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 Abstract : 
 	The present investigation was conducted during Rabi 2022–23 at the Vegetable Research Centre, JNKVV, Jabalpur, using 33 fennel genotypes evaluated in a Randomized Block Design with three replications. A wide range of morphological variation was observed among the genotypes. Frequency-based characterization revealed greater prevalence of long cotyledons, long first-leaf petiole, spreading growth habit, dense and dark green foliage, basal branching, late flowering, short plant height and low test weight. Analysis of variance indicated highly significant differences among genotypes for all traits studied, confirming the presence of considerable genetic variability. Phenotypic coefficients of variation exceeded genotypic coefficients for all characters, though both were high for number of umbels per plant followed by number of secondary branches, number of seeds per umbel, number of umbellets per umbel. High heritability coupled with high genetic advance was recorded for plant height, number of secondary branches, number of umbels per plant and number of seeds per umbel, indicating predominant additive gene action and higher effectiveness of selection. Correlation analysis revealed that seed yield per hectare was significantly and positively associated with number of primary branches, number of umbels per plant, number of seeds per umbel, test weight, seed yield per plant and seed yield per plot, identifying these traits as key yield determinants. Path coefficient analysis further confirmed strong positive direct effects of number of seeds per umbel, test weight, seed yield per plant and seed yield per plot on seed yield.
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  Introduction:
		Fennel (Foeniculum vulgare Mill.) is a perennial medicinal and aromatic spice crop belonging to the family Apiaceae, with a diploid chromosome number of 2n = 22. Two types of fennel are commercially important: bitter fennel (Foeniculum vulgare Mill. subsp. vulgare var. vulgare) and sweet fennel (Foeniculum vulgare subsp. vulgare var. dulce). Various plant parts bulbs, leaves, stalks, and fruits are edible. The crop is native to Europe and the Mediterranean region and is widely utilized in the food industry and pharmacology (Moser et al., 2014; Rather et al., 2016). In India, fennel is primarily cultivated in Gujarat and Rajasthan and is also grown to a lesser extent in Uttar Pradesh, Karnataka, Andhra Pradesh, Punjab, Madhya Pradesh, Bihar, Haryana, and Jammu & Kashmir.
		Fennel seeds contain around 9.5% protein, 10.0% fat, 42.3% carbohydrates, 18.5% crude fibre and 13.4% minerals, along with essential vitamins such as calcium, potassium, sodium, iron, phosphorus, thiamine, riboflavin and vitamin C. The seeds also possess 0.7– 6.0 % volatile oil, with the content varying according to genotype or botanical type. Fennel is most commonly valued for its essential oil, which is widely used in folk medicine due to its balsamic, cardiotonic, digestive, lactogogue and general tonic properties (Choudhary et al., 2017). The fruits exhibit carminative, antispasmodic, antifungal, antimicrobial, antibacterial, anti-inflammatory and diuretic activities and they help prevent fat accumulation in the liver while supporting the transport of fat and cholesterol in the bloodstream (Badgujar et al., 2014). Mature fennel fruits further serve as flavoring agents in various food products, including pickles, breads, pastries and cheeses (Zoubiri et al., 2014). The major limitations in developing value-added fennel products arise from the shortage of improved varieties that possess desirable traits such as high volatile oil content, low crude fibre, high soluble sugars and enhanced seed yield. Assessing genetic variability using appropriate genetic parameters such as genotypic and phenotypic coefficients of variation, heritability estimates and genetic advance as a percentage of the mean is essential for breeding programmes aimed at improving seed yield. Correlation analysis indicates the degree of association between yield and its contributing traits, as yield is directly or indirectly influenced by plant growth. Path coefficient analysis further supports this by separating the observed correlations into direct and indirect effects of various yield and yield-related traits.	Fennel is potential and nutrient rich crop having various important components having nutritional and medicinal values (Christopher et al., 2025, Prem Chand Chula et al., 2022) Fennel is important crop for scientists and studied widely for its genetic divergence (Prem Chand Chula et al., 2025), Biochemical Characters (Neha and Yogendra Singh, 2025) and Molecular profiling (Prem Chand Chula and Yogendra Singh , 2025, , Neha et al., 2025 )
       Materials and methods:



Fennel was sown in Rabi season during 2022 - 2023 in Randomized Block Design with three replications at Vegetable Research Centre, Department of Horticulture, Jawaharlal Nehru Krishi Vishwa Vidyalaya, Jabalpur. The list of all thirty three fennel genotypes along with their source of collection is presented in the table 1.



Table1: Names of the Fennel Genotypes used for the study

	S.
No.
	Name of Genotypes
	Source of Collection

	1.
	Local
	Local area of Jabalpur

	2.
	FNL 130
	AICRP ON SPICES

	3.
	FNL 131
	AICRP ON SPICES

	4.
	FNL 132
	AICRP ON SPICES

	5.
	FNL 133
	AICRP ON SPICES

	6.
	FNL 134
	AICRP ON SPICES

	7.
	FNL 135
	AICRP ON SPICES

	8.
	FNL 136
	AICRP ON SPICES

	9.
	FNL 137
	AICRP ON SPICES

	10.
	FNL 138
	AICRP ON SPICES

	11.
	FNL 139
	AICRP ON SPICES

	12.
	FNL 140
	AICRP ON SPICES

	13.
	FNL 141
	AICRP ON SPICES

	14.
	FNL 142
	AICRP ON SPICES



	15.
	JAGUDAN 1
	Spice	Research	Station	Jagudan,
Gujarat

	16.
	JAGUDAN 2
	Spice	Research	Station	Jagudan,
Gujarat

	17.
	RF 101
	SKNAU, JOBNER

	18.
	RF 125
	SKNAU, JOBNE

	19.
	RF 178
	SKNAU, JOBNE

	20.
	RF 205
	SKNAU, JOBNE

	21.
	RF 281
	SKNAU, JOBNE

	22.
	JF 1
	JAIPUR LOCAL

	23.
	JF 2
	MANDSAUR LOCAL

	24.
	JF 3
	MANDSAUR LOCAL

	25.
	JF 4
	ETAH (U.P.)

	26.
	JF 5
	KHARGON LOCAL

	27.
	JF 6
	SHAJAPUR LOCAL

	28.
	JF 7
	SHAJAPUR LOCAL

	29.
	JF 8
	SHAJAPUR LOCAL

	30.
	JF 9
	SHAJAPUR LOCAL

	31.
	JF 10
	ALWAR  LOCAL

	32.
	JF 11
	CHITRAKOOT LOCAL

	33.
	JF 12
	CHITRAKOOT LOCAL


Characters Studied
Randomly five plants were selected excluding the border ones from each plot of all the three replications for recording observation and then the average value was computed for statistical analysis whereas observation for 50% flowering and days to maturity were recorded on population basis.
Observations Recorded
Total twenty five morphological character viz. Young plant: Length of cotyledons (cm) Young plant: Length of petiole of first leaf (cm), Leaflets density, Leaf: Shape, Attitude of the leaf, Leaf length, Leaf width, Plant growth, habit Foliage density, Foliage color, Stem waxiness, Nature of branch, emergence Days to 50% flowering, Length of first internode (cm), Peduncle length, Plant height, Number of primary branches per plant, Number of secondary branches per plant, Arrangement of umbellate on main umbel, compactness, Number of umbels per plant, Number of umbellates per main umbel, Number of seed per umbellate, Seed shape, Test weight (g). and also eleven metrics traits  such as days to days to 50% flowering, plant height, Number of primary branches, Number of secondary branches, the number of umbels per plant, the quantity of umbellets per umbel, seeds per umbel, test weight, seed yield per plant, seed yield per plot  and seed yield (kg/ha) are studied. This observation highlights substantial genetic diversity existