3.2.5. Data Analysis 

3.2.5.1. Univariate analysis 

Bartlett’s test was used to assess the homogeneity of error variances for each of the measured 

traits to determine the validity of the individual experiment before performing the analysis. 

Accordingly, most of the parameters across the two locations were homogeneous. Then, the 

combined analysis of variance of the 12 quantitative traits data across the two locations was 

performed based on the model for simple lattice design following Gomez and Gomez (1984) by 

using SAS version 9.4 (SAS Institute Inc. 2019). Analysis of variance (ANOVA) was performed 

by PROC GLM procedure to manage the imbalance of the treatments in the combined analysis. 

The Least Significant Difference (LSD) test procedure at a 5% level of significance was used to 

identify significant differences among means of genotypes. During the analysis genotypes were 

treated as fixed variables, while the replications, blocks, and locations were considered random 

variables. The following model was used to make ANOVA for a simple lattice design: 
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𝑌𝑖𝑗𝑘𝑙  =  𝜇 +  𝛼 𝑖 +   𝛽𝑗(𝑖)  +  𝛾𝑘(𝑖𝑗)  + 𝛿𝑙 + (𝛿𝛼)𝑙𝑖  +  𝜀𝑖𝑗𝑘𝑙                              (3.2) 

 

Where, Yijkl = the response trait Y measured at ith location under jth replication within location i 

under kth incomplete block within location i and replication j in lth genotype, 𝜇 = overall mean, 

αi = the effect of location i, βj(i) = the effect of replication j within location i, γk(ij) = the effect 

of block k within location i and replication j, δl = the effect of genotype l, (δα)li = the interaction 

effect between genotype and location, and 𝜀𝑖𝑗kl= the effect of intra-block error. 

 

Estimations of variance components 

Variance components partitioning into genotypic variance (σ2
G), phenotypic variance (σ2

P),  

environmental variance (σ2
E), a genotype by environment interaction (σ2

GxL). As suggested by 

Singh and Chaudhary (2005) and Johnson et al. (1955), this was performed from the analyses 

of variance by assuming various observed mean squares equal to their expected mean squares. 

The following formulas were used to estimate these variance components.  

σ2
G =

MSG − MSGxL

𝑟𝑙
                                                                            (3.3) 

   σ2
GxL = MSGxL − MSe                                                                          (3.4)      

 

σ2
E =

MSe

r
                                                                                              (3.5) 

   σ2
P =  σ2

G +
σ2

GxL

𝑙
+

σ2
E 

𝑟𝑙
                                                                 (3.6) 

Where: σ2
G= genotypic variance, σ2

P= phenotypic variance, σ2
E= environmental variance, 

MSG = mean square of genotypes, MSe = error mean square, MSGxL = mean square of genotypes 

by environmental interaction, σ2
GxL = variance of genotypes by environmental interaction, r = 

the number of replications and l = number of locations. 

 

Based on these, the phenotypic (PCV) and genotypic (GCV) coefficients of variation were 

computed as follows: 
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Genotypic coefficient of variation (GCV) =  
√σ2

G

𝑥̅
 × 100                               (3.7) 

Phenotypic coefficient of variation (PCV) =  
√σ2

P

𝑥̅
 × 100                                        (3.8)   

Where: σ2
𝐺= genotypic variance, σ2

P= phenotypic variance, and 𝑥̅ = grand mean of a trait. 

 

Estimation of broad sense heritability 

Broad sense heritability (Hb
2) of all the traits was determined by the following formula as 

described by Johnson et al. (1955) and Hanson et al. (1956). 

H𝑏
2(%) =

σ2
G

σ2
P

 ×  100                                                                              (3.9) 

 

Where: Hb
2= broad sense heritability, σ2

𝐺= genotypic variance, and σ2
P= phenotypic variance.  

 

Estimation of genetic advance 

Genetic advance (GA) was determined by the following formula as described by Johnson et al. 

(1955). 

GA =  K (σP) H𝑏
2                                                                                     (3.10) 

Where: K = the selection differential (K = 2.06 at 5% selection intensity), σp= the phenotypic 

standard deviation of the trait, and Hb
2= broad sense heritability.  

 

The genetic advance as a percentage of the mean (GAM) was calculated by the formula as 

described by Johnson et al. (1955) as follows: 

 

𝐺𝐴𝑀 (%) =
𝐺𝐴

𝑥̅
× 100                                                                                        (3.11) 

                                                                              

Where: GAM = genetic advance as a percentage of the mean, GA= genetic advance, and 𝑥̅= 

grand mean of a trait.  
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Descriptive statistics was used to estimate the variations among populations carried out using 

the SAS version 9.4 software statistical package (SAS Institute Inc., 2019). 

 

3.2.5.2. Bivariate analysis 

The standard procedures suggested by Johnson et al. (1955), and Singh and Chaudhary (1985) 

were used to compute the genotypic and phenotypic correlation coefficients using the following 

formula: 

𝑟𝑔𝑥𝑦  =  𝐶𝑜𝑣𝑔𝑥𝑦/√(𝜎𝑔𝑥
2 𝑥𝜎𝑔𝑦

2 )                                        (3.12) 

𝑟𝑝𝑥𝑦  =  𝐶𝑜𝑣𝑝𝑥𝑦/√(𝜎𝑝𝑥
2 𝑥𝜎𝑝𝑦

2 )                                        (3.13) 

Where, rgxy = genotypic correlation coefficient between characters x and y, Covgxy = genotypic 

covariance between characters x and y, 𝞂2
gx= genotypic variance for character x and 𝞂2

gy = 

genotypic variance for character y, rpxy = phenotypic correlation coefficient between characters 

x and y, Covpxy = phenotypic covariance between characters x and y, 𝞂2
px= phenotypic variance 

for character x and 𝞂2
px = phenotypic variance for character y. The correlation coefficients were 

tested using the ‘r’ tabulated value at n - 2 degrees of freedom, at 5 and 1% probability levels, 

where n is the number of treatments (genotypes) as described by Robertson (1959). 

 

3.2.5.3. Multivariate analysis 

Path-coefficient analysis was performed by considering seed yield per hectare as a response 

trait, and the remaining traits were considered independent. The direct and indirect effects of 

the independent traits on seed yield per hectare were estimated by a simultaneous equation using 

the formula as applied by Dewey and Lu (1959). 

𝑟𝑖𝑗  =  𝑝𝑖𝑗  +  ∑ 𝑟𝑖𝑘 𝑝𝑘𝑗                                                       (3.14) 

Where, rij = mutual association between the independent trait (i) and dependent traits (j) as 

measured by correlation coefficients; pij = components of direct effects of the independent traits 

(i) on the dependent traits (j); ∑ 𝑟𝑖𝑘 𝑝𝑘𝑗 = summation of components of the indirect effect of a 

given independent trait (i) on the dependent traits (j) via all other k independent traits. 
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The mean values of 12 quantitative traits were subjected to multivariate analysis methods, 

including principal component analysis (PCA) and cluster analysis (CA) using R-software 

version 4.2.2 (R Core Team, 2022). The dataset of recorded quantitative traits was standardized 

to means of zero and variances of unity before performing consequent analysis to avoid bias due 

to differences in measurement scales (Manly and Alberto, 2016). 

 

Hierarchical cluster analysis was performed by using R-software program packages 

“phylogram” (Wilkinson and Davy, 2018), “factoextra” (Kassambara and Mundt, 2020), 

“cluster” (Maechler et al., 2018), and “igraph” (Csardi and Nepusz, 2006). Clustering was used 

to examine the aggregation patterns of the 64 black cumin genotypes based on their similarity 

concerning the corresponding means of all the quantitative traits that were collected. The best 

number of clusters for the data set was determined by using an R-software package “Nbclust” 

(Charrad et al., 2014). The genetic distance was measured using Euclidean distance and the 

distance matrix was used to construct the dendrograms using Ward`s minimum variance method 

(Ward, 1963). Intra- and inter-cluster distances were calculated based on the standardized 

Mahalanobis's D2 statistics (Mahalanobis, 1936) using R-software packages “biotools” (Da 

Silva, 2021) and “MASS” (Venables and Ripley, 2002). 

 

For the groups of collections, hierarchical cluster analysis was run using the regional means for 

the 12 quantitative traits. The measure of dissimilarity was Euclidean distance and the clustering 

method Ward`s minimum variance method (Ward, 1963). 
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The PCA was employed by using R-software packages “factoextra”, “ggplot2” (Wickham, 

2016), “corrplot” (Wei and Sinko, 2021), and “ggsignif” (Ahlmann-Eltze, 2022) to identify the 

traits contributing to a large part of the total variation among the populations and groups. 

 

3.3.  Results and Discussion 

3.3.1. Morpho-agronomic traits performance of the genotypes 

Combined analysis of variance over the two locations revealed a significant (p < 0.001) effect 

for location and genotypes in all quantitative traits measured, except the number of primary 

branches per plant. A similar result was reported by Arega and Solomon (2021) on the number 

of capsules per plant and seed yield per hectare of black cumin and Demis et al. (2023) on black 

cumin seed yield per hectare. Location × genotype interaction effects were also significant (p < 

0.001) in all the studied quantitative traits except the number of primary branches per plant 

(Appendix Table 2). Supporting results were reported by Demis et al. (2023) on black cumin 

seed yield per hectare. In the case of the 15 qualitative traits measured, there was no difference 

among 64 genotypes of Ethiopian black cumin (Figure 3.3, Appendix Table 3).  

 

Separate analyses of variance showed significant differences among the genotypes for all the 

measured traits, except for the number of primary branches per plant in the case of both sites 

and the thousand seed weight in the case of Kulumsa only, which exhibited non-significant 

differences. This result is in line with the findings of Arega and Solomon (2021) on the number 

of capsules per plant and seed yield per hectare of black cumin and Demis et al. (2023) on black 

cumin seed yield per hectare. Similarly, combined analyses of variance exhibited significant 

differences in all parameters studied except the number of primary branches per plant. 
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Significant variability was also detected from the wider ranges observed between the minimum 

and the maximum values of the traits measured (Table 3.1).  

 

The variability of the genotypes for days to maturity creates a great opportunity for developing 

early-maturing varieties by improving the traits that are associated with days to maturity. This 

result would help the breeders to develop improved and suitable varieties for different agro-

ecologies of the country.  
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Table 3.1. Descriptive statistics, F-test, and coefficient of variation of 12 quantitative traits of the 64 black cumin genotypes of 

Ethiopia at each testing site and pooled during the 2021 cropping season 

Trait 

Debre Zeit Kulumsa Combined 

Mean ± SE Range F-Test 
CV 

(%) 
Mean ± SE Range F-Test 

CV 

(%) 
Mean ± SE Range F-Test 

CV 

(%) 

DF 58.4 ± 0.20 56-80 * 3.34 86.02 ± 0.15 77-87 *** 1.03 72.2 ± 0.87 56-87 *** 2.08 

DFPF 74.5 ± 0.02 70-78 *** 0.47 98.02 ± 0.16 92-99 *** 0.22 86.3 ± 0.75 70-99 *** 0.34 

DFB 80.1 ± 0.14 76-82 *** 0.31 107.3 ± 0.26 93-109 *** 1.32 93.7 ± 0.86 76-109 *** 1.08 

DM 143.2 ± 0.29 136-148 *** 0.44 159.4 ± 0.22 154-161 *** 0.33 151.3 ± 0.54 136-161 *** 0.39 

PH 53.9 ± 0.56 32-68 ** 9.87 59.8 ± 0.46 47-72 *** 4.03 56.8 ± 0.41 32-72 *** 7.43 

NBP 4.6 ± 0.07 4-7 ns 16.52 5.4 ± 0.09 4-9 ns 17.51 5.1 ± 0.06 4-9 ns 16.72 

NCP 9.6 ± 0.18 4-16 *** 15.06 14.6 ± 0.33 7-26 * 22.04 12.1 ± 0.24 4-26 *** 20.12 

NSC 90.6 ± 0.69 67-108 *** 6.23 105.9 ± 0.72 87-127 * 6.75 98.2 ± 0.69 67-127 *** 6.48 

NSP 869.3 ± 18.43 387-1725 *** 16.92 1545 ± 37.07 590-2788 ** 22.14 1207.3 ± 29.6 387-2788 *** 21.11 

TSW 2.31 ± 0.01 2.1-2.6 *** 3.54 2.10 ± 0.01 1.9-2.3 ns 3.7 2.21 ± 0.01 1.9-2.6 ** 3.3 

SYP 2.02 ± 0.04 1.08-4 *** 13.05 3.24 ± 0.08 1.18-5.86 * 23.26 2.63 ± 0.06 1.18-5.08 *** 20.11 

SYH 1.18 ± 0.03 0.24-1.93 *** 14.83 0.58 ± 0.02 0.19-1 *** 10.01 0.88 ± 0.02 0.19-1.93 *** 15.25 

 

Where SE= Standard error, DF= Days to flowering, DFPF= Days to 50% flowering, DFB= Days to full blooming, DM= Days to maturity, 

PH=Plant height (cm), NBP= Number of primary branches per plant, NCP= Number of capsules per plant, NSC= Number of seeds per 

capsule, NSP= Number of seeds per plant, TSW= Thousand seed weight (g), SYP= Seed yield per plant (g), SYH= Seed yield per hectare 

(t). ns = non-significant at p ≥ 0.05, *, ** and *** = Significant at p < 0.05, at p < 0.01 and at p < 0.001, respectively. 

 

    



39 
 

 

 

Figure 3.3. Images showing: A) the morphological appearance, B) the leaf, flower, and 

immature capsule, C) matured capsules, and D) seeds of some Ethiopian black cumin genotypes 

after threshing. 

 

Phenological attributes 

Based on the combined result presented in Table 3.1, there was a highly significant (p < 0.001) 

difference among genotypes for days to flowering, days to 50% flowering, days to full 

blooming, and days to maturity with wider ranges between the minimum and maximum values. 

Tewodros et al. (2018) reported supporting data for days to flowering, days to 50% flowering, 

and days to maturity of black cumin, as did Kedir et al. (2025) for black cumin days to 50% 

flowering. 

 

The days to flowering performance ranged from 56 days to 87 days, with a mean value of 72.2 

days. The highest mean days to flowering were obtained from genotype 219970 (from Tigray), 

whereas the lowest mean value was obtained equally from five genotypes, namely 90504 and 
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237989 (from Oromia), 230040 (from Tigray), 242225 and 002_ATH (from Amhara) 

(Appendix Table 4).  

 

The days to 50% flowering performance ranged from 70 days to 99 days, with a mean value of 

86.3 days. The highest mean days to 50% flowering was obtained from genotype 242841 (from 

Oromia) followed by 9069, 215319, 003_ATH, 010_ATH, and 014_ATH (from Amhara); 

whereas, the least mean value was obtained from genotype 237989 followed by 90504 (from 

Oromia), 230040 (from Tigray), 242225 and 002_ATH (from Amhara) (Appendix Table 4).  

 

The days to full blooming performance ranged from 76 days to 109 days, with a mean value of 

93.7 days. The highest mean days to full blooming were obtained from genotype 242841 (from 

Oromia) followed by 219970 (from Tigray); whereas, the least mean value was obtained equally 

from five genotypes, namely 90504 and 237989 (from Oromia), 230040 (from Tigray), 242225 

and 002_ATH (from Amhara) (Appendix Table 4).  

 

The days to maturity performance ranged from 136 days to 161 days, with a mean value of 151.3 

days. The highest mean days to maturity were obtained from genotype 242841 (from Oromia), 

whereas the lowest mean value was obtained equally from three genotypes, namely 90504 and 

237989 (from Oromia) and 242225 (from Amhara), followed by 230040 (from Tigray) and 

002_ATH (from Amhara). This result indicates the highest and least number of days, which 

implies the lateness and earliness of the genotype to reach maturity, respectively. Similar results 

were reported by Arega and Solomon (2021) and Demis et al. (2023) on black cumin. 

Accordingly, genotype 242841 (from Oromia) matured late, whereas genotypes 90504 and 

237989 (from Oromia) and 242225 (from Amhara), followed by genotype 230040 (from Tigray) 
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and 002_ATH (from Amhara), matured earlier (Appendix Table 4). The summary statistics 

indicated a large variation among the tested genotypes in the phenological attributes measured. 

 

Growth, yield, and yield-related attributes  

There was a significant difference among genotypes for plant height, number of capsules per 

plant, number of seeds per capsule, number of seeds per plant, thousand seed weight, seed yield 

per plant, and seed yield per hectare, with wider ranges between the minimum and the maximum 

values (Table 3.1). Tewodros et al. (2018) found similar results for black cumin plant height, 

thousand seed weight, and seed yield per plant, as did Kedir et al. (2025) for black cumin plant 

height, number of capsules per plant, number of seeds per plant, seed yield per plant, and per 

hectare.  

 

The seed yield performance ranged from 0.19 t/ha to 1.93 t/ha, with a mean of 0.88 t/ha. The 

highest mean seed yield per hectare was obtained from genotype 90504 (from Oromia), 

followed by genotype 219970 (from Tigray); whereas, the lowest mean value was obtained from 

genotype 237989 (from Oromia) (Appendix Table 4). Complementary findings were 

documented by Arega and Solomon (2021) as well as by Demis et al. (2023) regarding black 

cumin. This reflects the presence of ample amounts of variation among the tested genotypes. 

The variation in seed yield could be due to environmental, genetic, or interaction among the two 

factors.  

 

The presence of variability among the black cumin genotypes was witnessed by the wide range 

of most of the traits studied. This showed that there is a possibility of improving these traits 
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through selection. Therefore, selecting the top 5% of genotypes is predicted to improve 

quantitative traits by 4% to 41% through selection (Table 3.2).  With this regard, genotype 90504 

(from Oromia), 219970 (from Tigray), and 019_ATH (from Amhara) were the top 5% best-

performed genotypes over improved varieties selected for seed yield per hectare (Table 3.2). 

 

Table 3.2. Comparison of mean performances of 5% of the best-performed genotypes selected 

for quantitative traits over the mean performance of improved varieties 

Traits 

Mean values Comparative advantage 

over mean values of 

improved Varieties (%) 

Top 5% 

genotypes 

Improved 

varieties 

Days to flowering 69 71.9 - 4.03 

Days to 50% flowering 81.5 86.1 - 5.34 

Days to full blooming 88.5 93.5 - 5.35 

Days to maturity 145 151.3 - 4.16 

Plant height (cm) 63.3 59.3 6.75 

Number of capsules per plant 15 12 25 

Number of seeds per capsule 107 98 9.18 

Number of seeds per plant 1588 1199 32.44 

Thousand seed weight (g) 2.31 2.18 5.96 

Seed yield per plant (g) 3.40 2.57 32.3 

Seed yield per hectare (t) 1.275 0.907 40.57 

 

3.3.2. Components of variance 
 

The presence of variability for a given trait is mandatory for any crop improvement program. 

Accordingly, Table 3.3 presents the estimates of the genotypic coefficient of variation (GCV), 

phenotypic coefficient of variation (PCV), heritability in a broad sense (Hb
2), genetic advance 

(GA), and genetic advance as a percentage of the mean (GAM) for 12 quantitative traits. 

 

The values of GCV ranged from 0.66-16.12% for days to maturity and number of seeds per 

plant, respectively. Likewise, the values of PCV ranged from 1.37-21.32% for days to maturity 

and seed yield per hectare, respectively (Table 3.3). According to Sivasubramanian and 
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Madhavamenon (1973), GCV and PCV values were categorized as low (0-10%), moderate (10-

20%), and high (> 20%). Hence, moderate GCV and high PCV were obtained for the number 

of seeds per plant, and seed yield per hectare, respectively. The same result was reported by 

Tewodros et al. (2018) on black cumin. Moderate to high values of GCV and PCV indicated the 

presence of moderate to high variability among genotypes, respectively. Low GCV and 

moderate PCV were obtained for the number of capsules per plant. This could be due to low 

variability of genotypes in the number of capsules per plant genotypically, but moderately varied 

phenotypically by the influence of environment. Low GCV and PCV were obtained for days to 

flowering, days to 50% flowering, days to full blooming, days to maturity, plant height, number 

of seeds per capsule, and thousand seed weight. This is in line with the finding of Tewodros et 

al. (2018) on black cumin days to 50% flowering and days to maturity. This study showed the 

PCV values were greater than the GCV values for all the traits considered, which reflects the 

existence of environmental influence on the expression of genotypes performance. Therefore, 

this ensured for the breeders that there is a possibility for further improvement of the genotypes 

through selection. This result is supported by the finding of Kumhar et al. (2020) on cumin. 

 

Broad sense heritability for the studied quantitative traits ranged from the least 8.16% for 

number of seeds per capsule to the highest 89.47% for thousand seed weight. As Robertson 

(1959) suggested, heritability was categorized as low (0-30%), moderate (30-60%) and high (> 

60%). Accordingly, high heritability values were obtained on thousand seed weight (89.47%), 

plant height (78.3%), days to flowering (76.65%), days to full blooming (74.71%), number of 

capsules per plant (66.86%), and days to 50% flowering (62.56%). Supporting results were 

reported by Tewodros et al. (2018) on black cumin days to flowering and days to 50% flowering. 

Moderate heritability in a broad sense was recorded on the number of seeds per plant, seed yield 
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per hectare, number of primary branches per plant, and seed yield per plant. A similar result was 

reported by Tewodros et al. (2018) on black cumin seed yield per plant. However, low broad-

sense heritability values were shown by days to maturity and the number of seeds per capsule 

(Table 3.3). Tewodros et al. (2018) reported the same result on black cumin days to maturity. 

Heritability by itself provides no hint of the amount of genetic advancement that could be 

possible to make by selecting the best individuals (Johnson et al., 1955). GCV, together with a 

heritability estimate, would seem to give the best picture of the amount of advance to be 

expected from selection (Burton, 1952, as cited by Umamaheswar et al., 2024). Therefore, 

through selection, it would be possible to improve the number of capsules per plant, the number 

of seeds per plant, the seed yield per plant, and the seed yield per hectare.  

Table 3.3. Estimated values of the variability of 12 quantitative traits in 64 black cumin 

genotypes of Ethiopia at Debre Zeit and Kulumsa in the 2021 cropping season 

Traits Mean GCV (%) PCV (%) Hb
2 (%) GA GAM (%) 

DF 72.23 1.88 2.15 76.65 2.45 3.39 

DFPF 86.27 1.80 2.27 62.56 2.52 2.93 

DFB 93.67 2.13 2.47 74.71 3.56 3.80 

DM 151.3 0.66 1.37 23.20 0.99 0.66 

PH 56.84 7.45 8.42 78.30 7.72 13.58 

NBP 5.02 4.88 6.71 52.81 0.37 7.30 

NCP 12.05 15.65 19.14 66.86 3.18 26.37 

NSC 98.23 1.00 3.51 8.16 0.58 0.59 

NSP 1207.3 16.12 20.89 59.61 309.62 25.65 

TSW 2.21 4.53 4.79 89.47 0.19 8.84 

SYP 2.63 13.73 19.05 51.95 0.54 20.39 

SYH 0.88 16.01 21.32 56.39 0.22 24.77 

 

Where, GCV = Genotypic coefficients of variation, PCV = phenotypic coefficients of variation, 

Hb
2 = Broad sense heritability, GA = Genetic advance, GAM = Genetic advance as a percentage 

of the mean; DF = Days to flowering, DFPF = Days to 50% flowering, DFB = Days to full 

blooming, DM = Days to maturity, PH = Plant height (cm), NBP = Number of primary branches 

per plant, NCP = Number of capsules per plant, NSC = Number of seeds per capsule, NSP = 

Number of seeds per plant, TSW = Thousand seed weight (g), SYP = Seed yield per plant (g), 

SYH = Seed yield per hectare (t). 
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The estimate of GA values ranged from 0.19 for thousand seed weight to 309.62 for the number 

of seeds per plant. High GA was recorded on the number of seeds per plant, whereas low values 

were shown by the rest of the quantitative traits studied. Moreover, GAM values ranged from 

0.59% for the number of seeds per capsule to 26.3% for the number of capsules per plant. The 

value of GAM is categorized as low (0-10%), moderate (10-20%), and high (above 20%) 

(Johnson et al., 1955). Based on this, high values of GAM were recorded on the number of 

capsules per plant (26.37%), number of seeds per plant (25.65%), seed yield per hectare 

(24.77%), and seed yield per plant (20.39%). Similar results were reported by Kumhar et al. 

(2020) on seed yield per hectare of cumin. A moderate value of GAM was recorded for plant 

height (13.58%). However, the rest of the quantitative traits showed low values of GAM (Table 

3.3). According to Panes and Sukhatme (1995), traits that show high heritability estimates along 

with high GAM could be used as a powerful tool for selection. Therefore, selection based on 

the number of capsules per plant and seed yield per plant would be more effective than others. 

 

3.3.3. Correlations among traits 

Correlation coefficient analysis is commonly used to measure the degree and direction of 

relationships between 12 quantitative traits, including seed yield per hectare. Significant 

genotypic and phenotypic correlation coefficients were found among seed yield and other 

morpho-agronomic traits studied (Table 3.4).  

 

Phenological attributes 

Days to flowering had significant (p < 0.01) positive association with days to 50% flowering (rg 

= 0.97, rp = 0.71), days to full blooming (rg = 0.98, rp = 0.80), and days to maturity (rg = 0.94, rp 
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= 0.71). Genotypically, a similar result was reported by Zigyalew et al. (2020). Genotypically, 

days to flowering had significant (p < 0.01 or p < 0.05) positive association with plant height (rg 

= 0.25*), number of primary branches per plant (rg = 0.36**), number of seeds per capsule (r = 

0.39**), thousand seed weight (rg = 0.27*), and seed yield per plant (rg = 0.25*). On the contrary, 

days to flowering were not significantly associated with the number of capsules per plant, 

number of seeds per plant, and seed yield per hectare both phenotypically and genotypically. 

Days to 50% flowering had a significant (p < 0.01) positive association with days to full 

blooming (rg = 0.93**, rp = 0.85**), and days to maturity (rg = 0.96**, rp = 0.93**). On the 

contrary, days to 50% flowering were not significantly correlated with the number of primary 

branches per plant, number of capsules per plant, number of seeds per plant, and seed yield per 

hectare both phenotypically and genotypically. 

 

Growth, yield, and yield-related attributes 

Plant height had significant (p < 0.01 or p < 0.05) positive association with the number of 

primary branches per plant (rg = 0.63**, rp = 0.20*), number of capsules per plant (rg = 0.54**, 

rp = 0.24**), number of seeds per capsule (rg = 0.64**, rp = 0.40**), and number of seeds per 

plant (rg = 0.51**, rp = 0.33**). This suggests that the number of major branches per plant, the 

number of capsules per plant, the number of seeds per capsule, and the number of seeds per 

plant were all directly correlated with plant height. A similar result was reported by Zigyalew 

et al. (2020) on the number of black cumin capsules per plant. On the contrary, plant height was 

not significantly associated with thousand seed weights. 
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Seed yield per plant had significant (p < 0.01 or p < 0.05) positive association with plant height 

(rg = 0.47**, rp = 0.33**), number of primary branches per plant (rg = 0.99**, rp = 0.20*), 

number of capsules per plant (rg = 0.99**, rp = 0.89**), number of seeds per capsule (rg = 0.93**, 

rp = 0.36**) and number of seeds per plant (rg= 0.99**, rp= 0.97**). This suggests that the plant 

height, the number of primary branches per plant, the number of capsules per plant, the number 

of seeds per capsule, and the number of seeds per plant were all directly correlated with seed 

yield per plant.  

 

Seed yield per hectare had a significant (p < 0.01 or p < 0.05) positive correlation with plant 

height (rg = 0.65**, rp = 0.53**), number of primary branches per plant (rg = 0.51**, rp = 0.20*), 

number of seeds per capsule (rg = 0.31*, rp = 0.31**), and thousand seed weight (rg = 0.26*, rp 

= 0.23**). This indicated that these traits are the major contributing traits for seed yield 

improvement in black cumin genotypes. Generally, the genotypic correlation is greater than the 

phenotypic correlation of most quantitative traits studied. This result aligns with the finding of 

Tewodros et al. (2018) on black cumin. 
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Table 3.4. Genotypic (above diagonal) and phenotypic (below diagonal) correlation coefficient 

of the 12 quantitative traits 

Traits DF DFPF DFB DM PH NBP 

DF  0.97** 0.98** 0.94** 0.25* 0.36** 

DFPF 0.71**  0.93** 0.96** 0.15 0.02 

DFB 0.80** 0.85**  0.89** 0.14 0.14 

DM 0.71** 0.93** 0.84**  0.12 -0.03 

PH 0.14 0.09 0.08 0.06  0.63** 

NBP 0.09 -0.02 0.04 0.01 0.20*  

NCP 0.06 -0.02 0.09 -0.01 0.24** 0.19* 

NSC 0.13 0.14 0.07 0.12 0.40** 0.06 

NSP 0.10 0.03 0.11 0.04 0.33** 0.21* 

TSW 0.11 0.06 0.04 0.09 0.06 0.08 

SYP 0.10 0.04 0.10 0.04 0.33** 0.20* 

SYH 0.12 0.04 0.04 0.08 0.53** 0.20* 

Where, DF= Days to flowering, DFPF= Days to 50% flowering, DFB= Days to full blooming, DM= 

Days to maturity, PH=Plant height (cm), NBP= Number of primary branches per plant. 

*= Significant at p < 0.05, **= Significant at p < 0.01.  

 

Table 3.4. Continued 

 
Traits NCP NSC NSP TSW SYP SYH 

DF 0.05 0.39** 0.15 0.27* 0.25* 0.22 

DFPF -0.06 0.23 0.04 0.15 0.06 0.05 

DFB 0.22 0.12 0.19 0.08 0.22 0.05 

DM 0.01 0.18 0.09 0.11 0.11 0.1 

PH 0.54** 0.64** 0.51** -0.08 0.47** 0.65** 

NBP 0.99** 0.51** 0.99** -0.69** 0.99** 0.51** 

NCP  0.88** 0.99** -0.55** 0.99** 0.13 

NSC 0.01  0.79** 0.52** 0.93** 0.31* 

NSP 0.93** 0.32**  -0.13 0.99 ** 0.14 

TSW -0.02 0.26** 0.02  0.17 0.26* 

SYP 0.89** 0.36** 0.97** 0.17  0.22 

SYH 0.07 0.31** 0.16 0.23** 0.20*  

 

Where, NCP= Number of capsules per plant, NSC= Number of seeds per capsule, NSP= Number of 

seeds per plant, TSW= Thousand seed weight (g), SYP= Seed yield per plant (g), and SYH= Seed yield 

per hectare (t).  

*= Significant at p < 0.05, **= Significant at p < 0.01. 
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3.3.4. Path coefficient analysis 

The path coefficient is simply a standardized partial regression coefficient that fundamentally 

measures the direct impact of one trait upon another and permits the separation of the correlation 

coefficient into direct and indirect effects of the components other than the response trait 

(Dewey and Lu, 1959). The use of this method requires a cause-and-effect condition among the 

traits studied. Accordingly, the analysis was performed to assess the magnitude of the 

contributions of various traits to the response trait of seed yield per hectare.  

 

Phenotypically, plant height had the highest positive direct effect (0.5058) on seed yield per 

hectare, followed by seed yield per plant (0.4084), days to maturity (0.3774), and thousand seed 

weight (0.1095) (Appendix Table 5). Plant height and seed yield per plant showed a significant 

positive correlation with seed yield per hectare. This indicated that plant height and seed yield 

per plant are the most influential traits on seed yield per hectare compared to the others. All the 

measured traits exerted indirect positive effects on seed yield per hectare via plant height and 

seed yield plant. This demonstrated that the relationship between these traits and seed yield per 

hectare was predominantly due to indirect effects. The number of seeds per capsule had a 

negative and low direct effect (-0.0213) on seed yield per hectare but had a significant positive 

correlation with seed yield per hectare (Appendix Table 5). Thousand-seed weight and the 

number of primary branches per plant had a positive and low direct effect on seed yield per 

hectare but had a significant positive correlation with seed yield per hectare. This implied that 

these traits might probably contribute to seed yield per hectare through an indirect effect 

requiring indirect selection.  Based on this result, plant height and seed yield per plant are the 

most influential traits on seed yield per hectare. 
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Genotypically, days to flowering had the highest positive direct effect (2.6195) on seed yield 

per hectare followed by days to maturity (0.8893), plant height (0.7482), the number of primary 

branches per plant (0.3344), the number of seeds per plant (0.1353) and seed yield per plant 

(0.2814) (Appendix Table 6). Plant height and the number of primary branches per plant showed 

a significant positive correlation with seed yield per hectare. This indicated that plant height and 

the number of primary branches per plant are the most influential traits on seed yield per hectare 

compared to the others. Days to flowering, days to 50% flowering, days to full blooming, 

number of capsules per plant, number of seeds per capsule, number of seeds per capsule, number 

of seeds per plant and seed yield per plant had a positive indirect effect on seed yield per hectare 

via plant height and number of primary branches per plant. This demonstrated that the 

relationship between these traits and seed yield per hectare was predominantly due to indirect 

effects. Thousand-seed weights also had a low positive direct effect (0.0170) on seed yield per 

hectare but had a significant positive correlation with seed yield per hectare. The number of 

seeds per capsule had a low negative direct effect (-0.5329) on seed yield per hectare but had a 

significant positive correlation with seed yield per hectare (Appendix Table 6). This implied 

that these traits might probably contribute to seed yield per hectare through an indirect effect 

requiring indirect selection. Based on this result, plant height and the number of primary 

branches per plant are the most influential traits on seed yield per hectare. 

 

In general, plant height is the most influential trait on seed yield per hectare, both phenotypically 

and genotypically. Therefore, this would be an important selection criterion for further 

improvement programs of the genotypes. 
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3.3.5. Diversity based on quantitative traits 

3.3.5.1. Principal component analysis  

Principal Components Analysis (PCA) is a multivariate statistical technique used for dimension 

reduction and to further an understanding of the underlying groups of variables in the data 

(Jolliffe, 1986). The PCA grouped the 12 morpho-agronomic traits into 12 principal 

components, which explained the entire 100% of the variability among the studied genotypes. 

The first four principal components (PCs) explained 81.5% of the variation that existed among 

the studied genotypes (Table 3.5).  

 

There are different methods recommended to decide how many components to preserve. Out of 

these methods, an eigenvalue > 1 indicates that PCs account for more variance than accounted 

by one of the original variables in standardized data commonly used as a cutoff point for which 

PCs are retained (Kaiser, 1960). The number of components is determined at the point, beyond 

which the remaining eigenvalues are relatively small and of comparable size (Jolliffe, 2002; 

Peres-Neto et al., 2005) Therefore, based on the Scree plot (Figure 3.4) and eigenvalues four 

PCs having eigenvalues between 1.06 and 3.98, extracted a cumulative variance of about 81.5% 

of the total phenotypic diversity maintained (Table 3.5).   
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Figure 3.4. Scree plot of principal Components (PCs) for 12 quantitative characters in 64 black 

cumin genotypes. 

Table 3.5. The eigenvalues and eigenvectors of the first four principal components (PCs) for 

12 quantitative traits of 64 black cumin genotypes of Ethiopia 

Variable 
Principal components 

PC1 PC2 PC3 PC4 

Eigenvalue 3.98 3.13 1.61 1.06 

Proportion of variance (%) 33.2 26.1 13.4 8.8 

Cumulative variance (%) 33.2 59.3 72.7 81.5 
 Eigenvectors 

Days to flowering 0.39 -0.28 -0.004 -0.07 

Days to 50 % flowering 0.36 -0.36 0.03 0.03 

Days to full blooming 0.39 -0.31 0.14 -0.02 

Days to maturity 0.37 -0.34 0.07 0.06 

Plant height (cm) 0.23 0.21 -0.38 0.47 

Number of primary branches per plant 0.15 0.20 -0.05 -0.34 

Number of capsules per plant 0.23 0.37 0.42 0.03 

Number of seeds per capsule 0.24 0.18 -0.36 -0.02 

Number of seeds per plant 0.31 0.40 0.24 0.03 

Thousand seed weight (g) 0.09 0.04 -0.37 -0.76 

Seed yield per plant (g) 0.32 0.39 0.16 -0.11 

Seed yield per hectare (t) 0.17 0.12 -0.55 0.24 
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Chahal and Gosal (2002) suggested that the influential PCs for clustering were the characters 

with the largest absolute values closer to unity than those with lower absolute values closer to 

zero. Accordingly, due to the main contribution of the variations in days to flowering, days to 

full blooming, days to maturity, days to 50% flowering, seed yield per plant, and number of 

seeds per plant the first principal component explained up to 33.2% of the total variance (Table 

3.6). The number of seeds per plant, seed yield per plant, number of capsules per plant, days to 

50% flowering, days to maturity, and days to full blooming were the main contributor traits for 

the variation in the second PC, which contributed 26.1% of the total variations. The main 

contributor traits for the third PC were variations in the seed yield per plant, number of capsules 

per plant, plant height, thousand seed weight, and number of seeds per capsule. Moreover, 

thousand seed weight, plant height, and number of primary branches per plant were the main 

contributor traits for the variations in the fourth PC (Table 3.6). The proportion of the total 

phenotypic variance of the genotypes accounted for by the third and fourth PCs was about 13.4% 

and 8.8%, respectively (Table 3.6). Hence, the PCA confirmed that the collected Ethiopian black 

cumin genotypes have high diversity and most of the traits considered seemed to have high 

contributions toward the total phenotypic variability. 

 

As Kassambara (2017) described, the variable correlation plot shows the relationship between 

all variables; the closer a variable is to the circle, the more important it is to interpret these 

components, and variables that are close to the center of the plot are less important for the first 

components. Thus, a thousand seed weight and seed yield per hectare contribute less for the first 

components (Figure 3.5).  Traits such as days to flowering, days to full blooming, days to 

maturity, days to 50% flowering, seed yield per plant, and number of seeds per plant were the 

main contributors to the variation in the first PC; whereas, the number of seeds per plant, seed 
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yield per plant, number of capsules per plant, days to 50% flowering, days to maturity and days 

to full blooming were the main contributor to the variation in the second PC (Figure 3.5).  

 

Figure 3.5. Variable correlation plot showing the relationships between 12 quantitative traits in 

64 black cumin genotypes of Ethiopia. 

 

3.3.5.2. Cluster analysis  

Cluster analysis was done based on 12 quantitative traits of the 64 black cumin genotypes of 

Ethiopia to examine the aggregation patterns of the 64 black cumin genotypes based on their 

similarity. According to Charrad et al. (2014), the best number of clusters for the data set was 

determined to be three. The ward`s minimum variance clustering method classified the 64 black 

cumin genotypes of Ethiopia into three different clusters (Figure 3.6). The number and name of 

genotypes in each cluster with their collection regions were presented in Appendix Table 1. 
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As shown in Figure 3.6 and Table 3.6, the third cluster (C-III) was the largest group with 35 

(54.69%) genotypes from all collection regions and half of the improved varieties. This group 

was characterized by late flowering, late maturing, and low-yielding genotypes, with a mean 

value of 73 days, 152 days, and 0.78 t/ha, respectively (Table 3.7). Furthermore, this group's 

number of seeds per plant and seed yield per plant were the lowest. However, the remaining 

genotypes belonged to the first (n = 23 (35.93%)) and the second (n = 6 (9.38%)) clusters. The 

first (C-I) and second cluster (C-II) consisted of the genotypes from the five (SNNP, Oromia, 

Amhara, B/Gumuz, and Tigray) and three regions (Amhara, Tigray, and Oromia), respectively 

and some of the improved variety/ies. The first group was characterized by the highest mean 

value of plant height (60 cm), number of capsules per plant (13), number of seeds per capsule 

(103), number of seeds per plant (1353), seed yield per plant (2.99 g), and seed yield per hectare 

(0.93 t). Moreover, the second cluster was characterized by early flowering and maturing 

genotypes, with the mean value of 69 and 145 days, respectively; and having intermediate 

performance on other morpho-agronomic traits studied (Table 3.7). However, the number of 

primary branches per plant and thousand seed weight remains constant for the three clusters.  
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Figure 3.6. Phylogram showing the relationships among the 64 black cumin genotypes of 

Ethiopia evaluated for 12 quantitative traits. (Brown, green, and blue colors represent clusters I, 

II, and III, respectively.) 

 

Table 3.6. Clustering of 64 black cumin genotypes of Ethiopia into three clusters using the mean 

of 12 quantitative traits. 

Cluster 
No. of 

genotypes 
Genotypes included 

Collection 

region 

I 23 (35.93%) 

90506, 242835, 242838, 242823, 223070, 014_ATH, 242826, 

009_ATH, 219970, 242224, 242839, 90503, 242528, DERSHYE, 

242223, Darbera, 19884, 019_ATH, 90510, 223069, Qeneni, 

223072, 242221   

Improved, 

SNNP, Oromia, 

Amhara, 

B/Gumuz, 

Tigray 

II 6 (9.38%) 237989, 230040, 002_ATH, ADEN, 90504, 242225  

Improved, 

Amhara, Tigray, 

Oromia 

III 35 (54.69%) 

212520, Gammachis, 230039, 208688, Sooressaa, 012_ATH, 

010_ATH, 004_ATH, 230038, 007_ATH, 9068, 230777, 215319, 

242222, 003_ATH, 240403, 015_ATH, 90502, 229808, 242840, 

8502, 242825, 240404, 90501, 9067, Silingo, 242842, 230037, 

017_ATH, 242844, 9069, Kena, 013_ATH, 242833, 242841  

Improved, 

Oromia, 

Amhara, SNNP,  

Tigray, 

B/Gumuz 

Where, B/Gumuz = Benshangul-Gumuz, SNNP = Southern Nations, Nationalities, and Peoples. 
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Table 3.7. The mean value of 12 quantitative traits of 64 black cumin genotypes of Ethiopia in 

each cluster 

Trait 
Cluster 

I II III 

Days to flowering 73 69 73 

Days to 50% flowering 87 82 87 

Days to full blooming 95 89 95 

Days to maturity 152 145 152 

Plant height (cm) 60 56.5 56 

Number of primary branches per plant 5 5 5 

Number of capsules per plant 13 11.5 11 

Number of seeds per capsule 103 93.5 96 

Number of seeds per plant 1353 1137.5 1107 

Thousand seed weight (g) 2.2 2.2 2.2 

Seed yield per plant (g) 2.99 2.43 2.39 

Seed yield per hectare (t) 0.93 0.80 0.78 

 

Intra- and inter-cluster distance analysis 

The pairwise generalized squared distance (D2) among the two clusters based on Mahalanobis’s 

D2 statistics are shown in Table 3.8. The significant (p < 0.05 or p < 0.001) intra-cluster genetic 

distances were observed within cluster I (D2 = 35.73) and cluster II (D2 = 23.9) indicating the 

existence of wide genetic variability within the genotypes of these two clusters. But intra-cluster 

genetic distance was not observed in cluster III (D2 = 19.03) indicating there is no existence of 

wide genetic variability within the genotypes that belong to this cluster. The significant (p < 

0.001) inter-cluster genetic distances were observed between clusters I and II (D2 = 64.78), 

clusters I and III (D2 = 947.45), and clusters II and III (D2 = 1300.44). The result revealed the 

presence of high genetic divergence among genotypes within and between the clusters.   
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Table 3.8. Average intra-cluster (bolded diagonal) and inter-cluster (off-diagonal) distances 

among clusters in black cumin 

 

 

 

 

 

 

χ2 = 19.68, 24.73, and 31.26 at 5, 1, and 0.1% probability levels, respectively. * and *** = Significant 

at p < 0.05 and p < 0.001, respectively. 

 

Phenotypic diversity in groups of genotypes 

 

The genotypes from all regions except those from SNNP and B/Gumuz, including improved 

varieties, were spread into all three clusters but in different proportions (Table 3.9). This 

indicates no definite relationship between places of origin and genotype clustering patterns. This 

might be related to wide-ranging seed exchange between farmers across the regions.  

 

Table 3.9. Clustering of 64 black cumin genotypes based on collection groups 

Cluster 
Group 

Total 
Amhara Oromia Tigray SNNP B/Gumuz Improved 

I 7 6 2 2 3 3 23 

II 2 2 1 - - 1 6 

III 15 10 3 2 1 4 35 

Total 24 18 6 4 4 8 64 

 

Cluster analysis, based on means for groups of origin for 12 quantitative traits, was used to 

obtain a dendrogram of the regions of origin (Figure 3.7). The genotypes were clustered into 

three. The first cluster comprised the genotypes from Amhara and improved cultivars, whereas 

the genotypes from Oromia, Benshangul-Gumuz, and SNNP were grouped into the second 

cluster. The genotypes from Tigray were grouped into the third cluster. The dendrogram clearly 

showed the close relationship between genotypes in each cluster. The first cluster was 

Cluster I II III 

I 35.73***   

II 64.78*** 23.9*  

III 947.45*** 1300.44*** 19.03ns 
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characterized by the lowest mean value of the number of capsules per plant (12), number of 

seeds per plant (1169), and seed yield per plant (2.54 g); and the highest mean value of seed 

yield per hectare (0.93 t) (Table 3.10). This indicates that the genotypes from this group are 

higher seed yielders than the others. The second cluster was characterized by late maturity, the 

highest number of seeds per capsule, number of seeds per plant, and seed yield per plant, with 

mean values of 152 days, 100, 1316, and 2.8 g, respectively. Whereas, the third group was 

characterized by early maturing, and the shortest plant height, with a mean value of 150 days 

and 56 cm, respectively, and intermediate in the remaining morpho-agronomic traits studied 

(Table 3.10). However, the number of primary branches per plant remains the same for the three 

clusters. 

 

 

Figure 3.7. Dendrogram showing the relationships among the six groups of black cumin 

genotypes evaluated for 12 quantitative traits. 

 



60 
 

Table 3.10. The mean value of 12 quantitative traits of the groups of black cumin genotypes 

evaluated during the 2021 cropping season 

Traits 
Cluster 

I II III 

Days to flowering 72.5 73 73 

Days to 50% flowering 86.5 87 86 

Days to full blooming 94 94 93 

Days to maturity 151.5 152 150 

Plant height (cm) 58 58 56 

Number of primary branches per plant 5 5 5 

Number of capsules per plant 12 13 13 

Number of seeds per capsule 97 100 97 

Number of seeds per plant 1169 1316 1258 

Thousand seed weight (g) 2.2 2.2 2.2 

Seed yield per plant (g) 2.54 2.87 2.76 

Seed yield per hectare (t) 0.93 0.84 0.87 

  

 

3.4.  Conclusions 

There is a significant genetic variation among black cumin genotypes in Ethiopia for the studied 

morpho-agronomic traits. This suggests there is a high potential of the studied genotypes for the 

genetic improvement of those traits. The number of capsules per plant and plant height exhibited 

high heritability in a broad sense, coupled with high to moderate genetic advance as a percentage 

of the mean, which indicates the possibility of enhancing these traits through selection. Plant 

height and number of primary branches per plant are the most influential traits on seed yield per 

hectare; this would be an important selection criterion for further seed yield improvement 

programs of those genotypes. About 81.5% of the variation that occurred among the studied 

genotypes was explained by the first four principal components. The PCA confirmed the 

presence of high phenotypic variability among the black cumin genotypes of Ethiopia. The 

studied genotypes were grouped into three distinct clusters. This implies that there is a presence 

of significant quantitative traits of diversity that can be exploited for further black cumin 
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improvement programs. In general, this study confirmed there is a reality about the presence of 

enough variation in most of the morpho-agronomic traits studied, which can create an enabling 

environment for breeders to design active genotype collection, conservation, and use strategies. 

Thus, it is recommended that further characterization and evaluation studies be conducted at a 

wider agroecological condition of the country to exploit the existence of diversity and enhance 

the improvement strategies.  
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CHAPTER 4 

 

4. Biochemical Characterization of Ethiopian Black Cumin (Nigella sativa 

L.) 

 

 

Abstract 

Black cumin (Nigella sativa L.) seed oil has been used for its medicinal and aromatic values. 

Some studies revealed the presence of variability among black cumin genotypes in seed oil 

content and yield. In Ethiopia, very few studies were conducted to investigate the variability of 

black cumin genotypes by using biochemical traits. Thus, the objective of this study was to 

investigate the variability of Ethiopian black cumin genotypes based on biochemical traits. The 

study was conducted at Debre Zeit and Kulumsa Agricultural Research Centers’ experimental 

sites under field conditions during the 2021 cropping season. Sixty-four genotypes were used 

and arranged in an 8x8 simple lattice design with two replications. Essential oils and fixed oils 

were extracted by the respective methods of hydrodistillation and solvent extraction. The 

univariate, bivariate, and multivariate analyses of the collected data were performed. Combined 

analysis of variance revealed significant differences among genotypes in fixed oil yield per 

hectare (FOY), essential oil content (EOC), and essential oil yield per hectare (EOY). EOY had 

a significant positive correlation with FOY and EOC. It is expected to improve all biochemical 

traits by 17.39% to 94.62% over the improved varieties by selecting the top 5% of black cumin 

accessions. Therefore, genotypes 90504, 219970, and 013_ATH were the top 5% best-

performed accessions by FOY and EOY over the improved varieties. So, through selection, it 

would also be possible to improve the studied biochemical traits of the genotypes. The principal 

component analysis of four biochemical traits showed 85.86% of the total variance captured by 

the first two principal components (PCs). EOY and FOY were the main contributor traits to the 

variation in the first PC, whereas FOC and EOC were the main contributor traits to the 

variation in the second PC. The genotypes were grouped into three different clusters based on 

four biochemical traits with significant inter-cluster distance. This showed that there was 

sufficient diversity among the genotypes, which can be exploited for the future black cumin 

improvement program in Ethiopia. 

 

Keywords: Association, Cluster, Essential oil, Fixed oil, Principal component 
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4.1. Introduction 

Black cumin (Nigella sativa L.) is cultivated for its seed and biochemical traits, such as fixed 

oil and essential oils. Fixed oils are extracted from ground black cumin seeds with an organic 

solvent that contains volatile and nonvolatile constituents. However, Essential oils (EOs) are 

natural, secondary metabolites and volatile complex compounds characterized by the aroma of 

their corresponding aromatic plants (Bakkali et al., 2008; Dhifi et al., 2016; Mironescu and 

Georgescu, 2021).  

 

In Ethiopia, black cumin has been cultivated and used for its spice and medicinal value. Black 

cumin seeds fixed oil, locally known as “Ye Tikur Azmud Zeyit,” is well adapted and sold in 

many pharmacies to treat the common cold. It is now a source of income for small-scale 

households by selling whole seeds and fixed oil. The black cumin oil market in the United States 

of America was valued at more than 15 million USD in 2018. It is anticipated that this amount 

will rise to about 25 million USD annually by 2025. Due to an increase in black cumin 

plantations, the market for its oil in the Asia Pacific, which is dominated by Australia, South 

Korea, Japan, China, and India, is expected to grow to a value of over 10 million USD by 2025 

(Haque et al., 2021). 

 

Evaluation and documentation of the existing genetic diversity are very important for the 

maintenance and exploration of the variability of the black cumin for breeding programs. 

Different scholars have reported the genetic diversity of black cumin from the potentially 

producing countries of the world (Edris, 2010; Gharby et al., 2015; Beheshti et al., 2018; 

Hosseini et al., 2018; Palabıyık and Aytaç, 2018; Bayati et al., 2020; Bozdemir et al., 2022). In 
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Ethiopia, the existence of genetic diversity of black cumin seed oil was reported by Abdela 

(2020), Asefa and Beriso (2021), Demis et al. (2023), and Fekadu and Gizaw (2023) on 3, 14, 

11, and 3 germplasms, respectively. Those were limited in number. 

 

Biochemical characterization is another alternative criterion for the evaluation and 

documentation of genotypes. The fixed oil content, fixed oil yield, essential oil content, and 

essential oil yield were analyzed separately for univariate and combined for bivariate and 

multivariate like cluster and principal components. Based on this result, there is a high level of 

genetic variability in black cumin genotypes of Ethiopia that can be exploited for the 

identification and selection of the spice and medicinal plants' breeding program. This provides 

a piece of baseline information for academia, researchers, industries, policymakers, and 

societies that rely on this crop. 

 

As mentioned, some authors reported the genetic diversity of a few Ethiopian black cumin 

collections by seed oil content and yield. This would hinder the potential of black cumin to be 

exploited for future breeding programs. This should be addressed by using many collections of 

black cumin cultivated in the country to exploit the existing full potential. Therefore, this study 

was designed to evaluate the Ethiopian black cumin genotypes by their seed oil content and 

yield. 
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4.2. Materials and Methods 

4.2.1. Planting materials and experimental procedures 

For this experiment, all the planting materials (Appendix Table 1) and the experimental 

procedures used were the same as in Chapter 3. ArcGIS Desktop Advanced version 10.8 

software created the site map of the collection areas from where the planting materials originated 

(ESRI, 2011) (Figure 4.1).  

 

 

Figure 4.1. The diagram shows the collection sites of each N. sativa L. genotype from different 

regions. 
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4.2.2. Data collection 

Biochemical data such as fixed oil content (%), fixed oil yield per hectare (kg), essential oil 

content (%), and essential oil yield per hectare (kg) were critically recorded from the collected 

dried seeds of N. sativa by using the following respective procedures.  

 

Fixed oil (crude fat) content (%) 

The fixed oil content of the samples was determined using the Soxtec Extraction system (Foss 

SoxtecTM 8000 Extraction unit, Sweden (Appendix Figure 3) according to the AOAC (2005) 

method. Three grams of composite dried and crushed black cumin seed samples from each 

germplasm were weighed into thimbles lined with cotton at the bottom. The mass of the cooled 

cups was then measured. The thimbles containing the samples were placed into the SoxtecTM 

8000 Extraction system, and 50 ml of n-hexane was added as a solvent to each cup using a 

dispenser. The extraction process consisted of 20 minutes of boiling, 30 minutes of rinsing, and 

10 minutes of recovery. The cups with their residue were then removed from the Soxtec system 

and placed in a drying oven at 105 °C for 30 minutes. The cups were then cooled in desiccators 

for an hour. The mass of each cooled cup together with its fixed oil contents was weighed, and 

then the mass of the cup was subtracted from each sample. Finally, the fixed oil content (FOC) 

was calculated by the following formula (Daniel et al., 2009): 

 

FOC (
𝑤

𝑤
, %) =

Weight of fixed oil  (g)

Weight of sample (g)
 x 100                                                    (4.1) 
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Fixed oil yield per hectare (kg) 

Fixed oil yield per hectare (FOY) is the fixed oil yield obtained from the ground black cumin 

seeds that were harvested from the central rows of each plot and converted into yield per hectare 

based on FOC and seed yield per hectare. It was determined by the following formula:  

 
 
 

FOY (kg) =
FOC (

w
w , %)  x Seed yield per hectare (kg)

100
                                          (4.2) 

 

 

Essential oil content (%) 

To determine essential oil content (w/w%), 100 g of composite ground black cumin seeds 

samples were taken and put in 0.5 l water from each genotype separately and then subjected to 

hydrodistillation for 3 hours using Clevenger apparatus (Appendix Figure 4) at Wondo Genet 

Agricultural Research Center, Natural Products Laboratory (Figure 4.2) according to the 

standard procedure described by Baj et al. (2015). The amount of extracted essential oil was 

measured by using a measuring pipette. Essential oil content (EOC) was determined by the 

following formula (Daniel et al., 2009). 

 

 
EOC (

w

w
, %) =

Weight of essential oil (g)

Weight of sample (g)
 x 100                                                  (4.3) 
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Figure 4.2. Essential and fixed oil extraction process: A) Black cumin seeds, B) Seed grinder, 

C and D) Ground the seed, put it in the flask containing water, and assemble the Clevenger 

apparatus, respectively, and E) The extracted essential oil in the flask. 

 

Essential oil yield per hectare (kg) 

Essential oil yield per hectare (EOY) is the essential oil yield obtained from the ground black 

cumin seeds that were harvested from the central rows of each plot and converted into yield per 

hectare based on EOC and seed yield per hectare. It was determined by the following formula:  

EOY (kg) =
EOC (%

w
w)  x Seed yield per hectare (kg)

100
                                      (4.4) 

                 

 

4.2.3. Data Analysis 

Before conducting the analysis, the validity of each experiment was evaluated by using Bartlett's 

test to determine the homogeneity of error variances for each of the measured traits. As a result, 

it was discovered that most of the parameters were similar between the two sites. Next, the 

combined analysis of variance of FOC, FOY, EOC, and EOY data from the two locations was 

carried out based on the model of simple lattice design proposed by Gomez and Gomez (1984) 

using SAS version 9.4 computer software programs (SAS Institute Inc., 2019). The analysis of 
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variance (ANOVA) was performed using the PROC GLM procedure. To find significant 

differences between genotype means, the Least Significant Difference (LSD) test procedure was 

employed at a 5% significance level. Genotypes were regarded as fixed variables in the analysis, 

whereas replications, blocks, and locations were regarded as random variables. 

 

Principal component analysis (PCA) and cluster analysis were applied to the mean of the 

genotype data that were collected using R-software version 4.2.2 (R Core Team, 2022). The R 

software packages "factoextra" (Kassambara, 2017), "cluster" (Maechler et al., 2021), "class" 

(Venables and Ripley, 2002), and "clv" (Lukasz, 2020) were used to carry out the hierarchical 

cluster analysis. The aggregation patterns of the 64 N. sativa genotypes and populations that 

were selected based on their similarity to the corresponding means of all the collected traits were 

examined by using clustering. Using the R software package "Nbclust," the ideal number of 

clusters for the data set was ascertained (Charrad et al., 2014). Euclidean distance was used to 

calculate the genetic distance, and the ward D2 linkage method was used to create the 

dendrogram using the distance matrix. The inter-cluster distance was calculated based on the 

standardized Mahalanobis's D2 statistics (Mahalanobis, 1936) as: 

  
𝐷2

𝑖𝑗 =  (𝑥𝑖 −  𝑥𝑗)′𝑐𝑜𝑣−1 (𝑥𝑖 −  𝑥𝑗)                                                 (4.5) 

Where D2ij = the distance between cases i and j; xi and xj = vectors of the values of the variables 

for cases i and j; and cov-1= the pooled within-groups variance-covariance matrix. The 

significance of D2 values between any two clusters was tested both at 1% and 5% probability 

levels against the tabulated chi-square (χ2) values at p-1 degrees of freedom, where p refers to 

the number of quantitative characters considered (Singh and Chaudhary, 1985). 

 

The genotypes with higher levels of desirable traits were selected for further production and 

improvement programs, and clusters containing these genotypes were identified. The R-
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software packages "factoextra," "ggplot2" (Wickham, 2016), "corrplot" (Wei and Sinko, 2021), 

and "ggsignif" (Ahlmann-Eltze, 2022) were utilized in conjunction with PCA to determine the 

traits that account for a significant portion of the overall variation between the populations and 

groups. 

 

4.3. Results and Discussion 

Combined analysis of variance over the two locations revealed a significant (p < 0.001) effect 

for location and genotypes in FOY, EOC, and EOY. Supporting results were reported by Demis 

et al. (2023) on black cumin FOC. However, FOC was non-significant (p ≥ 0.05) in the case of 

location. Location x genotype interaction effects were also significant (p < 0.001) in FOC, FOY, 

EOC, and EOY (Table 4.1).  

 

Separate analyses of variance showed significant differences among the genotypes by FOC, 

FOY, EOC, and EOY. Similarly, combined analyses of variance exhibited significant 

differences in those measured biochemical traits. Significant variability was also detected from 

the wider ranges observed between the minimum and the maximum values of the traits measured 

(Table 4.2). 

 

The variability of the genotypes for EOY and FOY creates a great opportunity for developing 

high-yielding varieties by improving the traits that are associated with them. This result would 

help the breeders to develop improved and suitable varieties for different agroecology of the 

country. 
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Table 4.1. Combined analysis of variance of 4 biochemical traits recorded on 64 N. sativa 

genotypes of Ethiopia at Debre Zeit and Kulumsa during the 2021 cropping season 

Traits 

Mean Square 

CV (%) Location  

(DF = 1) 

Genotype  

(DF = 63) 

Location*Genotype  

(DF = 63) 

FOC (%) 1.80ns 31.90*** 3.80*** 0.81 

FOY (kg) 3400241*** 19813.23*** 11402*** 17.68 

EOC (%) 0.38*** 0.03*** 0.03*** 11.04 

EOY (kg) 512.12*** 4.89*** 2.75*** 18.75 

Where FOC = Fixed oil content, FOY = Fixed oil yield per hectare, EOC = Essential oil content, 

EOY = Essential oil yield per hectare. DF = Degree of freedom, CV = Coefficient of variation, 

ns = non-significant at p ≥ 0.05, ***= Significant at p < 0.001. 

 

4.3.1. Mean performance of the genotypes on biochemical traits 

Based on the combined result, there was a significant (p < 0.001) difference among the evaluated 

genotypes for all biochemical traits studied (Table 4.1).  

 

The FOC ranged from 30.1% to 46.47%, with a mean value of 37.89%. The highest mean FOC 

was obtained from genotype 19884 (from SNNP) followed by genotype 9068 (from Amhara) 

and the improved variety DERSHYE; whereas, the least mean value was obtained from 

genotype 242840 (from Oromia) (Appendix Table 7). Studies from different countries reported 

N. sativa FOC was below this range (Abdela, 2020; Ali and Hassan, 2014; Atta, 2003; Bayati 

et al., 2020; Hamed et al., 2023; Rezaei-Chiyaneh et al., 2021), and within this range (Aksu et 

al., 2021; Bozdemir et al., 2022; Demis et al., 2023; Gharby et al., 2015; Hosseini et al., 2018; 

Kara et al., 2021; Kizil et al., 2008; Kökdil and Yilmaz, 2005). This shows, that there is a 

possibility of developing improved black cumin varieties with high fixed oil content out of the 

Ethiopian collections.  
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FOY ranged from 76.04 kg to 788.18 kg, with a mean value of 334.51 kg (Table 4.2). The 

highest mean FOY was obtained from genotype 90504 (from Oromia) followed by genotype 

013_ATH (from Amhara) and 219970 (from Tigray); whereas, the lowest value was obtained 

from genotype 237989 (from Oromia) (Appendix Table 7). Abdou et al. (2023), Bayati et al. 

(2020), Hamed et al. (2023), Hosseini et al. (2018), Rezaei-Chiyaneh et al. (2021) and 

Salaheldin et al. (2020) reported that N. sativa seeds FOY were found within this range. Seed 

yield per hectare is the main determinant of fixed oil yield per hectare. This indicates, that there 

is a possibility of developing high fixed oil-yielding black cumin varieties out of the Ethiopian 

collections. 

Table 4.2. Descriptive statistics, F-test, and coefficient of variation of four biochemical traits of 

the 64 black cumin genotypes of Ethiopia at each testing site and pooled during the 2021 

cropping season 

 Location Statistics FOC (%) FOY (kg) EOC (%) EOY (kg) 

Debre Zeit Mean ± SE 37.89 ± 0.31 449.76 ± 11.52 0.39 ± 0.01 4.61 ± 0.18 

Range 30.10-46.47 108.55-788.18 0.09-0.65 0.64-9.75 

F-Test *** *** *** *** 

CV (%) 0.89 17.22 11.53 16.77 

Kulumsa Mean ± SE 37.72 ± 0.24 219.27 ± 6.21 0.31 ± 0.01 1.78 ± 0.08 

Range 32.88-43.69 76.04-410.23 0.09-0.83 0.41-5.88 

F-Test *** *** *** *** 

CV (%) 0.68 11.56 8.81 11.31 

Combined Mean ± SE 37.81 ± 0.20 334.51 ± 9.73 0.35 ± 0.01 3.20 ± 0.13 

Range 30.10-46.47 76.04-788.18 0.09-0.83 0.41-9.75 

F-Test *** *** *** *** 

CV (%) 0.81 17.68 11.04 18.75 

Where SE = Standard error, FOC = Fixed oil content, FOY = Fixed oil yield per hectare, EOC 

= Essential oil content, EOY = Essential oil yield per hectare.  

*** = Significant at p < 0.001. 

 

EOC ranged from 0.09% to 0.83%, with a mean value of 0.35% (Table 4.2). The highest mean 

EOC was obtained equally from genotype 90504 (from Oromia) and 90501 (from Amhara) 

followed by genotype 215319 (from Amhara) and 229808 (from Benshangul-Gumuz); whereas, 
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the least mean value was obtained equally from genotype 240404 (from SNNP) and the 

improved variety Silingo (Appendix Table 7). This might be a result of the variations in the 

genetic makeup of the genotypes. Results from different countries reported N. sativa EOC was 

within this range (Abdela, 2020; Bayati et al., 2020; Kara et al., 2021; Kizil et al., 2008; Rezaei-

Chiyaneh et al., 2021; Sileshi and Biruk, 2020). This shows, that there is a possibility of 

developing black cumin varieties with high essential oil content from the Ethiopian collections. 

 

EOY ranged from 0.41 kg to 9.75 kg, with a mean value of 3.2 kg (Table 4.2).  The highest 

mean EOY was obtained from genotype 90504 (from Oromia), followed by genotype 219970 

(from Tigray) and 013_ATH (from Amhara), whereas the lowest mean value was obtained from 

genotype 240404 (from SNNP) (Table 3.3). Hosseini et al. (2018) and Bayati et al. (2020) from 

Iran and Abdou et al. (2023) from Egypt reported that N. sativa EOY was within this range. 

This indicates that there is a possibility of developing black cumin varieties with high essential 

oil yield from the Ethiopian collections. Like FOY, seed yield per hectare is the main 

determinant of EOY. They have a direct relationship. 

 

The presence of variability among the black cumin genotypes was observed by the wide range 

of biochemical traits studied. This indicates there is a possibility of improving these traits 

through selection. Selection of the top 5% of genotypes is predicted to improve biochemical 

traits by 17.39% to 94.62% through selection (Table 4.3).  Genotype 90504 (from Oromia), 

219970 (from Tigray), and 013_ATH (from Amhara) were the top 5% best-performed 

accessions over improved varieties selected for FOY and EOY (Appendix Table 7). Basazinew 

et al. (2024) reported that genotypes 90504 and 219970 were the top best-performed accessions 

over the improved varieties in seed yield per hectare.  
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Table 4.3. Comparison of mean performances of 5% of the best-performed accessions selected 

for 4 biochemical traits over the mean performance of improved varieties 

Traits 

Mean values A comparative advantage over 

mean values of improved varieties 

(%) 

Top 5% 

accessions 
Improved varieties 

FOC (%) 44.02 37.5 17.39 

FOY (kg) 530.42 329.02 61.21 

EOC (%) 0.54 0.33 63.64 

EOY (kg) 6.15 3.16 94.62 

Where FOC = Fixed oil content, FOY = Fixed oil yield per hectare, EOC = Essential oil content, 

and EOY = Essential oil yield per hectare. 

 

4.3.2. Relationship among biochemical traits 

Information on the nature and extent of association between any two characters is provided by 

correlation studies (Russinga, 2020). To measure the degree and direction of the relationship 

between biochemical traits, correlation analysis was made (Table 4.4). EOY had a significant 

positive correlation with fixed oil yield per hectare (r = 0.83***) and EOC (r = 0.69***); the 

association between EOC and EOY with FOC was non-significant. Hosseini et al. (2018) 

reported similar relationships between FOY and EOC on black cumin.  

Table 4.4. The correlation coefficient of the four biochemical traits of 64 black cumin genotypes 

Where, FOC = Fixed oil content, FOY = Fixed oil yield per hectare, EOC = Essential oil content, 

and EOY = Essential oil yield per hectare. 

ns = non-significant at p ≥ 0.05, and ***= Significant at p < 0.001. 

 

4.3.3. Cluster analysis  

Cluster analysis was done based on four biochemical traits of the 64 black cumin germplasms 

of Ethiopia to examine the aggregation patterns of the 64 black cumin germplasms based on 

Variables FOC FOY EOC EOY 

FOC (%) 1.00    

FOY (kg) 0.25*** 1.00   

EOC (%) 0.07ns 0.26*** 1.00  

EOY (kg) 0.10ns 0.83*** 0.69*** 1.00 
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their similarity. The best number of clusters for the data set was determined, which was three 

(Charrad et al., 2014). 

 

Cluster I: This cluster was the largest group, having 32 (50%) genotypes and consisting of 

accessions from all collection regions and most of the improved varieties (Figure 4.5 and Table 

4.5). This group was characterized by the highest FOC with a mean value of 39.09% (Table 

4.6). Three of the 32 genotypes recorded above 43% of FOC: 19884 (44.97%), 9068 (44.21%), 

and DERSHYE (43.23%) (Appendix Table 7). 

 

Figure 4.3. Dendrogram showing the relationships among the 64 black cumin genotypes of 

Ethiopia evaluated for four biochemical traits. 

Cluster II: This group contained 15 (23.44%) genotypes and consisted of accessions from the 

Oromia, Amhara, Tigray, and Benshangul-Gumuz regions and only one of the improved 

varieties (Figure 4.5 and Table 4.5).  This group was characterized by the highest FOY, EOC, 
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and EOY with the mean value of 367.86 kg, 0.45%, and 4.69 kg, respectively (Table 4.6). Three 

of the 15 genotypes recorded above 495 kg of EOY: 90504 (582.03 kg ha-1), 013_ATH (509.28 

kg ha-1), and 219970 (499.95 kg ha-1) (Appendix Table 7). 

 

Cluster III: The remaining genotypes 17 (26.56%) from the five regions (SNNP, Oromia, 

Amhara, Benshangul-Gumuz, and Tigray) and two of the improved varieties (Silingo and 

Qeneni) belonged to this group and are characterized by the least mean values of all the studied 

biochemical traits (Figure 4.5 and Table 4.5).  

 

Table 4.5. Clustering of 64 black cumin genotypes of Ethiopia into three clusters using the mean 

of 4 biochemical traits 

Cluster 
Number of 

genotypes 
Genotypes included 

Collection 

region 

I 32 (50%) 

Kena, Gammachis, 230039, 208688, 90503, 242841, 

230040, 242823, 242833, 242842, 009_ATH, 019_ATH, 

DERSHYE, 240403, Darbera, 242224, 19884, Sooressaa, 

017_ATH, 014_ATH, 230777, 015_ATH, 242528, 9068, 

223070, 229808, 212520, 90510, 9069, 002_ATH, 

90502, 242221   

Improved, 

SNNP, Oromia, 

Amhara, 

B/Gumuz, 

Tigray 

II 15 (23.44%) 

90504, 219970, 242222, 013_ATH, 9067, 223069, 

242826, 223072, 242839, 90501, 215319, 230037, 

242223, ADEN, 242225 

Improved, 

Oromia, 

Amhara, Tigray, 

B/Gumuz 

III 17 (26.56%) 

Silingo, 242838, 003_ATH, 012_ATH, 240404, 

004_ATH, 237989, 242844, 242825, 90506, 010_ATH, 

242840, Qeneni, 242835, 007_ATH, 8502, 230038                  

Improved, 

Amhara, SNNP, 

Oromia, Tigray 
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Table 4.6. The mean value of 4 biochemical traits of 64 black cumin genotypes of Ethiopia in 

each cluster 

Traits 
Cluster 

I II III 

FOC (%) 39.09 36.31 35.51 

FOY (kg) 348.56 367.86 257.31 

EOC (%) 0.33 0.45 0.30 

EOY (kg) 3.08 4.69 1.95 

Where FOC = Fixed oil content, FOY = Fixed oil yield per hectare, EOC = Essential oil content, 

and EOY = Essential oil yield per hectare. 

 

 

The genotypes from the Amhara, Oromia, and Tigray regions and the improved varieties were 

spread into all three clusters but in different proportions (Table 4.7). However, the genotypes 

from the SNNP and Benshangul-Gumuz regions were spread only into the two clusters with 

different proportions. Most of the genotypes from Amhara, Oromia, SNNP, Benshangul-Gumuz 

regions, and improved varieties were grouped under the first cluster (Table 4.7). 

 

Table 4.7. Clustering of 64 black cumin genotypes based on collection groups 

Groups 
Cluster 

Total 
I II III 

Amhara 11 7 6 24 

Oromia 8 3 7 18 

Tigray 2 3 1 6 

SNNP 3 - 1 4 

Benshangul-Gumuz 3 1 - 4 

Improved 5 1 2 8 

Total 32 15 17 64 

 

Intra- and inter-cluster distance analysis 

The significant (p < 0.001) intra-cluster genetic distances were observed within cluster I (D2 = 

103.65), cluster II (D2 = 102.55), and cluster III (D2 = 153.87). This indicates the existence of 

wide genetic variability within the genotypes of the three clusters (Table 4.8).  
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Significant (p < 0.001) inter-cluster genetic distances were observed between clusters I and II 

(D2 = 634.78), clusters I and III (D2 = 555.05), and clusters II and III (D2 = 2054.45) were also 

significant (p < 0.001). The result shows the presence of high genetic divergence among 

genotypes within and between the clusters (Table 4.8). 

 

Table 4.8. Average intra-cluster (bolded diagonal) and inter-cluster (off-diagonal) distances 

among clusters in black cumin 

 

χ2 = 7.82, 11.35, and 16.27 at 5, 1, and 0.1% probability levels, respectively. 

*** = Significant at p < 0.001. 

 

A dendrogram of the regions of origin was created using cluster analysis, which was based on 

means for groups of origin for four biochemical traits (Figure 4.6). Three groups of genotypes 

were identified. Genotypes from the Benshangul-Gumuz, SNNP, and Amhara regions, and 

improved varieties made up the first cluster; genotypes from Tigray and Oromia were grouped 

into the second and third clusters, respectively. The close relationships between the genotypes 

in each cluster were amply displayed by the dendrogram. The highest mean value of FOY 

(343.74 kg) and the intermediate mean values of FOC (38.69%), EOC (0.33%), and EOY (3.12 

kg) were the characteristics of the first cluster (Table 4.9). This suggests that the genotypes in 

this group have a higher FOY than the others. Out of all the biochemical traits measured, the 

second cluster had the lowest mean value. In contrast, the third group had the highest FOC 

(39.03%), EOY (3.65 kg), EOC (0.40%) and intermediate in FOY with a mean value of 339.38 

kg (Table 4.9). 

Cluster I II III 

I 103.65***   

II 634.78*** 102.55***  

III 555.05*** 2054.45*** 153.87*** 
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Figure 4.4. Dendrogram showing the relationships among the six groups of black cumin 

genotypes evaluated for four biochemical traits. (Blue, black, and red colors represent clusters 

I, II, and III, respectively.) 

 

Table 4.9. The mean value of four biochemical traits of the groups of black cumin genotypes 

evaluated during the 2021 cropping season 

Traits 
Cluster 

I II III 

FOC (%) 38.69 35.02 39.03 

FOY (kg) 343.74 293.07 339.38 

EOC (%) 0.33 0.32 0.4 

EOY (kg) 3.12 2.63 3.65 

Where FOC = Fixed oil content, FOY = Fixed oil yield per hectare, EOC = Essential oil content, 

and EOY = Essential oil yield per hectare. 
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4.3.4. Principal component analysis  

The principal components analysis grouped the four biochemical traits into four principal 

components presented in Table 4.10, which explained the entire 100% of the variability among 

the studied genotypes. The first two principal components (PCs) explained 85.86% of the 

variation that existed among the studied genotypes.  

 

An eigenvalue greater than one indicates that PCs account for more variance than accounted by 

one of the original variables in standardized data commonly used as a cutoff point for which 

PCs are retained (Kaiser, 1960). The number of components is determined at the point beyond 

which the remaining eigenvalues are relatively small and of comparable size (Jolliffe, 2002; 

Peres-Neto et al., 2005). Therefore, based on the eigenvalues, two PCs having eigenvalues 

between 1.17 and 2.26 extracted a cumulative variance of about 85.86% of the total phenotypic 

diversity maintained.   

 

The influential PCs for clustering were the characters with the largest absolute values closer to 

unity than those with lower absolute values closer to zero (Chahal and Gosal, 2002). So, due to 

the main contribution of the variations in FOY and EOY, the first principal component explained 

up to 56.61% of the total variance. However, the second principal component explained about 

29.24% of the total variance by the main contribution of FOC and EOC. The principal 

component analysis confirmed that the collected Ethiopian N. sativa genotypes have high 

diversity, and most of the traits considered seemed to have high contributions toward the total 

phenotypic variability. 
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Table 4.10. The eigenvalues and eigenvectors of the first two principal components (PCs) for 

4 biochemical traits of 64 black cumin genotypes of Ethiopia 

Variable 
Principal components 

PC1 PC2 

Eigenvalue 2.26 1.17 

Proportion of variance (%) 56.61 29.24 

Cumulative variance (%) 56.61 85.86 

  Eigenvectors 

Fixed oil content (%) -0.28 0.74 

Fixed oil yield per hectare (kg) -0.55 0.35 

Essential oil content (%) -0.48 -0.51 

Essential oil yield per hectare (kg) -0.63 -0.25 

 

 

4.4. Conclusions 

The result revealed the existence of significant variation for the studied biochemical traits 

among Ethiopian black cumin genotypes. The mean performance of the genotypes discovered 

the wider ranges between the least and greatest values of all biochemical traits, this showed the 

presence of significant variation among black cumin genotypes included in this study. This 

might be the result of the difference in the genetic makeup of the genotypes. EOY had a 

significant positive correlation with FOY and EOC, but it did not correlate with FOC. FOY had 

a strong positive and significant correlation with FOC. About 85.86% of the variation that 

occurred among the studied genotypes was explained by the first two principal components. 

EOY and FOY were the main contributor traits for most of the variation occurring among the 

genotypes in the first PC, whereas FOC and EOC were the main contributor traits for the second 

PC. The PCA confirmed the existence of high variability among black cumin genotypes of 

Ethiopia in all the biochemical traits studied. Genotypes of black cumin were partitioned into 
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three distinct clusters with significant variation in the distance among genotypes within and 

between them. Genotypes 90504, 219970, and 013_ATH were the top 5% best-performed 

accessions over improved varieties selected for FOY and EOY. In general, this study confirmed 

the presence of enough variation in most of the biochemical traits studied in Ethiopian black 

cumin genotypes, which can create an enabling environment for the breeders to design active 

genotype collection, conservation, and use strategies. Moreover, this finding has a significant 

advantage for academia, industries, researchers, policymakers, and societies at large. Finally, it 

is recommended to conduct further evaluation studies on wider agroecological conditions of the 

country to enhance the improvement strategies by exploiting the existing diversity. 
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CHAPTER 5 

 

5. Diversity of Ethiopian Black Cumin (Nigella sativa L.) Based on 

Compositions of Essential Oil 

Abstract 

No comprehensive investigation has been conducted on the variability of black cumin (Nigella 

sativa L.) seeds in essential oil compositions (EOCs). This would hinder the potential of the 

plant to exploit its medicinal and aromatic values. This study aimed to investigate the variability 

of Ethiopian black cumin genotypes by their EOCs. Seeds of 64 black cumin genotypes were 

used for this experiment. Composite samples of 100 g seeds were collected and ground roughly 

from each genotype. Extraction was made by hydro-distillation using a Clevenger-type 

apparatus for 3 h, and the essential oil was collected by measuring the amount using a 

measuring pipette. The essential oil samples were stored in a refrigerator at 4 °C until Gas 

Chromatography-Mass Spectrometry (GC-MS) analysis. Descriptive statistics was used to 

estimate the variations among populations' combined mean values of EOCs using the SAS 

version 9.4 software package. The study revealed the presence of variability among black cumin 

genotypes in EOCs. A total of 27 EOCs were detected from the essential oil of 64 genotypes 

using Gas Chromatography-Mass Spectrometry (GC-MS), out of which major constituents 

covered 92 to 100% of the total EOCs. The essential oils were dominated by ρ-cymene, 

thymoquinone, α-thujene, carvacrol, trans-4-methoxy thujane, longifolene, terpinen-4-ol, 2-

ethylhexyl isohexyl phthalate, β-pinene, α-pinene, phthalic acid, 2-fluorobenzyl heptyl ester, and 

d-limonene. Among these, ρ-cymene, thymoquinone, α-thujene, trans-4-methoxy thujane, and 

carvacrol were the most abundant constituents investigated in all genotypes, while the rest 

varied among the genotypes. It is expected to improve all major EOCs by 13.2 to 152.1% over 

improved varieties by selecting the top 5% of black cumin accessions. The abundant EOC 

thymoquinone had a significant and positive correlation with carvacrol and a strong and 

significant negative correlation with α-thujene, α-pinene, β-pinene, ρ-cymene, and d-limonene. 

The principal component analysis of 12 major EOCs showed that 72.03% of the total variance 

was captured by the first two principal components (PCs). Based on the major EOCs, cluster 

analysis grouped the 64 genotypes into two different chemotypes. Chemotype A is characterized 

by a high content of thymoquinone, carvacrol, and longifolene, while Chemotype B is 

distinguished by a high content of ρ-cymene and α-thujene. This study disclosed the existence of 

a significant diversity of EOCs among the Ethiopian black cumin genotypes, which can be 

exploited for future breeding and improvement programs.  

  

Keywords: Cluster, Chemotype, Essential oil compositions, GC-MS, Principal component 
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5.1. Introduction 

The essential oil of black cumin (Nigella sativa L.) contains various bioactive molecules such 

as thymoquinone, thymol, tocopherol, trans-retinol, and selenium (Sultan et al., 2009) and is 

used worldwide for functional foods and nutraceuticals (Javed et al., 2012). Javed et al (2012) 

have also described black cumin as a miraculous plant and considered by earliest herbal 

specialists as “The herb from heaven”.  

 

Herbal medicine is in high demand worldwide and continues to expand. Various technologies 

have been implemented to enhance the presence of bioactive compounds in medicinal plants. 

Nowadays, bioactive compounds that are extracted from plants are utilized in food additives, 

agrochemicals, pharmaceuticals, flavor and fragrance ingredients, and pesticides. One of the 

essential plant components, secondary metabolites, have significant economic value as 

pesticides, medications, food additives, fragrances, and pigments (Rao and Ravishankar, 2002). 

Secondary metabolites are known to play a significant role in helping plants adapt to their 

surroundings and are a major source of pharmaceuticals (Siahsar et al., 2011). 

 

The variability of the black cumin genotype based on essential oil volatile compounds was 

reported by different authors from different countries (Edris, 2010; Palabıyık and Aytaç, 2018; 

Sileshi and Biruk, 2020). Thymoquinone was reported as the first main component of black 

cumin seeds essential oils (Edris, 2010; Palabıyık and Aytaç, 2018; Albakry et al., 2022). In 

addition, ρ-cymene was reported as the first main component of the three Ethiopian black cumin 

varieties of seeds essential oil (Sileshi and Biruk, 2020). Thymoquinone has been used 
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worldwide for its biological activities among the main components of black cumin seeds 

essential oil with the highest share.   

 

For the past 3000 years, black cumin has been cultivated in Ethiopia. Currently, it has been 

widely distributed in the Oromia region (Bale and Arsi zone), Amhara region (East Gojjam, 

West Gojjam, North Gondar, South Gondar, North Wollo and South Wollo zones), Tigray 

region (Central, Western and Northwestern zones), Benshangul-Gumuz region (Metekel and 

Asosa zones) and Southern, Nations and Nationalities Peoples Region (Keficho-Shekicho zone) 

of Ethiopia. It has been used as a flavor in bread and sauces, as well as an ingredient in the 

“berbere” spice mix.  

 

In Ethiopia, whole seeds were used for a long period and fixed oil (oleoresin) of black cumin 

has been used recently for its spicy and medicinal values. The variability of some of the existing 

genotypes was made by their compositions of essential oil (Sileshi and Biruk, 2020), however, 

the genotypes involved in characterization is limited. Therefore, this would hinder the potential 

of the genotypes to be exploited for future breeding and improvement programs. The finding 

from this study was believed to show a clear variability of black cumin genotypes in the case of 

EOCs thereby, providing a piece of baseline information for further breeding and improvement 

programs. Thus, this study aimed to investigate the variability of Ethiopian black cumin 

genotypes by their essential oil compositions. 

 



86 
 

5.2. Materials and Methods 

5.2.1. Genotypes collection  

The matured dried seeds of 64 black cumin genotypes (8 improved varieties and 56 accessions) 

obtained from the first experiment were used for this experiment (Appendix Table 1).  

 

5.2.2. Sample preparation and extraction of essential oil by hydrodistillation  

Composite samples of 100 g black cumin seeds were collected and ground roughly from each 

genotype. Extraction was made in 2022 at Wondo Genet Agricultural Research Center, Natural 

Products Laboratory, by hydrodistillation using a Clevenger-type apparatus (Coffey et al., 1989) 

for 3 h, and the essential oil was collected in brown glass bottles by measuring the amount using 

a measuring pipette. The essential oil samples were kept in a refrigerator at 4oC until Gas 

Chromatography-Mass Spectrometry (GC-MS) analysis. 

 

5.2.3. GC-MS analysis of essential oil 

The collected essential oil was dried with anhydrous Na2SO4 and 0.2% (w/v) of the essential oil 

solution was prepared by diluting in n-hexane and the instrument was conditioned with a split 

less injector mode. To identify the composition of essential oil, GC-MS analyses were 

performed on an Agilent GC model 7820A series equipped with an autosampler (Agilent model 

G4513A), coupled to a mass spectrometer detector (Agilent model 5975 series) quadrupole 

analyzer operating in the EI mode at 70ev. Helium was used as carrier gas (1.5 ml/minute) with 

a capillary column of HP-5ms (30 m × 0.25 mm id; 0.25 μm film thickness). The GC–MS 

transfer line temperature was set at 200°C. The column temperature program was the same as 

that used for the GC analyses. The inlet and ionization source temperatures were set at 250°C 
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and 160°C, respectively. Electron-impact mass spectra were recorded over the range of 40–450 

amu at 0.5 scan. The injected volume was 1 µl of the oil. The GC-MS run time for each 

germplasm was 40 minutes with a solvent delay time of 2 minutes. The quantitative composition 

of the essential oils was ascertained using GC-MS. Quantitatively, peak area approximated peak 

height approximation was used to express the relative amounts of the constituents of the 

essential oils as a percentage (Wang et al., 1996). The GC-MS analysis was done in 2022 at 

Wondo Genet Agricultural Research Center, Natural Products Laboratory (Appendix Figure 5). 

 

5.2.4. Data Analysis 

Descriptive statistics (mean and range) were used to estimate the variations among populations 

combined mean values of essential oil compositions using the SAS version 9.4 software package 

(SAS Institute Inc., 2019). The combined mean values of major volatile compounds were 

subjected to bivariate analysis (i.e. correlation analysis) and multivariate analysis (i.e. cluster 

and principal component analysis) methods using R-software version 4.2.2 (R Core Team, 

2022). 

 

Hierarchical cluster analysis was performed by using R-software packages “factoextra” 

(Kassambara and Mundt, 2020), “cluster” (Maechler et al., 2018), “class” (Venables and Ripley, 

2002), and “clv” (Lukasz, 2020). Clustering was used to examine the aggregation patterns of 

the 64 black cumin genotype populations and the six groups of genotypes collected based on 

their similarity concerning the corresponding means of all the volatile compounds that were 

collected. The best number of clusters for the data set was determined by using an R-software 

package “Nbclust” (Charad et al., 2014). The genetic distance was measured using Euclidean 
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distance and the distance matrix was used to construct the dendrograms using Ward`s minimum 

variance method (Ward, 1963). 

 

The PCA was employed by using R-software packages “factoextra”, “ggplot2” (Wickham, 

2016), “corrplot” (Wei and Sinko., 2021), and “ggsignif” (Ahlmann-Eltze, 2022) to identify the 

traits contributing to a large part of the total variation among the populations and groups. 

 

5.3. Results and Discussion 

5.3.1. Chemical composition of black cumin essential oils  

Essential oils extracted from 64 black cumin genotypes were characterized by GC-MS, allowing 

for the identification of 27 volatile compounds, of which 12 are major essential oil compounds 

covering 92–100% of the total essential oil composition (Table 5.1 and Appendix Table 8). So 

far 113, 85, 48, 40, 22, 20, and 19 volatile compounds have been detected in Algerian (Benkaci–

Ali, 2007), Ethiopian (Sileshi and Biruk, 2020), Polish (Wajs et al., 2008), Iranian (Rezaei-

Chiyaneh et al., 2021), Italian (D’Antuono et al., 2002), Tunisian (Bourgou et al., 2010) and 

Egyptian (Edris, 2010) black cumin, respectively. Among the major volatile compounds, ρ-

cymene (23.93 – 45.61%), thymoquinone (14.81 – 42.44%), α-thujene (0.91 – 12.97%), 

carvacrol (3.01 – 11.48%), trans-4-methoxy thujane (4.82 – 11.29%), and longifolene (2.1 – 

6.97%) were the most abundant volatile constituents found in most of the genotypes (Figure 5.1 

and Table 5.1).  Out of them, thymoquinone is the most important bioactive compound for 

phytomedicinal values. The highest thymoquinone content (67.7 and 63.3%) was reported by 

Edris (2010) and Palabıyık and Aytaç (2018) from Egyptian and Turkish black cumin, 

respectively. Black cumin essential oil is used for functional foods and 
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nutraceuticals/pharmaceuticals (Mukhtar et al., 2019). Thus, Ethiopia is the third most important 

country next to Turkey and Egypt because of its rich potential of black cumin with the highest 

thymoquinone content to be exploited for functional foods and pharmaceuticals.  

 

Table 5.1. Retention times, mean, and range of chemical compound (%) were identified across 

64 black cumin genotypes of Ethiopia at each testing site and pooled during the 2021 cropping 

season 

Where, RT = Retention time, SE = Standard error, CC = Chemical compound: CC1 = α-thujene, CC2 = 

α-pinene, CC3 = β-terpinene, CC4 = β-pinene, CC5 = 4-carene, CC6 = ρ-cymene CC7 = d-limonene, 

CC8 = eucalyptol, CC9 = γ-terpinene, CC8 = terpinen-4-ol, CC9 = phthalic acid, CC10 = 2-ethylhexyl 

isohexyl phthalate, CC11 = thujone, CC12 = trans-4-methoxy thujane, CC13 = camphor, CC14 = bis(2-

ethylhexyl) phthalate, CC15 = terpinen-4-ol, CC16 =  phtalic acid, 2-fluorobenzyl heptyl ester, CC17 = 

thymoquinone, CC18 = 2-(octyloxycarbonyl) benzoic acid, CC19 = thymol, CC20 = carvacrol, CC21 = 

α-longipinene, CC22 = longifolene, CC23 = 1,2-benzenedicarboxylic acid, mono(2-ethylhexyl) ester, 

CC24 = humulene, CC25 = 1-(2-ethyl-[1,3]dithian-2-yl)-3-methyl-butan-1-ol, CC26 = 1,4-dimethoxy-

2,3-dimethylbenzene, and CC27 = naphthalene, decahydro-4a-methyl-1-methylene-7-(1-

methylethylidene)-, (4aR-trans)- 

 

Chemical  

compounds 

RT  

(min) 

Debre Zeit Kulumsa Combined 

Mean ± SE Range Mean ± SE Range Mean ± SE Range 

CC1 2.71 5.69 ± 0.45 0 - 14.25 5.82 ± 0.53 0.62 - 20.96 5.76 ± 0.33 0.91 - 12.97 

CC2 2.80 1.30 ± 0.11 0 - 3.17 1.18 ± 0.12 0 - 4.47 1.24 ± 0.07 0 - 2.75 

CC3 3.37 0.73 ± 0.06 0 - 1.67 0.50 ± 0.07 0 - 1.85 0.61 ± 0.05 0 - 1.35 

CC4 3.42 1.68 ± 0.11 0 - 3.49 1.56 ± 0.09 0 - 3.36 1.62 ± 0.07 0 - 2.82 

CC5 4.11 - - 0.14 ± 0.04 0 - 1.2 0.07 ± 0.02 0 - 0.6 

CC6 4.28 31.76 ± 0.79 13.54 - 46.13 38.56 ± 0.75 27.72 - 54.77 35.16 ± 0.56 23.93 - 45.61 

CC7 4.34 1.22 ± 0.06 0 - 2.22 1.01 ± 0.07 0 - 2.49 1.11 ± 0.05 0.37 - 1.86 

CC8 4.39 - - 0.01 ± 0.01 0 - 0.94 0.01 ± 0.01 0 - 0.47 

CC9 4.97 0.02 ± 0.02 0 - 0.97 0.72 ± 0.19 0 - 5.86 0.37 ± 0.09 0 - 2.93 

CC10 5.82 1.33 ± 0.09 0 - 6.02 1.14 ± 0.07 0 - 2.02 1.24 ± 0.05 0 - 3.01 

CC11 6.03 - - 0.08 ± 0.05 0 - 2.26 0.04 ± 0.02 0 - 1.13 

CC12 6.37 8.51 ± 0.18 5.39 - 12.15 9.05 ± 0.24 3.51 - 13.4 8.78 ± 0.15 4.82 - 11.29 

CC13 6.99 - - 0.06 ± 0.04 0 - 1.5 0.03 ± 0.02 0 - 0.75 

CC14 7.63 0.01 ± 0.01 0 - 0.66 - - 0.01 ± 0.01 0 - 0.33 

CC15 7.89 1.68 ± 0.10 0 - 4.03 1.08 ± 0.12 0 - 3.02 1.38 ± 0.08 0 - 3.34 

CC16 8.66 1.40 ± 0.06 0 - 2.63 1.06 ± 0.09 0 - 2.4 1.23 ± 0.06 0 - 2.46 

CC17 10.05 37.15 ± 1.24 14.66 - 64.81 25.01 ± 1.05 0 - 37.14 31.08 ± 0.80 14.81 - 42.44 

CC18 10.77 0.04 ± 0.03 0 - 1.3 0.04 ± 0.03 0 - 1.73 0.04 ± 0.02 0 - 0.87 

CC19 11.34 - - 0.17 ± 0.09 0 - 4.17 0.08 ± 0.04 0 - 2.09 

CC20 11.59 3.44 ± 0.17 1.67 - 7 8.37 ± 0.44 0 - 16.6 5.91 ± 0.24 3.01 - 11.48 

CC21 12.9 0.07 ± 0.04 0 - 1.58 0.02 ± 0.02 0 - 1.21 0.05 ± 0.02 0 - 1.22 

CC22 14.48 3.68 ± 0.18 1.73 - 8.01 3.65 ± 0.16 1.64 - 8.24 3.67 ± 0.13 2.1 - 6.97 

CC23 14.95 0.01 ± 0.01 0 - 0.85 0.06 ± 0.04 0 - 2.1 0.04 ± 0.02 0 - 1.05 

CC24 15.95 - - 0.03 ± 0.03 0 - 1.68 0.01 ± 0.01 0 - 0.84 

CC25 17.34 0.05 ± 0.04 0 - 1.92 0.06 ± 0.04 0 - 1.93 0.05 ± 0.03 0 - 0.97 

CC26 19.12 0.23 ± 0.07 0 - 2.02 0.45 ± 0.10 0 - 3.1 0.34 ± 0.07 0 - 2.05 

CC27 19.91 - - 0.16 ± 0.10 0 - 5.44 0.08 ± 0.05 0 - 2.72 
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Figure 5.1. Chemical structures of the six most abundant volatile compounds of black cumin (N. 

sativa L.) essential oils from Ethiopia. 
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Pico-cymene was the first dominant constituent ranging from 23.93% (9068) to 45.61% 

(242221) across genotypes with an average of 35.16%. Six genotypes, 242221 (45.61%), 8502 

(45.3%), 9069 (44.44%), 242825 (42.63%), 242839 (42.52%), and 90510 (40.71%), recorded 

more than 40% ρ-cymene content (Appendix Table 8). The result is in line with the report of 

Nickavar et al. (2003) and Rezaei-Chiyaneh et al. (2021), who reported that one of the major 

volatile constituents of Iranian Black cumin seeds was ρ-cymene (14.80% and 15.59%, 

respectively). Similarly, D’Antuono et al. (2002), Benkaci–Ali (2007), Wajs et al. (2008), 

Palabıyık and Aytaç (2018), Ramadan (2015), Kabir et al. (2020), Sileshi and Biruk (2020), and 

Farhan et al. (2021) reported ρ-cymene as one of the major volatile constituents of black cumin 

seeds.  Pico-cymene is an important volatile constituent used in pharmaceutical industries for 

the production of anti-inflammatory (De Souza Siqueira Quintans et al., 2013), anticancer (Zhou 

et al., 2013), antioxidant (Bibi Sadeer et al., 2019; Luisi et al., 2019), and antimicrobial 

(Mouwakeh et al., 2019) drugs. 

 

Thymoquinone (TQ) was the second most abundant constituent, ranging from 14.81% (8502) 

to 42.44% (242835) across genotypes with an average of 31.08%. Four genotypes, 242835 

(42.44%), 9068 (41.14%), 242841 (40.35%), and 014_ATH (40.01%) recorded more than 40% 

TQ content (Appendix Table 8). Authors from different countries reported TQ among the main 

constituents in the essential oil of black cumin seeds (D’Antuono et al., 2002; Benkaci–Ali, 

2007; Bourgou et al., 2010; Edris, 2010; Ali and Hassan, 2014; Ramadan, 2015; Palabıyık and 

Aytaç, 2018; Kabir et al., 2020, Sileshi and Biruk, 2020; Farhan et al., 2021; Albakry et al., 

2022). Thymoquinone has been reported to be used as a natural drug traditionally (Khader and 

Eckl, 2014). Wang et al. (2021) reported TQ as an effective natural antimicrobial preservative 

that has potential applications in regulating food contamination and foodborne diseases caused 
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by Bacillus cereus. Thymoquinone is an important volatile constituent used in pharmaceutical 

industries for the production of antibacterial, antioxidant (Bourgou et al., 2010), anti-

inflammatory (Salem, 2005), anticancer (Shafiq et al., 2014), hepatoprotective (Ghadlinge et 

al., 2014), antidiabetic (Heshmati and Namazi, 2015), fertility-enhancing (Tüfek et al., 2015; 

Akour et al., 2016), analgesic (Huseini et al., 2015), and antimicrobial (Mouwakeh et al., 2019) 

drugs. 

 

Alpha-thujene was the third dominant constituent ranging from 0.91% (9068) to 12.97% 

(242221) across genotypes with an average of 5.76%. Six genotypes, 242221 (12.97%), 90501 

(11.99%), 012_ATH (11.13%), 90510 (10.62%), 229808 (10.42%), and 90504 (10.41%), 

recorded more than 10% α-thujene content (Appendix Table 8). This result is in line with the 

findings of Bourgou et al. (2010), Ramadan (2015), Kabir et al. (2020), and Sileshi and Biruk 

(2020), who reported α-thujene as one of the major volatile constituents from Turkish, Egyptian, 

and Ethiopian black cumin seeds, respectively. Alpha-thujene is an important volatile 

constituent used in pharmaceutical industries to produce antimicrobial drugs (Gerige et al., 

2009). 

 

Carvacrol was the fourth abundant constituent ranging from 3.01% (90504) to 11.48% (242838) 

across genotypes with an average of 5.91%. Four genotypes, 242838 (11.48%), Silingo 

(10.08%), 007_ATH (9.75%), and 9068 (9.23%), recorded more than 9% carvacrol content 

(Appendix Table 8). Supporting results were reported by Benkaci–Ali (2007), Palabıyık and 

Aytaç (2018), Ramadan (2015), and Rezaei-Chiyaneh et al. (2021) from Algeria, Turkey, Egypt, 

and Iran with respective values of 12.90%, 8.40%, 2.12%, and 4.65%. Similarly, Kabir et al. 

(2020) reported carvacrol as the fourth abundant volatile compound of Bangladesh and Indian 
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black cumin, with respective values of 2.25% and 3.65%. Rattanachaikunsopon and 

Phumkhachorn (2010) reported that carvacrol has a good inhibitory effect against Vibrio 

cholerae. Carvacrol is an important volatile constituent used in pharmaceutical industries to 

produce antioxidant (Huseini et al., 2015) and antimicrobial (Mouwakeh et al., 2019) drugs. 

 

Trans-4-methoxy thujane was the fifth dominant constituent ranging from 4.82% (242844) to 

11.29% (242825) across genotypes with an average of 8.78%. Ten genotypes: 242825 (11.29%), 

9068 (11.22%), 007_ATH (10.98%), 003_ATH (10.93%), 242838 (10.70%), 015_ATH 

(10.53%), 019_ATH (10.34%), 004_ATH (10.31%), 009_ATH (10.16%) and 010_ATH 

(10.07%) recorded more than 10% trans-4-methoxy thujane content (Appendix Table 8). This 

result agrees with the finding of Sileshi and Biruk (2020), who reported that one of the major 

volatile constituents of Ethiopian Black cumin seeds was trans-4-methoxy thujane (8.86%).  

 

Longifolene was the sixth dominant constituent ranging from 2.1% (90501) to 6.97% 

(004_ATH) across genotypes with an average of 3.67%. Seven genotypes, 004_ATH (6.97%), 

242835 (6.27%), 019_ATH (5.99%), 003_ATH (5.86%), 9068 (5.75%), 242838 (5.52%), and 

007_ATH (5.42%), recorded more than 5% longifolene content (Appendix Table 8). Supporting 

results were reported by Ramadan (2015) and Sileshi and Biruk (2020) from Egypt and Ethiopia, 

respectively.  Longifolene is an important volatile constituent used in pharmaceutical industries 

to produce antibacterial drugs (Bourgou et al., 2010). 

 

The essential oil of black cumin seeds has different biological activities due to the presence of 

various kinds of volatile compounds. Among the major volatile compounds, thymoquinone is 

used for antioxidant, antiparasitic, hepatoprotective, antidiabetic, analgesic, anticancer, 



94 
 

antimicrobial, anti-inflammatory, antibacterial, and fertility-enhancing activities. Carvacrol is 

another major volatile compound that has antioxidant and antimicrobial activity. Furthermore, 

p-cymene and longifolene have antimicrobial and antibacterial activity, respectively. 

 

The wide range of major volatile compounds studied witnessed the presence of variability 

among the black cumin genotypes (Tables 5.1 and 5.2). This shows that there is a possibility of 

improving these traits through selection. Hence, it is expected to improve the biochemical traits 

of the top 5% of the genotypes by 13.2% to 152.1% through selection (Table 5.2).  Based on 

this, genotypes 242835 (from Oromia), 9068, and 014_ATH (from Amhara) were the top 5% 

best-performed accessions over improved varieties selected for the production of major volatile 

compounds (Appendix Table 8). Therefore, they can be directly promoted for the production of 

those major volatile compounds.   

Table 5.2. Comparison of mean performances of 5% of the best-performed accessions selected 

for 12 major volatile compounds over the mean performance of improved varieties 

No. Traits 

Mean values 
A comparative 

advantage over the 

mean values of 

improved varieties 

(%) 

Top 5% 

accessions 

Improved 

varieties 

1. α-thujene 12.03 5.33 125.70 

2. α-pinene 2.55 1.18 116.10 

3. β-pinene 2.70 1.66 62.65 

4. ρ-cymene 45.12 33.86 33.25 

5. d-limonene 1.77 0.95 86.32 

6. 2-ethylhexyl isohexyl phthalate 1.72 1.52 13.16 

7. trans-4-methoxy thujane 11.17 8.84 26.36 

8. terpinen-4-ol 2.95 1.17 152.14 

9. phthalic acid, 2-fluorobenzyl heptyl ester 2.05 1.26 62.70 

10. thymoquinone 41.51 33.12 25.33 

11. carvacrol 10.15 6.65 52.63 

12. longifolene 6.41 3.17 102.21 
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5.3.2. Relationship among volatile compounds 

A correlation analysis was made among the 12 major volatile compounds to determine the 

degree and direction of the relationship among them (Figure 5.2). Alpha-thujene had a strong 

positive and significant correlation with α-pinene (r = 0.95***), β-pinene (r = 0.87***), d-

limonene (r = 0.78**) and ρ-cymene (r = 0.75***); are negatively correlated with thymoquinone 

(r = - 0.74***), carvacrol (r = - 0.70***), trans-4-methoxy thujane (r = - 0.64***), longifolene 

(r = - 0.57***), and terpinen-4-ol (r = - 0.51***). The significant positive correlation of α-

thujene with α-pinene, β-pinene, d-Limonene, and ρ-cymene indicated that the higher the 

genotype with α-pinene, β-pinene, d-limonene, and ρ-cymene, the higher would be the α-thujene 

content. They have a direct relationship. Therefore, those compounds can be improved 

simultaneously. The major volatile chemical constituent ρ-cymene correlated positively with d-

limonene (r = 0.88***), and negatively with thymoquinone (r = - 0.88***), carvacrol (r = - 

0.61***), longifolene (r = - 0.44***), and terpinen-4-ol (r = - 0.41***). Thymoquinone had a 

positive correlation with longifolene (r = 0.24), terpinen-4-ol (r = 0.17) and trans-4-methoxy 

thujane (r = 0.12); a significant positive correlation with carvacrol (r = 0.39**); and a significant 

negative correlation with ρ-cymene (r = - 0.88***), d-limonene (r = - 0.88***), β-pinene (r = - 

0.77***), α-thujene (r = - 0.74***) and α-pinene (r = - 0.74***). The significant negative 

correlation of thymoquinone with ρ-cymene, d-limonene, β-pinene, α-thujene, and α-pinene 

indicated that the higher the genotype with ρ-cymene, d-limonene, β-pinene, α-thujene, and α-

pinene content, the lower the content of thymoquinone. This implied that those traits cannot be 

improved simultaneously. However, it is possible in the case of thymoquinone and carvacrol. 
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Figure 5.2. The correlation coefficient of the 12 major volatile compounds of 64 Black cumin 

genotypes of Ethiopia. (CC1 = α-thujene, CC2 = α-pinene, CC3 = β-pinene, CC4 = ρ-cymene, 

CC5 = d-limonene, CC6 = 2-ethylhexyl isohexyl phthalate, CC7 = trans-4-methoxy thujane, 

CC8 = terpinen-4-ol, CC9 = phthalic acid, 2-fluorobenzyl heptyl ester, CC10 = thymoquinone, 

CC11 = carvacrol, CC12 = longifolene). 

 

5.3.3. Cluster analysis 

Cluster analysis was done based on 12 major volatile compounds of the 64 black cumin 

genotypes of Ethiopia to examine the extent and pattern of the genotypes based on their 

similarity. The relevant number of clusters for the data set was determined according to Charrad 

et al. (2014). Based on this, the ward`s minimum variance clustering method was used to classify 

the 64 black cumin genotypes of Ethiopia into two different clusters (Figure 5.3). The number 
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and name of genotypes in each cluster with their collection regions were presented in Appendix 

Table 1. 

 

Figure 5.3. Phylogram showing the relationship between the 64 Black cumin genotypes of 

Ethiopia based on the 12 major volatile compounds using the Euclidean similarity index. (Blue 

and red colors represent clusters I and II, respectively.) 

 

Cluster I: This was the largest group, having 34 (53.12%) genotypes comprised from all 

collection regions and most of the improved varieties (Figure 5.3 and Table 5.3). The group was 

characterized by a significant content of thymoquinone/carvacrol/longifolene, which represents 

chemotype A (Table 5.4). Genotype 242835 (from Oromia) contained a considerably high 

content of thymoquinone (42.44 %), followed by 9068 (41.14%) and 014_ATH (40.35%). 

Considerably high content of carvacrol was present in genotype 242838 (11.48%), followed by 

Silingo (10.08%) and 9068 (9.23%). Longifolene content was considerably high in genotype 
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014_ATH (6.97%) followed by 242835 (6.27%) and 019_ATH (5.99%) (Appendix Table 8). 

Genotypes better fitted for the production of pharmaceutical products may be identified through 

selection in this group by considering its chemotype. This group is highly suggested for the 

production of pharmaceutical products. 

 

Cluster II: About 30 (46.88%) genotypes from all collection regions and some of the improved 

varieties were included in this group (Figure 5.3 and Table 5.3) and is characterized by the 

higher mean value of ρ-cymene/α-thujene, which represents chemotype B (Table 5.4). Genotype 

242221 (from Amhara) contained a considerably high content of ρ-cymene (45.61%), followed 

by 8502 (45.30%) and 9069 (10.98%). Considerably high content of α-thujene (12.97%) was 

present in genotype 242221 (from Amhara), followed by 90501 (11.99%) and 012_ATH 

(11.13%) (Appendix Table 8). Chromatograms of the compounds representing the different 

clusters are shown in Figure 5.4. 

 

Table 5.3. Clustering of 64 black cumin genotypes of Ethiopia into two clusters using the 

mean of 12 major volatile compounds 

Cluster 
Number of 

genotypes 
Genotypes included 

Collection 

region 

I 34 (53.12 %) 

242840, 230040, Silingo, 242823, 19884, 015_ATH, 

242528, 013_ATH, 230777, 014_ATH, 240403, 

DERSHYE, Qeneni, 242826, 90506, ADEN, 242224, 

Darbera, 223072, 9067, 242842, 242833, 010_ATH, 

242841, 90503, 242844, 004_ATH, 242835, 019_ATH, 

009_ATH, 003_ATH, 007_ATH, 242838, 9068 

Improved, 

SNNP, 

Oromia, 

Amhara, 

B/Gumuz, 

Tigray 

II 30 (46.88 %) 

012_ATH, 90504, 229808, 90501, 242221, 242222, 

242825, 8502, 9069, 90510, 002_ATH, Kena, 240404, 

212520, 242839, 230039, 219970, 223069, Gammachis, 

Sooressaa, 017_ATH, 230037, 208688, 230038, 242223, 

237989, 242225, 223070, 90502, 215319 

Improved, 

SNNP, 

Oromia, 

Amhara, 

B/Gumuz, 

Tigray 

Where, B/Gumuz = Benshangul-Gumuz 
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Figure 5.4. GC-MS chromatogram of Ethiopian black cumin essential oils for each cluster. 
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Table 5.4. The mean value of 12 major volatile compounds (%) of the groups of Ethiopian 

black cumin genotypes 

No. Compounds  
Cluster 

I II 

1. α-thujene 3.82 7.30 

2. α-pinene 0.87 1.62 

3. β-pinene 1.36 2.05 

4. ρ-cymene 31.97 38.82 

5. d-limonene 0.95 1.41 

6. 2-ethylhexyl isohexyl phthalate 1.34 1.19 

7. trans-4-methoxy thujane 9.18 8.14 

8. terpinen-4-ol 1.65 0.97 

9. phthalic acid, 2-fluorobenzyl heptyl ester 1.51 1.22 

10. thymoquinone 34.72 26.41 

11. carvacrol 6.57 4.46 

12. longifolene 3.74 3.26 

 

 

Volatile compounds diversity in groups of genotypes 

The genotypes from Amhara, Oromia, Tigray, SNNP regions, and improved varieties were 

spread into the two clusters but in different proportions (Table 5.5). However, the genotypes 

from the Benshangul-Gumuz region were spread into the two clusters with the same proportion. 

More than 50% of the genotypes from Amhara, Oromia, and SNNP regions, and improved 

varieties grouped under the first cluster. 

 

Table 5.5. Clustering of 64 black cumin genotypes based on collection groups 

Groups 
Cluster 

Total 
I II 

Amhara 13 11 24 

Oromia 10 8 18 

Tigray 1 5 6 

SNNP 3 1 4 

Benshangul-Gumuz 2 2 4 

Improved 5 3 8 

Total 34 30 64 

SNNP = Southern Nations, Nationalities and Peoples. 
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5.3.4. Principal component analysis 

The principal component analysis grouped the 12 major volatile compounds into 12 principal 

components (PCs), which explained the entire 100% of the variability among the studied 

genotypes. Kaiser (1960) suggested that an eigenvalue > 1 indicates that PCs account for more 

variance than accounted by one of the original variables in standardized data commonly used as 

a cutoff point for which PCs are retained. Based on this, the first two PCs having eigenvalues 

between 1.85 and 6.80 explained 72.03% of the variation that existed among the studied 

genotypes in volatile compounds (Table 5.6).  

 

The influential PCs for clustering were the traits with the largest absolute values closer to unity 

than those with lower absolute values closer to zero (Chahal and Gosal, 2002). Accordingly, the 

first principal component (PC) explained about 56.65% of the total variance due to the main 

contribution of the variation in α-pinene, α-thujene, β-pinene, ρ-cymene, d-limonene, and 

carvacrol (Table 5.6). Thymoquinone, trans-4-methoxy thujane, 2-ethylhexyl isohexyl 

phthalate, terpinen-4-ol, and ρ-cymene were the main contributor traits for the variation in the 

second PC, which contributed 15.38% from the total variations. The principal component 

analysis showed that there was significant variability among the 64 black cumin genotypes in 

most of the 12 major volatile compounds considered. Therefore, these traits should be given 

special emphasis during the selection for the improvement program of Ethiopian black cumin. 
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Table 5.6. The eigenvalues and eigenvectors of the first two principal components (PCs) for 

12 major volatile compounds of 64 black cumin genotypes of Ethiopia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.  Conclusions  

Using GC-MS analysis of sixty-four genotypes of black cumin essential oil, twenty-seven 

compounds were identified. Based on the results, the essential oils that made up 92% to 100% 

of the total composition were ρ-cymene, α-thujene, carvacrol, trans-4-methoxy thujane, 

longifolene, terpinen-4-ol, 2-ethylhexyl isohexyl phthalate, β-pinene, α-pinene, phthalic acid, 2-

fluorobenzyl heptyl ester, and d-limonene. The most prevalent components across all genotypes 

were five compounds: trans-4-methoxy thujane, α-thujene, ρ-cymene, thymoquinone, and 

carvacrol. The remaining constituents differed depending on the genotype. Choosing the top 5% 

of black cumin accessions was predicted to improve all major volatile compounds by 13.2% to 

15.1% compared to improved varieties. Thymoquinone exhibited a strong and significant 

negative correlation with α-thujene, α-pinene, β-pinene, ρ-cymene, and d-limonene and a 

Variable 
Principal components 

PC1 PC2 

Eigenvalue 6.80 1.85 

Proportion of variance (%) 56.65 15.38 

Cumulative variance (%) 56.65 72.03 
 Eigenvectors 

α-thujene 0.36 -0.03 

α-pinene 0.36 -0.05 

β-pinene 0.36 -0.12 

ρ-cymene 0.33 -0.29 

d-limonene 0.33 -0.26 

2-ethylhexyl isohexyl phthalate -0.12 -0.41 

trans-4-methoxy thujane -0.26 -0.45 

terpinen-4-ol -0.25 -0.34 

phthalic acid, 2-fluorobenzyl heptyl ester -0.12 -0.27 

thymoquinone -0.28 -0.46 

carvacrol -0.30 -0.14 

longifolene -0.27 -0.22 
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significant positive correlation with carvacrol. The first two principal components (PCs) 

accounted for 72.03% of the total variance, according to the principal component analysis of 12 

major volatile constituents. This demonstrated that the Ethiopian black cumin genotypes in 

EOCs exhibit significant variability. Cluster analysis grouped the 64 genotypes into two 

chemotypes. Chemotype A has a high thymoquinone content, while Chemotype B has a high ρ-

cymene concentration. The discovered high-volatile constituent variabilities demonstrated 

considerable diversity across the 64 Ethiopian black cumin genotypes, which can be used in 

future breeding and improvement programs. The most abundant volatile constituents, 

thymoquinone and ρ-cymene, are highly applicable to pharmaceutical and nutraceutical 

industries. Therefore, genotypes 242835, 9068, and 014_ATH are promising for pharmaceutical 

and food industries due to the presence of the most important volatile constituents. This finding 

provided baseline information for the beneficiaries to conserve, utilize, and improve the 

genotypes.   
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CHAPTER 6 

 

6. Genetic Diversity and Population Structure of Ethiopian Black Cumin 

(Nigella sativa L.) as Revealed by DArTseq SNP Markers 

 

 

Abstract 

Black cumin (Nigella sativa L.) is one of the most important medicinal and aromatic plants in 

the Ranunculaceae family. The crop has a long history of cultivation and use in Ethiopia. 

Ethiopia is also considered a center of diversity. There is less knowledge about DNA 

fingerprinting in black cumin utilizing third-generation marker systems such as SNPs. In this 

study, we characterized the genetic diversity and population structure of 94 black cumin 

genotypes collected from various growing regions in Ethiopia using 1,391 high-quality SNPs 

derived from DArTseq. Genetically, the genotypes were grouped into two. The analysis of 

molecular variance (AMOVA) revealed the existence of higher levels of genetic diversity among 

genotypes within populations and within genotypes (74.3% and 14.3%, respectively) than 

among populations (11.4%). STRUCTURE analysis, discriminant analysis of principal 

components, and principal coordinate analysis clustered the black cumin genotypes into two 

well-differentiated groups. The unweighted pair group method with arithmetic means (UPGMA) 

was used to do clustering. The clustering pattern was independent of the geographic origin of 

the genotypes. These findings revealed substantial genetic variation in black cumin and a 

pattern of diversity consistent with its long history of cultivation, a decentralized and diversified 

selection of the crop in Ethiopia.  

  

  

Keywords: DArTseq, Diversity, Molecular variance, Nigella sativa L., Population structure, 

SNP 
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6.1. Introduction 

Black cumin is the world's most important and widely used aromatic and medicinal plant. Its 

whole seeds and oils (fixed and volatile) are used worldwide for functional foods and 

nutraceuticals (Javed et al., 2012) and to treat respiratory conditions like asthma, emphysema, 

and bronchitis (Atta, 2003). 

 

Plant identification may be crucial for production and processing, intellectual property rights 

enforcement, and plant breeding. In genetic analyses related to evolution and conservation as 

well as germplasm selection in plant breeding, the identification of genetic relationships is 

necessary (Henry, 2012). Molecular markers are effective tools frequently used to characterize 

genetic resources and provide fundamental knowledge about population genetics, evolution, and 

ecology (Arzani and Ashraf, 2016).  

 

The smallest possible genetic variation unit is a single nucleotide. The analysis of SNP (single 

nucleotide polymorphism) markers has increased with the availability of more sequence data 

(Henry and Edwards, 2009). Measurements of insertions and deletions (indels) are commonly 

made using SNP analysis (Henry, 2012). An SNP marker is a co-dominant DNA marker 

essential for plant breeding because it makes germplasm analysis and feature mapping quick 

and inexpensive. These differences deepen our understanding of genetics, which could change 

how we develop new cultivars. The fact that the desired trait is genetically controlled allows for 

the faster pursuit of phenotypic experiments. In addition to carrying out early trait selection, the 

breeder can also spread the desired allele to numerous populations (Morgil et al., 2020). There 

is a lack of knowledge regarding DNA fingerprinting in black cumin, which calls for more 
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research. Thus far, single nucleotide polymorphism (SNP) molecular markers have not been 

used to evaluate the genetic diversity of the black cumin genotypes. 

 

Knowledge regarding the extent of genetic variation and genetic relationships between 

genotypes provides valuable information for understanding the relationships between 

genotypes. It facilitates their characterization and classification, determination of population 

structure, and so on thereby providing information for designing sound breeding strategies for 

crop improvement. Genetic diversity analysis of plants is a critical component of plant genetics, 

breeding, conservation, and evolution (Peterson et al., 2014). Therefore, the present study aimed 

to reveal Ethiopian black cumin's genetic diversity and population structure using DArTseq SNP 

markers. 

 

6.2. Materials and Methods 

6.2.1. Experimental materials 

The seeds of 94 black cumin collections were used in the study. Out of this the seeds of 64 black 

cumin accessions were obtained from research institutes (Ethiopian Institute of Agricultural 

Research and Oromia Agricultural Research Institute) and the remaining 30 black cumin 

accessions seeds were obtained from the Ethiopian Biodiversity Institute (EBI). These 

accessions were comprised of 8 improved varieties, 36 from Oromia, 25 from Amhara, 11 from 

SNNP, 10 from Tigray, and 4 from Benshangul-Gumuz regions (Appendix Table 9).  

 

The black cumin test materials used in this study, hereafter called genotypes, are considered 

under different populations, and each grouping, based on geographic regions and genetic groups, 
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is designated as a sub-population. The original collection areas of the black cumin collections 

in Ethiopia are given in Figure 6.1 which was constructed by using ArcGIS Desktop Advanced 

version 10.8 (ESRI, 2011). 

 

Figure 6.1. The diagram shows the collection sites for the 94 black cumin genotypes from 

different eco-geographical regions. 

 

6.2.2. Genomic DNA extraction and sequencing  

Genomic DNA (gDNA) of each genotype was extracted by the high-quality laboratory facilities 

of SEQART AFRICA located at Biosciences Eastern and Central Africa (BecA-ILRI) Hub in 

Nairobi, Kenya.  Black cumin seeds were ground using a Geno/Grinder, and a NucleoMag plant 
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DNA extraction kit was used to extract the DNA. The quantity of extracted DNA was checked 

using a Thermo Scientific NanoDrop Spectrophotometer 2000c. The quality of the DNA was 

confirmed on 0.8% agarose gel run in 1% TAE buffer at 70V for 45 minutes.  

 

As described by Elshire et al. (2011), 40μl of a 50ng/μl gDNA of each sample of 94 black cumin 

genotypes was sent for whole genome scanning using genotyping-by-sequencing (GBS) 

technology using DArTseqTM technology of the Integrated Genotype Service and Support 

platform (https://www.diversityarrays.com/) after the quality was checked. Genotyping-by-

sequencing was performed following protocols described in Wells and Dale (2018) by using a 

combination of DArT complexity reduction methods and next-generation sequencing (HiSeq 

2500). The complexity reduction method involved digestion with the methylation-sensitive 

restriction enzymes. In conjunction with digestion using this relatively rarely cutting restriction 

enzyme (Gruenbaum et al., 1981), the enzymes PstI and MseI that have frequent cutting 

capabilities were used. Polymerase chain reaction (PCR) adapters were ligated to the PstI and 

MseI fragment ends, and the PCR amplification was performed using primers complementary 

to the PstI and MseI adapters. Only those fragments with adapters at both ends were amplified. 

 

6.2.3. SNP calling, imputation and filtering 

Diversity array technology (DArT) provides two different dataset formats: SilicoDArTs are 

scored in a binary fashion, representing genetically "dominant" markers, with "1" for presence 

and "0" for absence of a restriction fragment with the marker sequence in the genomic 

representation of the sample; "-" represents calls with non-zero counts, but too low counts to 

score confidently as "1" (often representing heterozygotes). The second format was SNPs in 

one-row format ("0" for reference allele homozygote, "1" for SNP allele homozygote, "2" for 

https://www.diversityarrays.com/
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heterozygote, and "-" for double null/null allele homozygote (absence of fragment with SNP in 

genomic representation)) and two-row format (Each allele scored in a binary fashion ("1" for 

presence and "0" for absence)).  

 

However, for this study, a one-row SNP dataset format was used to determine the genetic 

diversity and population structure. The alignment was made with the reference genome of 

Nigella damascena, which is present in the National Center for Biotechnology Information 

(NCBI) database with the SRR13275798 code (https://trace.ncbi.nlm.nih.gov/Traces/?-

view=run_brow-serandacc=SRR13275798anddisplay=download). Data imputation was 

employed for imputing missing values first by a method of k-nearest neighbors (KNN) using R 

software version 4.4.1. (R Core Team, 2024). SNPs were filtered based on bi-allelic variants 

following the DArTseqTM technology based on the following criteria; (i) markers and 

individuals with reproducibility less than 99%; (ii) call rate less than or equal to 95%, and (iii) 

minor allele frequency (MAF) less than 5% were discarded from further analysis using 

“BiocManager” (Morgan and Ramos, 2024) and “dartR” (Mijangos et al., 2022) packages in R 

software version 4.4.1. (R Core Team, 2024). The most informative SNPs were selected based 

on the above criteria. The major allele frequencies and polymorphic information content (PIC) 

were performed using Power Marker Software v.3.25 (Liu and Muse, 2005). 

 

6.2.4. Population structure analysis 

To infer the population structure of Ethiopian black cumin genotypes, three complementary 

methods, such as Bayesian model-based clustering algorism (STRUCTURE v.2.3.4 software) 

(Pritchard, 2000), discriminant analysis of principal components (DAPC), and principal 

coordinate analysis (PCoA), were used.  
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DAPC was determined from the genetic data stored in “genind” object using “usethis” (Bryan, 

2024), “devtools” (Wickham et al., 2022), and “adegenet” (Jombart and Ahmed, 2011) 

packages; whereas, PCoA was determined using GenAIEx v.6.51b2 (Peakall and Smouse, 

2012). 

 

Ten independent runs were conducted for each value of K using a burning period of 50,000 with 

100,000 Markov Chain Monte Carlo (MCMC) iterations, assuming an admixture model and 

uncorrelated allele frequencies. The most probable value of K for each test was detected by ΔK 

(Evanno et al., 2005) using the web-based program StructureSelector (Li and Liu, 2018). 

Following Jakobsson and Rosenberg (2007), CLUMPP v.1.1.2 was used to align cluster 

assignments from independent runs using the in-files generated by the StructureSelector. Bar 

plots were generated with average results of runs for the most probable K value, using 

DISTRUCT v.1.1 (Rosenberg, 2004). 

 

6.2.5. Genetic diversity analysis 

Analysis of molecular variance (AMOVA) and genetic diversity was performed using GenAIEx 

v.6.51b2 (Peakall and Smouse, 2012) after grouping the genotypes based on the source of 

collection (i.e., geographical origins) and the genetic groups that resulted from structure 

analysis. The genotyping data were used to assess locus-based diversity indices including the 

number of alleles (Na), the effective number of alleles (Ne), Shannon’s information index (I), 

observed heterozygosity (Ho), expected heterozygosity (He), Wright fixation index (FST, FIS, 

FIT) (Wright, 1978) and percentage of polymorphic loci (PPL).  Allelic richness (Ar) was 

performed using R software version 4.4.1 (R Core Team, 2024).  
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6.2.6. Phylogenetic analysis 

The phylogenetic relationships of the sub-populations were generated based on the tri-matrix 

genetic distances of 94 black cumin genotypes using the “cluster” (Maechler et al., 2023) and 

“factoextra” (Kassambara and Mundt, 2020) packages in R software version 4.4.1 (R Core 

Team, 2024). The distance matrix between individuals was calculated according to Euclidean 

distance as implemented in the R environment. The resulting dissimilarity matrix was subjected 

to tree construction using the unweighted pair group method with arithmetic means (UPGMA), 

employing the same software with the “ggplot2” (Wickham, 2016) packages. The phylogenetic 

tree was constructed in R, implementing the hclust algorithm, with the UPGMA-relevant 

agglomeration method. 

 

6.3. Results and Discussion 

6.3.1. SNPs calling and data filtering 

The GBS dataset showing the spread of scores across SNP markers is displayed in Figure 6.2. 

The alignment of the raw reads from the 94 black cumin genotypes to the reference genome 

resulted in the discovery of 41,442 SNPs and 9,564 silico markers. The SNP markers were then 

filtered using DArT-specific criteria (reproducibility > 99%, call rate > 95%, and minor allele 

frequency (MAF) ≥ 5%). First of all, the SNP dataset with the individual metadata was 

converted into the genlight object, and the quality of the SNP was provided. During the filtering 

process, the above filtering procedures were kept consecutively. The successive filtering criteria 

depended on the prior filtered genlight object.  
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Figure 6.2. A smear plot showing the spread of scores across markers for each black cumin 

genotype. ("0" = Reference allele homozygote, "1" for SNP allele homozygote, "2" for 

heterozygote, and "-" for double null/null allele homozygote (absence of fragment with SNP in 

genomic representation)) 

 

Of the 41,442 SNP markers, only 1391 (3.36%) informative were deployed for downstream 

analysis; Table 6.1 displayed the diversity of markers kept after filtering. With a mean value of 

1.00, the markers demonstrated excellent call rate and repeatability. The major allele frequency 

ranged from 0.92 to 0.98 with an average value of 0.96, while the minor allele frequency ranged 

from 0.005 to 0.50 with a mean of 0.014.   

Table 6.1. After filtering, the characterization and distribution of SNP marker quality parameters 

of the black cumin genetic dataset 

Markers quality Minimum Maximum Average 

Reproducibility 1.00 1.00 1.00 

Call rate 1.00 1.00 1.00 

Polymorphic information content (PIC) 0.03 0.15 0.07 

Minor allele frequency (MAF)  0.005 0.50 0.014 

Major allele frequency  0.92 0.98 0.96 

 

Botstein et al. (1980) categorized polymorphic information content (PIC) as slightly informative 

(< 0.25), moderately informative (between 0.25 and 0.5), and highly informative (> 0.5). The 

polymorphic information content (PIC) ranged from 0.03 to 0.15, with a mean value of 0.07. 
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These SNPs retained after the refinement had a mean PIC value of 0.07. A supporting result was 

reported by Mirzaei and Mirzaghaderi (2015) in 39 Iranian black cumin collections using the 

SCoT marker. 

 

6.3.2. SNP Markers distribution 

The SNP marker distribution of the refined data across the black cumin genome is presented in 

Table 6.2. The marker alleles observed were A/G (15.82%), T/C (15.46%), G/A (20.92%), C/T 

(21.06%), C/A (4.03%), A/T (4.03%), T/A (4.24%), G/T (4.17%), A/C (4.17%), T/G (2.80%), 

C/G (1.65%), and G/C (1.65%).  The transition-type SNPs (73.26%) are more abundant than the 

transversion-type SNPs (26.74%) in the black cumin genomes. Across the entire genome, the 

transitions to transversions (Ts/Tv) ratio is typically around 2.74:1. Compared to A/G and T/C, 

more G/A and C/T transition-type SNPs were found. High frequencies of transition mutations 

(C to T and G to A) after methylation may be indicated by the observation of a 

transition/transversion (Ts/Tv) ratio.  

 

Table 6.2. Allelic information and proportion of transition and transversion-type SNP markers 

detected 

Allelic 

information 

Transitions Transversions 

A/G T/C G/A C/T C/A A/T T/A G/T A/C T/G C/G G/C 

Number of 

allelic sites 
220 215 291 293 56 56 59 58 58 39 23 23 

Allelic site (%) 15.82 15.46 20.92 21.06 4.03 4.03 4.24 4.17 4.17 2.80 1.65 1.65 

Sum 1019 372 

Percentage 73.26 26.74 

 

6.3.3. Population structure 

An effective statistical technique for determining the genetic makeup and relative ancestry of a 

population is population structure analysis. In this study, the population structure of 94 black 
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cumin genotypes was assessed using various methodologies. The structure analysis revealed the 

existence of two ancestral populations in the collected black cumin genotype as indicated by the 

Delta k values (Figure 6.3). The black cumin populations were divided into two probable 

subpopulations based on population structure analysis, independent of geographic origin. A 

similar result was reported by Birhanu et al. (2015) in a molecular diversity study on 84 

Ethiopian black cumin accessions using ISSR markers. Additional successful groupings were 

reported by Mirzaei and Mirzaghaderi (2015) and Mehri et al. (2022) on Iranian black cumin 

landraces by using SCoT and ISSR markers, respectively. In these studies, most of the landraces 

collected from different parts of Iran were grouped under the same subpopulation. 

 

 
Figure 6.3. Structure results: the genetic structure of all black cumin populations in major modes 

at K = 2 using 1391 SNP markers. Numbers represented populations (1: Amhara, 2: B/Gumuz, 

3: Improved, 4: Oromia, 5: SNNP, and 6: Tigray), respectively. 

 

The scatter plots of DAPC (Figure 6.4) and principal coordinate analysis (Figure 6.5) also 

confirmed the grouping of the test genotypes into two groups. This result is consistent with the 
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structure output. Therefore, the most probable number of subpopulations in the collected black 

cumin genotypes was two (K = 2). 

 
Figure 6.4. The scattered plot of DAPC at K=2. Each color represents one cluster. 

 

Figure 6.5. PCoA shows clustering patterns of 94 black cumin test genotypes based on genetic 

distances (GD) using 1391 SNP markers. (Genotypes written in black and red colors represented 

clusters I and II, respectively.) 
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6.3.4. Genetic diversity  

The subpopulations of Ethiopian black cumin were categorized based on the geographical 

origins (pre-defined populations, n = 6) and the genetic group (n = 2). Table 6.3 displays the 

estimated genetic parameters for the pre-defined subpopulations and the genetic groups. 

 

In pre-defined subpopulations 

The average number of alleles varied from 1.487 to 1.983 (mean = 0.774 ± 005) (Table 6.3). 

The highest average number of alleles (Na = 1.983) was observed for genotypes originating 

from the Oromia region, followed by the Amhara region (Na = 1.923). In contrast, the 

population from the Benshangul-Gumuz region had the lowest value (Na = 1.487). The number 

of effective alleles varied from 1.312 to 1.34 (mean = 1.323 ± 003). The highest number of 

effective alleles (Ne = 1.34) was observed in genotypes originating from the Tigray region, 

followed by the Oromia region (Ne = 1.327), whereas genotypes originating from the SNNP 

region showed the lowest value (Ne = 1.312). This indicates the occurrence of an average 

number of alleles is more than the effective number of alleles. The variation in the number of 

alleles indicated the presence of genetic variability in black cumin genotypes.  

 

Allelic richness ranged from 1.46 to 1.607 (mean = 1.564 ± 027) (Table 6.3). The genotypes 

originating from the Oromia region observed the highest allelic richness (Ar = 1.607), while the 

lowest value (Ar = 1.46) was shown by the Benshangul-Gumuz region. This indicates the 

variability of the genotypes originating from different regions of Ethiopia. The measure of 

allelic richness indicates the genetic diversity of a population and reflects its potential for 

adaptability and long-term persistence (Greenbaum et al., 2014). 
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The Shannon information index varied from 0.277 to 0.364 (mean = 0.331 ± 002) (Table 6.3). 

Genotypes originating from the Oromia region (I = 0.364) and the Amhara region (I = 0.352) 

were the richest subpopulations. In contrast, genotypes originating from the Benshangul-Gumuz 

region showed the lowest value. This confirmed the presence of genetic diversity between the 

black cumin genotypes.  

 

The observed heterozygosity varied from 0.033 to 0.043 (mean = 0.037 ± 001) (Table 6.3). The 

highest observed heterozygosity (Ho = 0.043) was shown by the genotypes originating from the 

SNNP region, followed by the Tigray region (Ho = 0.04). In contrast, the lowest value (Ho = 

0.033) was observed in the genotypes from the Amhara region. The expected heterozygosity 

varied from 0.187 to 0.224 (mean = 0.22 ± 002). The highest expected heterozygosity was found 

in genotypes originating from the Oromia and Tigray regions (He = 0.224 and He = 0.219, 

respectively). In contrast, the lowest value (He = 0.187) was observed in the genotypes from the 

Benshangul-Gumuz region. This indicates the observed heterozygosity was lower than the 

expected heterozygosity. This can be attributed to inbreeding. If the observed heterozygosity is 

lower than predicted, we could expect some degree of inbreeding (Kanaka et al., 2023).  

 

The inbreeding coefficient varied from 0.369 to 0.783 (mean = 0.766) (Table 6.3). The highest 

inbreeding coefficient (F = 0.783) was observed in genotypes originating from the Oromia and 

Amhara regions (F = 0.783 and F = 0.734, respectively); the lowest value (F = 0.369) was 

observed in the genotypes from the Benshangul-Gumuz region. The higher inbreeding 

coefficient values indicate that the parents are more closely related than the lower value. This 

indicates the presence of genetic diversity is higher in the improved varieties and genotypes 
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originating from Benshangul-Gumuz, SNNP, and Tigray regions as compared to Amhara and 

Oromia regions.  

 

The percentage of polymorphic loci varied from 48.74 to 98.27% (mean = 77.37%) (Table 6.3). 

The genotypes originating from the Oromia and Amhara regions had the highest percentage of 

polymorphic loci (PPL = 98.27% and PPL = 92.31%, respectively). However, the lowest 

percentage of polymorphic loci was observed in the genotypes from the Benshangul-Gumuz 

region (PPL = 48.74%). This might be due to a decline in the proportion of polymorphic loci to 

the total number of populations. Similar results were reported by Birhanu et al. (2015) on 

Ethiopian black cumin collections. 

 

Table 6.3. Genetic diversity in the populations of 94 Ethiopian black cumin genotypes 

Population 
Genetic parameters 

Na Ne Ar I Ho He F PPL 

Based on geographical origin (Population = 6) 

Amhara 1.923 1.324 1.587 0.352 0.033 0.216 0.734 92.31 

B/Gumuz 1.487 1.317 1.46 0.277 0.035 0.187 0.369 48.74 

Improved 1.675 1.316 1.533 0.314 0.039 0.214 0.501 67.51 

Oromia 1.983 1.327 1.607 0.364 0.035 0.224 0.783 98.27 

SNNP 1.792 1.312 1.571 0.334 0.043 0.208 0.588 79.15 

Tigray 1.782 1.34 1.585 0.346 0.04 0.219 0.58 78.22 

Total 

Mean 1.774 1.323 1.564 0.331 0.037 0.22 0.766 77.37 

SE (±) 0.005 0.003 0.027 0.002 0.001 0.002 0.005 7.26 

Based on genetic groups (Population = 2) 

Group I 2 1.322 1.845 0.366 0.035 0.22 0.806 100 

Group II 1.686 1.371 1.665 0.341 0.047 0.224 0.516 68.58 

Total 

Mean 1.843 1.347 1.755 0.353 0.041 0.222 0.784 84.29 

SE (±) 0.007 0.006 0.090 0.004 0.002 0.003 0.007 15.71 

Where, B/Gumuz = Benshangul-Gumuz, SNNP = Southern Nations Nationalities and Peoples, 

Na = average number of alleles; Ne = effective number of alleles; Ar = Allelic richness; I = 

Shannon’s information index; Ho = observed heterozygosity; He = expected heterozygosity; F 

= Fixation Index/Inbreeding coefficient; PPL = percentage of polymorphic loci; SE = Standard 

error. 
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In the genetic groups 

The average number of alleles varied from 2 to 1.686 (mean = 1.843 ± 0.007) (Table 6.3). The 

higher average number of alleles (Na = 2.0) was observed in genotypes from group I, whereas 

the lower value (Na = 1.686) was observed in genotypes from group II. The number of effective 

alleles varied from 1.322 to 1.371 (mean = 1.347 ± 0.006). The higher number of effective 

alleles (Ne = 1.371) was observed in genotypes from group II, whereas the lower value (Ne = 

1.322) was observed in genotypes from group I.  

 

Allelic richness ranged from 1.686 to 1.852 (mean = 1.769 ± 0.083) (Table 6.3). The genotypes 

from group I observed the higher allelic richness (Ar = 1.852), while the lower value (As = 

1.686) was observed by genotypes from group II. The Shannon information index varied from 

0.366 to 0.341 (mean = 0.353 ± 0.004) (Table 6.3). Genotypes originating from group I (I = 

0.366) were the richer subpopulation than the genotypes from group II. The observed 

heterozygosity varied from 0.035 to 0.047 (mean = 0.041 ± 0.002) (Table 6.3). The higher 

observed heterozygosity (Ho = 0.047) was observed in genotypes from group II. In contrast, the 

lower value (Ho = 0.035) was observed in genotypes from group I. The expected heterozygosity 

varied from 0.22 to 0.224 (mean = 0.222 ± 0.003). The higher expected heterozygosity was 

found in genotypes from group II (He = 0.224). In contrast, the lower value (He = 0.22) was 

observed in the genotypes from group I.  

 

The inbreeding coefficient varied from 0.516 to 0.806 (mean = 0.784 ± 007) (Table 6.3). The 

higher inbreeding coefficient (F = 0.806) was observed in genotypes from group I. In contrast, 

the lower inbreeding coefficient value (F = 0.516) was observed in genotypes from group II. 

The percentage of polymorphic loci varied from 68.58% to 100% (mean = 84.29% ± 15.71) 
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(Table 6.3). The genotypes from group I had the higher percentage of polymorphic loci (PPL = 

100%), whereas the lower percentage of polymorphic loci was observed in the genotypes from 

group II (PPL = 68.58%).  

 

6.3.5. Analysis of molecular variance 

The AMOVA for the pre-defined subpopulations and genetic groups of 94 black cumin 

genotypes is displayed in Table 6.4.  

 

In pre-defined subpopulations 

The results revealed that the highest genetic variations (83%) were observed among genotypes 

within populations, followed by within genotypes (16%) based on geographical origins. 

However, the lowest value (1%) was observed among populations. This might result from 

comparatively higher seed exchange rates between geographical origins at its regional and trans-

regional markets, which could cause genotypes to mix. The high probability of new genetic 

variation by mutation within the population might be the other reason. Supporting results were 

reported on black cumin collections by Birhanu et al. (2015) from Ethiopia using ISSR markers 

and Golkar and Nourbakhsh (2019) from Iran using sequence-related amplified polymorphisms 

(SRAP) and start codon targeted (SCoT) markers. The average fixation index is crucial for 

measuring genetic diversity among and within populations. The genetic differentiation was 

lowest among populations (Fst = 0.014), nevertheless, it was higher among genotypes within 

populations (Fis = 0.841) and within genotypes (Fit = 0.843). This is all corroborated by the 

estimated variance values (Table 6.4). The value of the overall gene flow was 17.35 (Table 6.4). 

This low variation among populations may be caused by larger-scale agroecological adaptation 
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of the crop, the limited introduction of new varieties to the farming system, and regional 

exchange of genotypes.  

 

In the genetic groups 

The highest genetic variation (74.3%) was observed among genotypes within populations, 

followed by within genotypes (14.3%). However, the lowest genetic variation (11.4%) was 

observed among populations. The genetic differentiation was lowest among populations (Fst = 

0.114), nevertheless, it was higher among genotypes within populations (Fis = 0.839) and within 

genotypes (Fit = 0.857). This is all corroborated by the estimated variance values (Table 6.4). 

The overall gene flow was 1.937 (Table 6.4).  

 

According to Hartl and Clark (2007), there were many migrants in every generation in the case 

of the pre-defined subpopulations. This would promote an increase in variability within 

individuals of Ethiopian black cumin. This also confirms the presence of significant genetic 

differentiation among individuals. Gene flow facilitates gene migration, increases genetic 

variability, and may speed up the process of evolution (Mallory-Smith and Zapiola, 2008). 
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Table 6.4. Results of the analysis of molecular variance (AMOVA) among and within test black 

cumin subpopulations 

Source Df SS MS EV % EV F-statistics p-value 

Based on geographical origin (Population = 6) 

Among populations 5 1782.42 356.483 2.28709 1 Fst = 0.014 0.001 

Among genotypes 88 25706 292.114 133.429 83 Fis = 0.841 0.001 

Within genotypes 94 2374 25.2553 25.2553 16 Fit = 0.843 0.001 

Total 187 29862.5  160.972 100 Nm = 17.35  

Based on genetic groups (Population = 2) 

Among populations 1 1009.94 1009.94 20.203 11.40 Fst = 0.114 0.001 

Among genotypes  92 26478.5 287.81 131.277 74.30 Fis = 0.839 0.001 

Within genotypes 94 2374 25.255 25.255 14.30 Fit = 0.857 0.001 

Total 187 29862.5   176.735 100.00 Nm = 1.937   

 

Where, Df = Degrees of freedom; SS = Sum of squares; MS = Mean square; EV = Estimated 

variance, % EV = Percent of estimated variance; Fst = Genetic differentiation, Fis = Fixation 

index or inbreeding coefficient; Fit = Overall fixation index, Nm = Gene flow, and p-value = 

Probability value. 

 

This is also confirmed by the pairwise Nei’s genetic distance results presented in Table 6.5. The 

genetic distance ranged from 0.009 to 0.091. Furthermore, the highest genetic distance was 

observed between the black cumin genotypes from the Improved varieties and Benshangul-

Gumuz regions, followed by the Tigray and Benshangul-Gumuz regions. However, the lowest 

genetic distance was observed between genotypes from the Oromia and Amhara regions. This 

indicates the genetic differentiation between black cumin genotypes from the improved varieties 

and Benshangul-Gumuz regions is high, followed by the Tigray and Benshangul-Gumuz 

regions, whereas the genetic differentiation was little between genotypes from the Oromia and 

Amhara regions.  

 

The pairwise Nei’s genetic distances of the population matrix were calculated based on allele 

frequencies, and the results are shown in Table 6.6. The pairwise Nei’s genetic distance of the 
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two groups were 0.054 and 0.948, respectively (Table 6.6). This indicates the occurrence of 

moderate genetic diversity among the groups of black cumin. 

 

Table 6.5. Pairwise Nei’s genetic distance between 94 black cumin genotypes based on 1391 

SNP markers 

Population Amhara Benshangul-Gumuz Improved Oromia SNNP 

Amhara      

Benshangul-Gumuz 0.057     

Improved 0.027 0.091    

Oromia 0.009 0.056 0.027   

SNNP 0.020 0.076 0.038 0.016  
Tigray 0.023 0.081 0.035 0.017 0.026 

Where SNNP = Southern Nations, Nationalities, and Peoples 

 

 

Table 6.6. Pairwise Nei’s genetic distance (below diagonal) and genetic identity (above 

diagonal) of the structure-inferred genetic groups of 94 black cumin genotypes based on 1391 

SNP markers 

 Group-I Group-II 

Group-I  0.948 

Group-II 0.054  
 

 

6.3.6. Phylogenetic relationships 

The 94 black cumin test genotypes were divided into two separate clusters using a UPGMA 

dissimilarity dendrogram created using the distance matrix produced (Figure 6.6).  

 

Cluster I: This group comprised 84 (89.36%) genotypes of which eight were improved varieties 

and 76 accessions (Table 6.7). There was a clear tendency for all the improved varieties, and 

most of the genotypes from the five regions to group in the first cluster. Based on the prior 

morpho-agronomic and biochemical studies on the 64 black cumin genotypes, most genotypes 

(ca. 61) grouped under this cluster were characterized by higher seed yield, fixed oil, and 
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essential oil yields per hectare. Furthermore, this group comprised genotypes from the two 

chemotypes (thymoquinone and ρ-cymene types). 

 
Figure 6.6. UPGMA dendrogram showing the genetic relationships among Ethiopia's 94 black 

cumin genotypes using 1391 SNP markers. (Blue and red colors represent clusters I and II, 

respectively.)   

 

Cluster II: The remaining 10 (10.64%) genotypes were assigned to this cluster (Table 6.7). Of 

this, only three genotypes were included from the previous experiments and seven from EBI. 

The categories were not based on the geographical areas from which the black cumin genotypes 

originated. This could be due to the movement of planting material between geographical 

locations, which increases gene flow and allele distribution across various populations. Based 

on the previous result, the group was characterized by lower seed yield, fixed, and essential oil 
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yields per hectare. Chemotypically, they were grouped under the thymoquinone/carvacrol/ 

longifolene type. 

 

Table 6.7. Clustering of 94 black cumin genotypes of Ethiopia into two distinct clusters based 

on genetic distance 

Cluster 
Number of 

genotypes 
Genotypes included 

Collection 

region 

I 84 (89.36%) 

223072, 20432, 90503, 30756, Gammachis, 19056, 20435, 19935, 

Darbera, 28587, 230038, 003_ATH, 004_ATH, Qeneni, 215319, 

242842, 28586, 30769, 90501, 20431, 90506, 015_ATH, 20434, 

90512, 014_ATH, 007_ATH, 236832, 90504, 242841, 28584, 90502, 

223069, 212520, 19884, 30753, 230039, 30765, 28593, 20783, 19879, 

DERSHYE, 242224, 28585, 19877, 230037, 242844, 230777, 208688, 

20226, 19890, 013_ATH, 19874, Silingo, 010_ATH, 20225, 230040, 

242223, 240403, 8502, Kena,  242823, 009_ATH, 19590, 19889, 

219970, 012_ATH, 017_ATH, 019_ATH, 19888, 20784, 240404, 

242840, 242839, 242838, 242835, 242833, 242826, 90510, 237989, 

20202, 223070, 002_ATH, Sooressaa, 242528, 242225, 242222, 9068, 

242221, 9069, 242825, 9067, 20789, ADEN 

Oromia,  

Tigray, 

Improved, 

Amhara,  

SNNP, 

B/Gumuz 

II 10 (10.64%) 
90512, 242844, 28587, 20789, 30756, 20431, 013_ATH, 20435, 

229808, 19879                

Oromia, 

Tigray, 

Amhara, 

B/Gumuz, 

SNNP  

B/Gumuz = Benshangul-Gumuz; SNNP = Southern Nations Nationalities and Peoples. 

 

6.4.  Conclusion 

Advanced molecular techniques were utilized to generate the SNP data in this study, which 

provides valuable insights for upcoming genetic and breeding ventures involving black cumin. 

The study revealed high genetic variation within Ethiopian black cumin germplasm. It has also 

shown that much of this genetic variation is present among genotypes within populations and 

within genotypes than among populations. In addition, multiple modelling approaches 

partitioned the Ethiopian black cumin germplasm into two sub-populations. These findings were 

parallel to the findings obtained through morphological and biochemical studies of black cumin 

in Ethiopia and can serve as valuable input in the conservation and improvement of the crop. 
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CHAPTER 7 

 

7. Summary and Recommendations 

Black cumin whole seeds, fixed and essential oils, are economically important for flavoring 

foods and treating various ailments due to their many bioactive compounds. It has grown for a 

long period by small-scale farmers in different agroecologies of Ethiopia. It has different local 

names from the dwellers of the growing areas, including farmers. Small-holder farmers have 

undertaken the production, processing, and marketing. Currently, the whole seeds as a spice and 

fixed oil (“Ye Tikur Azmud Zeyit”) have been sold for their aroma and medicinal value by 

different private investors in the country. Despite their greater adaptability, availability, and 

economic importance, there is a shortage of information on the diversity of genetic resources. 

Thus, the present studies were conducted to investigate the variability of Ethiopian black cumin 

based on morpho-agronomic and biochemical traits and using DArTseq SNP markers. 

 

Four different experiments were conducted to achieve the above objectives. In the first two 

studies, a total of 64 black cumin genotypes composed of 8 improved varieties and 56 genotypes 

collected from five different former regions of Ethiopia were characterized for morpho-

agronomic and biochemical traits at Debre Zeit and Kulumsa Agricultural Research Centers 

using an 8 × 8 simple lattice design with two replications. Essential and fixed oils were extracted 

by the methods of hydrodistillation and solvent extraction, respectively. The third experiment 

was conducted to investigate the variability of the 64 black cumin genotypes by essential oil 

compositions using Gas chromatography-mass spectrometry (GC-MS) analysis at Wondo Genet 

Agricultural Research Center Natural Products Laboratory. In the fourth experiment, the genetic 
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diversity of 94 black cumin genotypes composed of 64 genotypes obtained from the first 

experiment and 30 additional materials obtained from the Ethiopian Biodiversity Institute were 

determined using DArTseq SNP markers. The univariate, bivariate, and multivariate analyses 

of the collected data were performed. 

 

There is a significant genetic variation among black cumin genotypes in Ethiopia for the studied 

morpho-agronomic traits. This suggests there is a high potential of the studied genotypes for the 

genetic improvement of those traits. The number of capsules per plant and plant height exhibited 

high heritability in a broad sense, coupled with high to moderate genetic advance as a percentage 

of the mean, which indicates the possibility of these traits through selection. Plant height and 

number of primary branches per plant were the most influential traits on seed yield per hectare; 

this would be an important selection criterion for further seed yield improvement programs of 

those genotypes. About 81.5% of the variation that occurred among the studied genotypes was 

explained by the first four principal components. The PCA confirmed the presence of high 

phenotypic variability among the black cumin genotypes of Ethiopia. The studied genotypes 

were grouped into three distinct clusters. This implies that there is a presence of significant 

quantitative traits of diversity that can be exploited for further black cumin improvement 

programs. In general, this study confirmed that there is a reality about the presence of enough 

variation in most of the morpho-agronomic traits studied, which can create an enabling 

environment for breeders to design active genotype collection, conservation, and use strategies.  

 

The mean performance of the genotypes discovered the wider ranges between the least and 

greatest values of all biochemical traits, this showed the presence of significant variation among 

black cumin genotypes included in this study. This might be the result of the difference in the 
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genetic makeup of the genotypes. Essential oil yield per hectare had a significant positive 

correlation with FOY and EOC, but it did not correlate with FOC. The fixed oil yield per hectare 

had a strong positive and significant correlation with FOC. About 85.86% of the variation that 

occurred among the studied genotypes was explained by the first two principal components. 

Essential and fixed oil yield per hectare were the main contributor traits for most of the variation 

occurring among the genotypes in the first PC, whereas FOC and EOC were the main contributor 

traits for the second PC. The PCA confirmed the existence of high variability among black 

cumin genotypes of Ethiopia in all the biochemical traits studied. Genotypes of black cumin 

were partitioned into three distinct clusters with significant variation in the distance among 

genotypes within and among them. Genotypes 90504, 219970, and 013_ATH were the top 5% 

best-performed collections over improved varieties selected for FOY and EOY. In general, this 

study confirmed the presence of high variation in most of the biochemical traits studied in 

Ethiopian black cumin genotypes. Moreover, this finding has a significant advantage for 

academia, industries, researchers, policymakers, and societies at large.  

 

Twenty-seven compounds were identified using GC-MS analysis of 64 black cumin genotypes 

essential oils.  Based on the results, the essential oils that made up 92% to 100% of the total 

composition were ρ-cymene, α-thujene, carvacrol, trans-4-methoxy thujane, longifolene, 

terpinen-4-ol, 2-ethylhexyl isohexyl phthalate, β-pinene, α-pinene, phthalic acid, 2-fluorobenzyl 

heptyl ester, and d-limonene. The most prevalent components across all genotypes were five 

compounds: trans-4-methoxy thujane, α-thujene, ρ-Cymene, thymoquinone, and carvacrol. The 

remaining constituents differed depending on the genotype. Choosing the top 5% of black cumin 

accessions is predicted to improve all major volatile compounds by 13.2 to 15.1% compared to 

improved varieties. Thymoquinone exhibited a strong and significant negative correlation with 
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α-thujene, α-pinene, β-pinene, ρ-cymene, and d-limonene and a significant positive correlation 

with carvacrol. The first two principal components (PCs) accounted for 72.03% of the total 

variance, according to the principal component analysis of 12 major volatile constituents. This 

demonstrated that the Ethiopian black cumin genotypes in EOCs exhibit significant variability. 

The genotypes under study were divided into two chemotypes by cluster analysis. Chemotype 

A is characterized by high thymoquinone, carvacrol, and longifolene, while a high content of ρ-

cymene and α-thujene distinguishes Chemotype B.  

 

Advanced molecular techniques were utilized to generate the SNP data in this study, which 

provides valuable insights for upcoming genetic and breeding ventures involving black cumin. 

The study revealed high genetic variation within Ethiopian black cumin genotypes. It has also 

shown that much of this genetic variation is present among genotypes within populations and 

within genotypes rather than among regions. In addition, multiple modeling approaches 

partitioned the Ethiopian black cumin genotypes into two sub-populations. These findings were 

in line with the findings obtained through morphological and biochemical studies of black cumin 

in Ethiopia. They can serve as valuable input in the conservation and improvement of the crop. 

 

Based on information generated from diversity analysis studies, the following recommendations 

and associated future works are suggested. 

• Further characterization and evaluation studies at a wider agroecological condition of 

the country are required to understand the G x E interactions among morpho-agronomic 

and biochemical traits of black cumin diversity and enhance the improvement strategies.  
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• The genotypes need to be nutritionally characterized, and the full data needs to be 

documented. 

• A well-planned breeding program needs to be established by giving priority to desirable 

traits such as seed yield, oil yield, and major compounds (i.e., Thymoquinone). 

• Conventional plant breeding should be supplemented with targeted and trait-based 

association studies to come up with varieties with specific performance capacities that 

have a proven track record of success when it comes to phenotypic selection alone.  

• A high-resolution study of the morpho-agronomic and biochemical features of the 

promising accessions is recommended to improve black cumin productivity and 

standardized cosmetic and pharmaceutical product development. 

• GWAS – the next level of crop improvement – based on gene/SNPs – trait association 

studies are required.  
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APPENDICES 

Appendix Table 1. Lists of black cumin (N. sativa L.) genotypes with their area of collection 

in Ethiopia 

No. Genotype Region Zone 
Latitude 

(oN) 

Longitude 

(oE) 
Source Status 

1.  Darbera Oromia Bale - - SARC Improved 

2.  DERSHYE Oromia Bale - - SARC Improved 

3.  ADEN Oromia East Shewa - - DZARC Improved 

4.  Sooressaa Oromia Bale - - SARC Improved 

5.  Gammachis Oromia Bale - - SARC Improved 

6.  Silingo Oromia East Shewa - - DZARC Improved 

7.  Kena Oromia Bale - - SARC Improved 

8.  Qeneni Oromia Bale - - SARC Improved 

9.  8502 Oromia Bale 7.0000 39.8000 DZARC Accession 

10.  9067 Amhara West Gojjam 11.6856 37.0200 DZARC Accession 

11.  9068 Amhara West Gojjam 11.7611 37.0844 DZARC Accession 

12.  9069 Amhara West Gojjam 10.6467 37.0858 DZARC Accession 

13.  19884 SNNP 
Keficho 

Shekicho 
7.0644 36.0667 DZARC Accession 

14.  90501 Amhara West Gojjam 10.6392 37.0869 DZARC Accession 

15.  90502 Amhara South Gondar 11.9500 37.7000 DZARC Accession 

16.  90503 Amhara South Gondar 11.9833 37.7667 DZARC Accession 

17.  90504 Oromia Arsi 8.0500 38.7833 DZARC Accession 

18.  90506 Amhara East Gojjam 10.3333 38.0000 DZARC Accession 

19.  90510 Oromia West Shewa 9.1667 37.8333 SARC Accession 

20.  208688 Oromia West Hararghe 8.8167 40.4167 SARC Accession 

21.  212520 Oromia Bale 7.0167 39.9833 SARC Accession 

22.  215319 Amhara East Gojjam 11.0022 37.0031 SARC Accession 

23.  219970 Tigray Western 14.1367 38.3094 DZARC Accession 

24.  223069 Amhara East Gojjam 11.0022 37.0031 SARC Accession 

25.  223070 B/Gumuz Metekel 11.0000 35.7625 SARC Accession 

26.  223072 B/Gumuz Metekel 11.0000 35.7625 DZARC Accession 

27.  229808 B/Gumuz Metekel 10.5000 36.1667 DZARC Accession 

28.  230037 Tigray Central 14.0667 38.0833 SARC Accession 

29.  230038 Tigray Central 14.1667 38.7500 SARC Accession 

30.  230039 Tigray Northwestern 14.0667 38.0833 DZARC Accession 

31.  230040 Tigray Central 14.0833 39.1000 SARC Accession 

32.  230777 Oromia Borena 5.1167 39.4833 SARC Accession 

33.  237989 Oromia Bale 8.0500 38.7833 SARC Accession 

34.  240403 SNNP 
Keficho 

Shekicho 
7.2342 35.7092 SARC Accession 

35.  240404 SNNP 
Keficho 

Shekicho 
7.2500 36.0000 SARC Accession 

36.  242221 Amhara South Wollo 10.8411 39.8167 DZARC Accession 

37.  242222 Amhara North Wollo 11.9681 39.0722 DZARC Accession 

38.  242223 Tigray Western 14.1208 38.4747 DZARC Accession 

39.  242224 SNNP Arbaminch 6.1186 38.1186 SARC Accession 

40.  242225 Amhara South Wollo 11.0333 39.7542 DZARC Accession 

41.  242528 B/Gumuz Asosa 9.9858 34.6675 DZARC Accession 

42.  242825 Oromia Arsi 7.5606 39.6081 DZARC Accession 
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Appendix Table 1. Continued 

No. Genotype Region Zone 
Latitude 

(oN) 

Longitude 

(oE) 
Source Status 

43. 242826 Oromia Arsi 7.5744 39.5969 DZARC Accession 

44. 242833 Oromia Arsi 7.6508 39.4961 DZARC Accession 

45. 242835 Oromia Arsi 7.6036 39.5636 DZARC Accession 

46. 242838 Oromia Arsi 7.6031 39.5414 DZARC Accession 

47. 242839 Oromia Arsi 7.5719 39.5283 DZARC Accession 

48. 242840 Oromia Arsi 7.5544 39.5333 DZARC Accession 

49. 242841 Oromia Arsi 7.5511 39.5408 DZARC Accession 

50. 242842 Oromia Arsi 7.5356 39.5364 DZARC Accession 

51. 242844 Oromia Arsi 7.6061 39.5233 DZARC Accession 

52. 242823 Oromia Arsi 7.6036 39.5619 DZARC Accession 

53. 002_ATH Amhara North Gondar 12.3129 37.3220 DZARC Accession 

54. 003_ATH Amhara North Gondar 12.3401 37.3688 DZARC Accession 

55. 004_ATH Amhara North Gondar 12.3522 37.3389 DZARC Accession 

56. 007_ATH Amhara North Gondar 12.4253 37.2989 DZARC Accession 

57. 009_ATH Amhara North Gondar 12.2181 37.1950 DZARC Accession 

58. 010_ATH Amhara North Gondar 12.3575 37.1872 DZARC Accession 

59. 012_ATH Amhara North Gondar 12.3417 37.1092 DZARC Accession 

60. 013_ATH Amhara North Gondar 12.3072 37.3158 DZARC Accession 

61. 014_ATH Amhara North Gondar 12.2475 37.0406 DZARC Accession 

62. 015_ATH Amhara North Gondar 12.2300 37.0325 DZARC Accession 

63. 017_ATH Amhara North Gondar 12.1522 37.0150 DZARC Accession 

64. 019_ATH Amhara South Wollo 11.2636 39.6803 DZARC Accession 

Where, B/Gumuz = Benshangul-Gumuz, SNNP = Southern Nations, Nationalities, and Peoples, DZARC 

= Debre Zeit Agricultural Research Center, SARC = Sinana Agricultural Research Center. 
 

 

Appendix Table 2. Combined analysis of variance of 12 morpho-agronomic traits recorded on 

64 black cumin genotypes of Ethiopia at Debre Zeit and Kulumsa during the 2021 cropping 

season 

Traits 

Mean Square 
CV 

(%) 
Location  

(DF = 1) 

Genotype  

(DF = 63) 

Location*Genotype  

(DF = 63) 

Days to flowering 48675.39*** 6.33*** 4.49*** 2.1 

Days to 50% flowering 35297*** 8.23*** 5.83*** 0.3 

Days to full blooming 47198*** 10.42*** 6.43*** 1.1 

Days to maturity 16949*** 14.59*** 13.59*** 0.4 

Plant height (cm) 2232.56*** 55.67*** 37.73*** 7.4 

Number of primary branches per plant 39.06ns 0.86ns 0.92ns 16.7 

Number of capsules per plant 1600*** 9.38* 12.94*** 20.1 

Number of seeds per capsule 14976*** 83.19*** 84.16*** 6.5 

Number of seeds per plant 29247816*** 129767*** 167665.65*** 21.1 

Thousand seed weight (g) 3.04* 0.02*** 0.01** 3.3 

Seed yield per plant (g) 95.48*** 0.63*** 0.76*** 20.1 

Seed yield per hectare (t) 23.28*** 0.10*** 0.08*** 15.2 

Where, *= statistically significant at p < 0.05, ***= Significant at p < 0.01, ***= Significant at p < 0.001, 

and ns= Non-significant at p ≥ 0.05. 
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Appendix Table 3. Morphological traits of the 64 black cumin genotypes of Ethiopia 

No. Genotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 Darbera Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

2 DERSHYE Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

3 ADEN Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

4 Sooressaa Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

5 Gammachis Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

6 Silingo Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

7 Kena Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

8 Qeneni Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

9 8502 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

10 9067 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

11 9068 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

12 9069 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

13 19884 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

14 90501 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

15 90502 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

16 90503 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

17 90504 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

18 90506 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

19 90510 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

20 208688 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

21 212520 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

22 215319 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

 

Qualitative traits: 1= Seed color, 2= Seed shape, 3= Leaf color, 4= Leaf shape, 5= Leaf type, 6= Leaf margin, 7= Leaf phyllotaxy, 8= Petal color, 

9= Sepal color, 10= Flower symmetry, 11= Flower type, 12= Color of immature capsules, 13= Color of matured capsules, 14= Capsule shape, 15= 

Growth habit. Where, B=Black, Trian= Triangular, DD=Deeply-divided, Cpd= Compound, Zygo= Zygomorphic, Com= Complete, Det= 

Determinate, PD= Pinnately dissected, and Cyl= Cylinderical.  
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Appendix Table 3. Continued 

No. Genotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

23 219970 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

24 223069 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

25 223070 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

26 223072 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

27 229808 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

28 230037 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

29 230038 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

30 230039 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

31 230040 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

32 230777 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

33 237989 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

34 240403 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

35 240404 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

36 242221 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

37 242222 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

38 242223 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

39 242224 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

40 242225 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

41 242528 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

42 242825 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

43 242826 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

44 242833 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

45 242835 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

46 242838 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

Qualitative traits: 1= Seed color, 2= Seed shape, 3= Leaf color, 4= Leaf shape, 5= Leaf type, 6= Leaf margin, 7= Leaf phyllotaxy, 8= Petal color, 

9= Sepal color, 10= Flower symmetry, 11= Flower type, 12= Color of immature capsules, 13= Color of matured capsules, 14= Capsule shape, 15= 

Growth habit. Where, DD=Deeply-divided, B=Black, Trian= Triangular, Cpd= Compound, Zygo= Zygomorphic, Com= Complete, Det= 

Determinate, PD= Pinnately dissected, and Cyl= Cylinderical.  
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Appendix Table 3. Continued 

No. Genotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

47 242839 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

48 242840 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

49 242841 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

50 242842 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

51 242844 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

52 242823 Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

53 002_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

54 003_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

55 004_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

56 007_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

57 009_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

58 010_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

59 012_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

60 013_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

61 014_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

62 015_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

63 017_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

64 019_ATH Black Trian Green DD Cpd PD Alternate White Green Zygo Com Green Yellow Cyl Det 

 

Qualitative traits: 1= Seed color, 2= Seed shape, 3= Leaf color, 4= Leaf shape, 5= Leaf type, 6= Leaf margin, 7= Leaf phyllotaxy, 8= Petal color, 

9= Sepal color, 10= Flower symmetry, 11= Flower type, 12= Color of immature capsules, 13= Color of matured capsules, 14= Capsule shape, 15= 

Growth habit. Where, DD=Deeply-divided, B=Black, Trian= Triangular, Cpd= Compound, Zygo= Zygomorphic, Com= Complete, Det= 

Determinate, PD= Pinnately dissected, and Cyl= Cylinderical.  
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Appendix Table 4. Mean performance of 12 morpho-agronomic traits in 64 black cumin 

genotypes of Ethiopia tested at Debre Zeit and Kulumsa during the 2021 cropping season 

No. Genotype 
Morpho-agronomic traits 

1 2 3 4 5 6 7 8 9 10 11 12 

1 Darbera  70 86.5 91 150 60 12 103 1291 2.15 2.70 0.26 0.850 

2 DERSHYE  72.5 86.5 95 152 61 15 100 1486 2.20 3.17 0.24 0.810 

3 ADEN  70 83.5 91 148 58 9 94 858 2.20 1.90 0.36 1.185 

4 Sooressaa  72.5 86.5 95 152 56 11 97 1072 2.18 2.30 0.31 1.018 

5 Gammachis 72.5 86.5 95 152 58 14 91 1286 2.15 2.69 0.23 0.758 

6 Silingo  72.5 86.5 95 152 54 12 99 1157 2.25 2.61 0.23 0.778 

7 Kena  72.5 86.5 95 152 67 11 107 1115 2.23 2.44 0.30 1.005 

8 Qeneni  72.5 86.5 95 153 62 13 98 1327 2.08 2.72 0.25 0.850 

9 8502 72.5 86.5 95 152 50 11 92 980 2.15 2.10 0.19 0.615 

10 9067 72.5 86.5 95 152 55 12 98 1243 2.28 2.81 0.29 0.950 

11 9068 72.5 86.5 95 153 51 12 95 1150 2.10 2.39 0.20 0.670 

12 9069 72.5 88 94 152 60 8 102 821 2.23 1.82 0.27 0.905 

13 19884 72.5 86.5 95 153 63 14 95 1359 2.20 2.90 0.30 1.005 

14 90501 72.5 86.5 95 153 54 12 96 1173 2.28 2.63 0.30 0.998 

15 90502 72.5 86.5 95 151 57 11 97 1017 2.18 2.21 0.24 0.803 

16 90503 72.5 86.5 95 153 59 14 99 1469 2.18 3.18 0.35 1.165 

17 90504 69 81.75 89 145 62 13 104 1357 2.25 3.02 0.40 1.343 

18 90506 72.5 87 94 153 55 12 106 1279 2.20 2.80 0.21 0.695 

19 90510 72.5 86.5 95 152 58 12 104 1255 2.15 2.66 0.30 0.993 

20 208688 72 87 94 153 59 12 95 1181 2.13 2.49 0.36 1.185 

21 212520 72.5 86.5 95 152 60 14 95 1354 2.13 2.79 0.28 0.935 

22 215319 72.5 88 94 152 57 11 100 1106 2.18 2.39 0.27 0.893 

23 219970 78 86.5 95 152 64 13 107 1330 2.28 3.00 0.38 1.255 

24 223069 72.5 86.5 95 152 61 13 101 1363 2.08 2.79 0.28 0.930 

25 223070 72.5 87.5 94 153 60 13 108 1353 2.28 3.11 0.27 0.900 

26 223072 72.5 87 94 152 59 12 103 1302 2.23 2.83 0.25 0.843 

27 229808 72.5 86.5 95 152 56 11 99 1100 2.18 2.31 0.20 0.660 

28 230037 71.5 84.5 94 149 54 13 92 1168 2.25 2.63 0.31 1.015 

29 230038 72.5 86.5 95 151 55 11 89 954 2.18 2.06 0.21 0.688 

30 230039 72.5 86.5 95 152 48 13 95 1377 2.13 2.89 0.21 0.705 

31 230040 69 81.5 89 145 46 11 92 968.5 2.23 2.15 0.17 0.570 

32 230777 72.5 86.5 95 152 57 12 98 1157 2.20 2.54 0.27 0.905 

33 237989 69 81.3 89 145 53 14 93 1330 2.18 2.84 0.16 0.530 

34 240403 72.5 86.5 95 152 54 12 99 1293 2.15 2.68 0.22 0.723 

35 240404 72.5 87 94 152 48 11 96 1105 2.25 2.47 0.21 0.705 

36 242221 72.5 86.5 95 151 61 13 100 1339 2.15 2.87 0.28 0.923 

37 242222 72.5 86.5 95 152 54 11 98 1108 2.18 2.38 0.34 1.123 

38 242223 72.5 86.5 95 152 61 15 98 1540 2.15 3.28 0.28 0.933 

Quantitative traits: 1 = Days to flowering, 2 = Days to 50% flowering, 3 = Days to full blooming, 4 = 

Days to maturity, 5 = Plant height (cm), 6 = Number of capsules per plant, 7 = Number of seeds per 

capsule, 8 = Number of seeds per plant, 9 = 1000-seed weight (g), 10 = Seed yield (g/plant), 11 = Seed 

yield (kg/plot), 12 = Seed yield (t/ha). 
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Appendix Table 4. Continued 

No. Genotype 1 2 3 4 5 6 7 8 9 10 11 12 

39 242224 72.5 86.5 95 151 63 15 104 1645 2.25 3.60 0.28 0.923 

40 242225 69 81.5 89 145 61 11 102 1174 2.18 2.55 0.30 1.008 

41 242528 72.5 86.5 95 152 62 15 103 1579 2.20 3.37 0.30 0.983 

42 242825 72.5 86.5 95 151 55 10 101 1086 2.25 2.34 0.21 0.683 

43 242826 72.5 86.5d 95 153 57 12 105 1249 2.33 2.87 0.29 0.958 

44 242833 72.5 87 94 153 58 10 99 958.5 2.23 2.10 0.31 1.040 

45 242835 72.5 86.5 95 151 53 13 107 1363 2.18 3.05 0.23 0.763 

46 242838 72.5 86.5 95 153 56 14 99 1378 2.30 3.11 0.21 0.700 

47 242839 72.5 86.5 95 151 62 14 103 1452 2.33 3.33 0.29 0.958 

48 242840 72.5 86.5 95 152 53 11 95 1009 2.20 2.19 0.20 0.665 

49 242841 73.5 88.5 96 154 57 10 100 967 2.35 2.28 0.31 1.023 

50 242842 72.5 86.5 95 151 59 12 94 1145 2.28 2.57 0.28 0.943 

51 242844 72.5 86.5 95 151 57 12 97 1180 2.25 2.55 0.23 0.775 

52 242823 72.5 86.5 95 153 54 13 102 1350 2.25 2.99 0.25 0.845 

53 002_ATH 69 82.5 89 145 55 12 93 1100 2.15 2.31 0.18 0.593 

54 003_ATH 72.5 88 94 153 54 11 98 1110 2.20 2.47 0.22 0.733 

55 004_ATH 72.5 86.5 95 151 54 12 93 1150 2.20 2.54 0.22 0.738 

56 007_ATH 72.5 86.5 95 152 57 12 97 1110 2.10 2.28 0.23 0.763 

57 009_ATH 72.5 87 94 153 56 13 101 1305 2.28 2.89 0.30 1.010 

58 010_ATH 72.5 88 94 153 55 12 92 1077 2.20 2.37 0.21 0.710 

59 012_ATH 72.5 87 94 153 56 12 93 1097 2.23 2.42 0.21 0.693 

60 013_ATH 72.5 87 94 153 58 10 94 931 2.25 2.05 0.36 1.210 

61 014_ATH 72.5 88 94 153 56 13 106 1345 2.30 3.01 0.33 1.093 

62 015_ATH 72.5 86.5 95 152 58 11 95 1018 2.20 2.20 0.23 0.775 

63 017_ATH 72.5 86.5 95 152 57 11 94 1073 2.20 2.32 0.28 0.920 

64 019_ATH 72.5 86.5 95 152 59 14 94 1300 2.20 2.84 0.37 1.228 

Mean 72.2 86.3 93.7 151.3 56.9 12 98 1207 2.21 2.63 0.27 0.884 

LSD (5%) 2.99 3.41 3.6 5.21 8.7 5.08 13 578.6 0.1 1.23 0.12 0.39 

CV (%) 2.1 0.3 1.1 0.4 7.4 20.1 6.5 21.1 3.3 20.1 15.4 15.2 

Quantitative traits: 1 = Days to flowering, 2 = Days to 50% flowering, 3 = Days to full blooming, 4 = 

Days to maturity, 5 = Plant height (cm), 6 = Number of capsules per plant, 7 = Number of seeds per 

capsule, 8 = Number of seeds per plant, 9 = 1000-seed weight (g), 10 = Seed yield (g/plant), 11 = Seed 

yield (kg/plot), 12 = Seed yield (t/ha). 
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Appendix Table 5. Phenotypic path-coefficient analysis: Direct effect (diagonal) and indirect effect (off-diagonal) 

  DF DFPF DFB DM PH NBP NCP NSC NSP TSW SYP RP 

DF 0.0691 -0.2684 -0.0447 0.268 0.0708 0.0073 -0.0178 -0.0028 -0.0143 0.012 0.0408 0.12 

DFPF 0.0491 -0.3781 -0.0475 0.351 0.0455 -0.0016 0.0059 -0.003 -0.0043 0.0066 0.0163 0.04 

DFB 0.0553 -0.3214 -0.0558 0.317 0.0405 0.0032 -0.0268 -0.0015 -0.0158 0.0044 0.0408 0.04 

DM 0.0491 -0.3516 -0.0469 0.3774 0.0304 0.0008 0.003 -0.0026 -0.0057 0.0099 0.0163 0.08 

PH 0.0097 -0.034 -0.0045 0.0226 0.5058 0.0162 -0.0714 -0.0085 -0.0473 0.0066 0.1348 0.53** 

NBP 0.0062 0.0076 -0.0022 0.0038 0.1012 0.081 -0.0565 -0.0013 -0.0301 0.0088 0.0817 0.20* 

NCP 0.0041 0.0076 -0.005 -0.0038 0.1214 0.0154 -0.2974 -0.0002 -0.1334 -0.0022 0.3635 0.07 

NSC 0.009 -0.0529 -0.0039 0.0453 0.2023 0.0049 -0.003 -0.0213 -0.0459 0.0285 0.147 0.31** 

NSP 0.0069 -0.0113 -0.0061 0.0151 0.1669 0.017 -0.2766 -0.0068 -0.1434 0.0022 0.3962 0.16 

TSW 0.0076 -0.0227 -0.0022 0.034 0.0304 0.0065 0.0059 -0.0055 -0.0029 0.1095 0.0694 0.23* 

SYP 0.0069 -0.0151 -0.0056 0.0151 0.1669 0.0162 -0.2647 -0.0077 -0.1391 0.0186 0.4084 0.20* 

 

Appendix Table 6. Genotypic path-coefficient analysis: Direct effect (diagonal) and indirect effect (off-diagonal) 

  DF DFPF DFB DM PH NBP NCP NSC NSP TSW SYP RG 

DF 2.6195 -2.3616 -1.03 0.8359 0.187 0.1204 -0.0386 -0.2078 0.0203 0.0046 0.0704 0.22 

DFPF 2.5409 -2.4347 -0.9775 0.8537 0.1122 0.0067 0.0463 -0.1226 0.0054 0.0025 0.0169 0.05 

DFB 2.5671 -2.2642 -1.051 0.7915 0.1047 0.0468 -0.1699 -0.064 0.0257 0.0014 0.0619 0.05 

DM 2.4623 -2.3373 -0.9354 0.8893 0.0898 -0.01 -0.0077 -0.0959 0.0122 0.0019 0.031 0.1 

PH 0.6549 -0.3652 -0.1471 0.1067 0.7482 0.2107 -0.417 -0.3411 0.069 -0.0014 0.1323 0.65** 

NBP 0.943 -0.0487 -0.1471 -0.0267 0.4714 0.3344 -1.166 -0.2718 0.1462 -0.0117 0.2871 0.51** 

NCP 0.131 0.1461 -0.2312 0.0089 0.404 0.505 -0.7722 -0.469 0.1353 -0.0093 0.2814 0.13 

NSC 1.0216 -0.56 -0.1261 0.1601 0.4788 0.1706 -0.6795 -0.5329 0.1069 0.0088 0.2617 0.31* 

NSP 0.3929 -0.0974 -0.1997 0.08 0.3816 0.3612 -0.7722 -0.421 0.1353 -0.0022 0.2814 0.14 

TSW 0.7073 -0.3652 -0.0841 0.0978 -0.0599 -0.2308 0.4247 -0.2771 -0.0176 0.017 0.0478 0.26* 

SYP 0.6549 -0.1461 -0.2312 0.0978 0.3516 0.3411 -0.7722 -0.4956 0.1353 0.0029 0.2814 0.22 

DF= Days to flowering, DFPF= Days to 50 % flowering, DFB= Days to full blooming, DM= Days to maturity, PH=Plant height (cm), NBP= Number 

of primary branches per plant, NCP= Number of capsules per plant, NSC= Number of seeds per capsule, NSP= Number of seeds per plant, TSW= 

Thousand seed weight (g), SYP= Seed yield per plant (g), RP= Phenotype correlation, RG = Genotype correlation.. 

*= Significant at p < 0.05, **= Significant at p < 0.01 
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Appendix Table 7. Mean performance of 4 biochemical traits in 64 black cumin genotypes of 

Ethiopia tested at Debre Zeit and Kulumsa during the 2021 cropping season 

Genotype 
Biochemical traits 

ORC (%) ORY (kg) EOC (%) EOY (kg) 

Darbera 40.46 345.60 0.40 3.80 

DERSHYE 43.23 349.87 0.33 2.68 

ADEN 36.22 417.83 0.43 5.15 

Sooressaa 39.10 362.79 0.31 3.20 

Gammachis 38.82 292.12 0.38 3.02 

Silingo 34.63 258.51 0.18 1.61 

Kena 33.81 335.32 0.30 3.12 

Qeneni 33.74 270.14 0.35 2.71 

8502 34.25 211.37 0.40 2.65 

9067 33.70 319.77 0.38 3.49 

9068 44.21 298.56 0.23 1.49 

9069 38.16 344.37 0.33 3.51 

19884 44.97 456.67 0.25 2.70 

90501 35.45 346.35 0.55 5.16 

90502 42.63 345.36 0.47 3.68 

90503 39.07 457.43 0.30 4.05 

90504 42.89 582.03 0.55 7.18 

90506 35.51 247.00 0.33 2.27 

90510 37.86 381.49 0.35 4.35 

208688 35.16 419.16 0.24 2.86 

212520 34.97 324.56 0.29 2.83 

215319 38.14 336.49 0.54 4.69 

219970 40.18 499.95 0.49 5.91 

223069 33.52 311.42 0.41 4.01 

223070 38.51 347.25 0.38 3.44 

223072 34.28 289.70 0.45 3.91 

229808 40.18 263.10 0.53 2.17 

230037 38.45 397.28 0.43 4.77 

230038 35.64 248.34 0.40 2.74 

230039 39.08 275.88 0.35 2.50 

230040 41.11 233.07 0.40 2.63 

230777 37.81 344.49 0.25 2.38 

237989 35.13 185.97 0.35 1.81 

240403 40.39 291.72 0.40 3.38 

240404 39.98 272.60 0.18 1.13 

242221 38.11 351.85 0.27 2.76 

242222 40.37 455.81 0.39 5.18 

242223 39.97 371.52 0.45 4.63 

242224 39.32 363.72 0.35 3.37 

242225 36.31 367.86 0.45 4.69 

242528 39.57 388.68 0.38 3.75 

242825 37.47 257.31 0.28 1.95 

242826 33.98 324.05 0.40 3.81 

242833 35.97 376.01 0.30 3.11 

242835 34.47 263.35 0.30 2.50 

242838 34.49 241.54 0.20 1.41 

242839 32.96 315.43 0.45 4.48 

242840 32.55 215.21 0.30 2.29 

242841 37.39 384.81 0.30 2.71 

 

 



162 
 

Appendix Table 7. Continued 

Genotype 
Biochemical traits 

ORC (%) ORY (kg) EOC (%) EOY (kg) 

242842 35.99 340.29 0.35 3.04 

242844 35.70 274.40 0.30 1.42 

242823 36.59 309.52 0.38 3.22 

002_ATH 40.86 243.50 0.31 2.13 

003_ATH 37.90 276.19 0.23 1.47 

004_ATH 40.16 299.27 0.25 1.74 

007_ATH 33.12 252.02 0.40 3.50 

009_ATH 40.13 404.61 0.35 3.64 

010_ATH 36.29 257.06 0.30 2.13 

012_ATH 37.13 258.44 0.20 1.38 

013_ATH 41.85 509.28 0.40 5.35 

014_ATH 40.88 448.80 0.28 3.12 

015_ATH 39.22 384.54 0.22 2.24 

017_ATH 40.93 377.05 0.33 3.02 

019_ATH 38.94 433.25 0.31 3.72 

Mean 37.81 334.51 0.35 3.20 

LSD (5%) 2.75 150.88 0.24 2.34 

CV (%) 0.81 17.68 11.04 18.75 

 

FOC = Fixed oil content, FOY = Fixed oil yield per hectare, EOC = Essential oil content, EOY = Essential oil yield 

per hectare. 
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Appendix Table 8. The 12 major volatile chemical compounds (%) of 64 black cumin genotypes 

of Ethiopia across two locations during 2021 cropping seasons 

Genotype 
Chemical compound (%) 

Total 
CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC8 CC9 CC10 CC11 CC12 

Darbera 5.1 1.08 1.43 34.74 0.95 1.32 9.31 1.62 1.62 32.58 6.6 3.28 100 

DERSHYE 6.91 1.57 1.77 32.44 1.32 1.26 8.55 1.58 1.36 30.58 6.53 3.71 98 

ADEN 4.42 1.2 1.5 31.38 1.08 1.57 9.27 1.59 1.37 33.99 8.59 3.49 99 

Sooressaa 4.4 1.08 1.57 34.18 1.21 1.46 9.41 ─ 1.24 35.07 5.42 3.47 98 

Gammachis 5.7 1.44 1.86 35.92 0.74 0.72 9.4 0.7 0.7 31.54 6.9 2.88 98 

Silingo 3.65 0.67 1.36 30.53 0.62 1.61 9.74 1.66 1.68 32.75 10.08 3.17 98 

Kena 7.06 1.14 2.07 37.11 0.68 3.01 7.32 0.64 0.61 32.03 4.68 2.91 99 

Qeneni 5.39 1.25 1.72 34.58 0.98 1.2 7.77 1.56 1.52 36.4 4.38 2.47 99 

8502 9.45 2.03 2.67 45.3 1.76 1.52 9.27 1.32 1.47 14.81 5.65 3.4 99 

9067 4.26 1.16 1.53 34.12 1.04 1.32 9.11 1.51 1.26 34.5 5.88 3.86 100 

9068 0.91 ─ ─ 23.93 0.37 1.52 11.22 2.62 2.46 41.14 9.23 5.75 99 

9069 8.04 1.64 2 44.44 1.86 0.64 8.16 0.87 1.63 20.71 4.11 3.27 97 

19884 3.95 0.98 1.41 35.01 1.02 1.25 9.2 0.94 1.7 30.58 8.7 3.78 99 

90501 11.99 2.75 2.61 38.53 1.56 1.06 6.09 0.66 1.2 21.68 3.79 2.1 94 

90502 7.02 1.53 2.05 39.87 1.47 1.07 7.85 0.76 0.71 28.12 3.7 2.98 97 

90503 4.57 0.81 1.45 34.46 1.12 1.05 7.52 ─ 0.55 40.94 4.27 2.82 100 

90504 10.41 2.11 2.23 36.42 1.37 0.54 6.98 0.56 1.32 29.44 3.01 2.13 97 

90506 5.34 1.25 1.68 33.04 1.01 1.49 8.76 1.53 1.71 34.07 5.84 3.86 100 

90510 10.62 2.21 2.38 40.71 1.53 1.25 7.93 0.98 1.51 21.37 3.67 2.62 97 

208688 7.12 1.14 1.84 35.8 1.25 1.06 7.29 0.86 1.48 30.13 5.08 2.42 95 

212520 8.19 1.47 2.25 38.89 1.5 1.34 8.64 1.37 0.44 24.59 7.03 3.58 99 

215319 7.3 1.5 2.04 39.9 1.48 1.43 7.96 0.96 1.01 26.24 4.28 3.4 97 

219970 7.54 1.59 2 37.16 1.37 1.32 9.51 1.74 1.23 27.15 4.25 3.23 98 

223069 7.12 1.57 2.14 39.52 1.41 0.58 8.9 1.48 1.1 26.03 4.54 3.46 98 

223070 8.28 1.86 2.23 39.1 1.39 1.39 8.38 0.72 0.45 28.64 4.42 2.42 99 

223072 4.4 1.05 1.56 35.33 1.01 1.43 9.16 1.57 1.29 34.37 5.09 3.31 100 

229808 10.42 1.99 2.25 36.21 1.43 0.7 7.25 1.01 1.48 25.88 3.61 3.25 95 

230037 8.07 1.75 2.25 36.16 1.38 1.12 8.12 0.94 1.49 28.51 4.5 3.33 98 

230038 6.66 1.69 1.91 34.35 1.23 1.16 8.03 0.85 1.23 32.32 5.22 2.87 98 

230039 6.9 1.53 1.79 35.76 1.3 0.7 8.2 0.9 0.97 25.96 6.03 4.49 95 

230040 3.8 0.73 0.97 29.8 0.69 1.37 9.61 1.81 1.34 38 7.71 3.75 100 

230777 3.62 0.93 1.23 32.08 0.68 1.22 9.32 1.76 0.65 36.93 7.69 3.53 100 

237989 4.6 1.26 1.62 35.49 1.27 1.12 7.74 1.02 0.74 34.08 4.08 2.62 96 

240403 5.64 1.57 1.7 33.26 1.23 1.31 9.35 1.9 1.27 34.3 5.35 2.66 100 

240404 8.26 1.58 1.68 37.8 1.24 0.65 9.2 2.02 ─ 28.29 3.5 4.16 98 

242221 12.97 2.66 2.82 45.61 1.68 0.66 6.82 0.74 0.52 16.61 3.36 3.09 98 

242222 7.29 1.78 1.44 39.66 1.43 1.58 9.65 1.69 1.76 20.82 7.51 3.59 98 

242223 6.5 1.68 1.89 34.99 1.36 1.22 7.37 1.14 1.29 33.11 4.64 2.46 98 

242224 4.74 1.1 1.72 35.61 1.16 1.32 8.88 1.47 1.59 32.93 5.58 3.01 99 

242225 6 1.37 1.8 38.89 1.36 1.26 8.82 1.41 0.67 29.98 4.15 3.12 99 

242528 4.53 1.23 1.54 35.8 0.84 1.64 9.11 1.55 0.6 29.94 8.45 4.31 100 

242825 5.58 1.39 2.06 42.63 1.54 1.82 11.29 1.73 1.5 18.38 6.66 4.56 99 

242825 5.58 1.39 2.06 42.63 1.54 1.82 11.29 1.73 1.5 18.38 6.66 4.56 99 

242826 5.24 1.26 1.71 32.32 0.99 1.26 8.82 1.83 1.6 33.29 7.58 3.57 99 

242833 3.44 0.46 1.11 31.39 0.95 1.46 8.9 1.69 1.49 39.62 5.52 3.69 100 
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Appendix Table 8. Continued 

Genotype 
Chemical compound (%) 

Total 
CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC8 CC9 CC10 CC11 CC12 

242835 1.96 0.28 0.52 29.34 0.43 1.36 8.41 0.99 0.72 42.44 7.27 6.27 100 

242838 1.22 ─ 0.5 25.86 0.39 1.47 10.7 3.34 1.59 37.29 11.48 5.52 99 

242839 7.18 1.82 2.35 42.52 1.51 1.39 8.9 1.76 1.03 20.56 5.83 3.78 99 

242840 3.1 0.47 1.19 31.71 0.89 1.19 9.88 2.01 1.58 34.94 8.86 4.18 100 

242841 5.17 0.97 1.03 31.86 0.7 0.65 8.18 ─ 0.6 40.01 5.46 4.19 99 

242842 4.44 0.92 1.43 30.76 0.95 1.11 9.04 1.63 1.39 38.42 4.99 3.39 98 

242844 6.49 1.25 1.2 29.33 0.77 ─ 4.82 0.97 1.59 39.7 5.2 3.72 95 

242823 3.63 1.01 1.32 30.6 0.96 0.85 8.81 0.58 1.83 38.75 8.12 3.55 100 

002_ATH 8.09 1.74 2.21 39.45 1.61 1.58 7.46 1.41 1.85 23.96 4.27 3.68 97 

003_ATH 3.37 0.81 0.5 34.4 1.08 1.49 10.93 2.13 1.72 31.91 5.8 5.86 100 

004_ATH 2.55 0.56 0.54 28.69 0.47 1.47 10.31 2.24 0.79 37.59 7.04 6.97 99 

007_ATH 1.32 ─ 0.55 28.33 0.45 1.55 10.98 2.88 1.74 36.38 9.75 5.42 99 

009_ATH 3.84 0.81 1.39 37.9 1.22 1.46 10.16 2.07 1.53 29.29 4.59 4.54 99 

010_ATH 3.42 0.69 0.88 33.88 1.04 1.37 10.07 1.66 1.58 34.47 5.67 3.99 99 

012_ATH 11.13 2.24 1.97 38.74 1.4 0.65 7.63 1.05 0.65 24.71 3.2 3.37 97 

013_ATH 3.75 0.73 1.35 31.09 0.7 1.25 8.06 1.63 0.62 35.21 5.42 2.61 92 

014_ATH 2.81 0.77 1.18 30.73 0.47 0.62 8.4 2.29 0.91 40.35 7.92 3.55 100 

015_ATH 3.6 0.66 1.36 31.35 0.9 1.57 10.53 1.76 0.94 32.61 8.41 4.94 99 

017_ATH 4.34 1.02 1.86 39.84 1.44 1.39 9.11 0.88 1.3 26.58 6.55 3.29 98 

019_ATH 3.73 0.65 1.46 33.52 1.04 1.7 10.34 1.83 1.72 25.74 5.28 5.99 93 

Mean 5.76 1.24 1.62 35.16 1.11 1.24 8.78 1.38 1.23 31.08 5.91 3.67  

Minimum 0.91  0  0  23.93  0.37  0  4.82  0  0  14.81  3.01  2.1   

Maximum 12.97 2.75  2.82  45.61 1.86 3.01 11.29 3.34 2.46 42.44 11.48  6.97  

CC = Chemical composition: CC1 = α-Thujene, CC2 = α-Pinene, CC3 = β-Pinene, CC4 = ρ-Cymene, 

CC5 = D-Limonene, CC6 = 2-ethylhexyl isohexyl phthalate, CC7 = trans-4-methoxy thujane, CC8 = 

Terpinen-4-ol, CC9 = Phthalic acid, 2-fluorobenzyl heptyl ester, CC10 = Thymoquinone, CC11 = 

Carvacrol, CC12 = Longifolene. 
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Appendix Table 9. Lists of 94 black cumin (N. sativa L.) genotypes with their area of collection 

in Ethiopia 

No. Genotype Population Latitude (oN) Longitude (oE) Collection site 
Elevation 

(m.a.s.l)  

1 Darbera Oromia 8.771 39.0021 East Shewa 1865 

2 19889 SNNP 7.2481 36.4303 Keficho Shekicho 2603 

3 20789 Oromia 7.5475 39.6106 East Arsi 2309 

4 30765 Oromia 7.1636 40.6478 Bale 2008 

5 8502 Oromia 7 39.8 Bale 1953 

6 90504 Oromia 8.05 38.7833 Arsi . 

7 223070 B/Gumuz  11 35.7625 Metekel . 

8 237989 Oromia 8.05 38.7833 Bale . 

9 242528 B/Gumuz  9.9858 34.6675 Asosa 1480 

10 242841 Oromia 7.5511 39.5408 Arsi 2140 

11 009 ATH Amhara 12.2181 37.195 North Gondar 1861 

12 20431 Tigray 13.2358 39.5397 Southern 2088 

13 DERSHYE Oromia 7.12 40.17 Bale 2400 

14 19890 SNNP 7.0644 36.0667 Keficho Shekicho 1612 

15 28584 Oromia 7.7989 40.8611 Bale 1488 

16 30769 Oromia 7.0756 40.5725 Bale 1653 

17 9067 Amhara 11.6856 37.02 West Gojam 1840 

18 90506 Amhara 10.3333 38 East Gojam . 

19 223072 B/Gumuz  11 35.7625 Metekel . 

20 240403 SNNP 7.2342 35.7092 Keficho Shekicho 1540 

21 242825 Oromia 7.5606 39.6081 Arsi 2300 

22 242842 Oromia 7.5356 39.5364 Arsi 2155 

23 010 ATH Amhara 12.3575 37.1872 North Gondar 1834 

24 20432 Tigray 14.2561 39.1061 Central 2014 

25 ADEN Oromia 8.771 39.0021 East Shewa 1865 

26 20202 SNNP 7.2336 35.3869 Sheka 1350 

27 28585 Oromia 7.7828 40.8756 Bale 1508 

28 90512 Oromia 8.3667 39.8833 Arsi 2520 

29 9068 Amhara 11.7611 37.0844 West Gojam 1854 

30 90510 Oromia 9.1667 37.8333 West Shewa . 

31 229808 B/Gumuz  10.5 36.1667 Metekel 1700 

32 240404 SNNP 7.25 36 Keficho Shekicho . 

33 242826 Oromia 7.5744 39.5969 Arsi 2310 

34 242844 Oromia 7.6061 39.5233 Arsi 2360 

35 012 ATH Amhara 12.3417 37.1092 North Gondar 1886 

36 20434 Tigray 14.1469 38.4117 North West 1962 

37 Sooressaa  Oromia 7.12 40.17 Bale 2400 

38 19056 Oromia 7.3806 40.4842 Bale 2051 

39 28586 Oromia 7.2014 40.6297 Bale 2058 

40 236832 Oromia 8.0167 38.0833 West Shewa 2320 

41 9069 Amhara 10.6467 37.0858 West Gojam 2002 

42 208688 Oromia 8.8167 40.4167 West Harerge . 

43 230037 Tigray 14.0667 38.0833 Egnaw 2400 

44 242221 Amhara 10.8411 39.8167 South Wollo 1530 

45 242833 Oromia 7.6508 39.4961 Arsi 2290 

46 242823 Oromia 7.6036 39.5619 Arsi 2320 

47 013 ATH Amhara 12.3072 37.3158 North Gondar 1867 

48 20435 Tigray 14.0161 39.4556 Eastern 2214 

49 Gammachis Oromia 7.12 40.17 Bale 2400 
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Appendix Table 9. Continued 

No. Genotype Population Latitude (oN) Longitude (oE) Collection site 
Elevation 

(m.a.s.l)  

50 20225 Oromia 9.9072 36.8781 East Wellega 1978 

51 28587 Oromia 7.1644 40.6475 Bale 2007 

52 19935 Amhara 11.5625 38.985 North Wollo 2431 

53 19884 SNNP 7.2914 36.3669 Keficho Shekicho 2471 

54 212520 Oromia 7.0167 39.9833 Bale . 

55 230038 Tigray 14.1667 38.75 Egnaw 1940 

56 242222 Amhara 11.9681 39.0722 North Wollo 2130 

57 242835 Oromia 7.6036 39.5636 Arsi 2340 

58 002 ATH Amhara 12.3129 37.322 North Gondar 1791 

59 014 ATH Amhara 12.2475 37.0406 North Gondar 1871 

60 19874 SNNP 7.0644 36.0667 Keficho Shekicho 1612 

61 Silingo Oromia 7.12 40.17 Bale 2400 

62 20226 Oromia 8.7086 36.4447 East Wellega 1499 

63 28593 Oromia 6.9683 40.4864 Bale 1786 

64 19590 Oromia 8.6631 39.1828 North Shewa 1993 

65 90501 Amhara 10.6392 37.0869 West Gojam . 

66 215319 Amhara 11.0022 37.0031 East Gojam . 

67 230039 Tigray 14.0667 38.0833 Egnaw . 

68 242223 Tigray 14.1208 38.4747 Western 2080 

69 242838 Oromia 7.6031 39.5414 Arsi 2355 

70 003 ATH Amhara 12.3401 37.3688 North Gondar 1798 

71 015 ATH Amhara 12.23 37.0325 North Gondar 1864 

72 19877 SNNP 7.4083 36.4447 Keficho Shekicho 1385 

73 Kena Oromia 7.12 40.17 Bale 2400 

74 20783 Oromia 7.5964 39.5575 East Arsi 2333 

75 30753 Oromia 7.1081 40.6406 Bale 1957 

76 90502 Amhara 11.95 37.7 South Gondar 1840 

77 219970 Tigray 14.1367 38.3094 Western . 

78 230040 Tigray 14.0833 39.1 Egnaw 1950 

79 242224 SNNP 6.1186 38.1186 Arbaminch . 

80 242839 Oromia 7.5719 39.5283 Arsi 2290 

81 004 ATH Amhara 12.3522 37.3389 North Gondar 1800 

82 017 ATH Amhara 12.1522 37.015 North Gondar 1851 

83 19879 SNNP 7.2836 35.8517 Keficho Shekicho 1898 

84 Qeneni Oromia 7.12 40.17 Bale 2400 

85 20784 Oromia 7.5967 39.6389 East Arsi 2335 

86 30756 Oromia 7.1806 40.7172 Bale 1898 

87 90503 Amhara 11.9833 37.7667 South Gondar 1900 

88 223069 Amhara 11.0022 37.0031 East Gojam . 

89 230777 Oromia 5.1167 39.4833 Borena 1220 

90 242225 Amhara 11.0333 39.7542 South Wollo 1800 

91 242840 Oromia 7.5544 39.5333 Arsi 2160 

92 007 ATH Amhara 12.4253 37.2989 North Gondar 1821 

93 019 ATH Amhara 11.2636 39.6803 South Wollo 2142 

94 19888 SNNP 7.3983 36.0519 Keficho Shekicho 1567 

Where, B/Gumuz = Benshangul-Gumuz, SNNP = Southern Nations, Nationalities, and Peoples. 

*Improved varieties: Darbera, DERSHYE, ADEN, Sooressaa, Gammachis, Silingo, Kena, and Qeneni. 
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Appendix Figure 1. The photo gallery illustrated some of the phenomena at the testing site Kulumsa 

 Land preparation, layout and seeding; field performance of the genotypes at field condition  

 
Field supervision with advisor, threshing and seed cleaning 
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Appendix Figure 2. The photo gallery illustrated some of the phenomena at the testing site Debre Zeit 

Field performance of the genotypes at field condition  

 

Field supervision with advisors, threshing and seed cleaning 
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Appendix Figure 3. FOSS SoxtecTM 8000 fixed oil extracting instrument 

 

 

 

Appendix Figure 4. The assembled Clevenger apparatus setups 
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Appendix Figure 5. The photo gallery illustrated some of the phenomena during essential oil composition analysis using GC-MS 

Conditioning of the GC-MS and sample preparation for GC-MS 

    

Analyzing the samples with GC-MS 
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Appendix Figure 6. Diagrams show the report of DArTseq SNPs data quality report before imputation based on the filtered criteria 
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Appendix Figure 7. Diagrams show the report of DArTseq SNPs data quality report after imputation based on the filtered criteria 
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Appendix Figure 8. Diagrams show the report of DArTseq SNPs data quality report after imputation during filtering 

 

 

 


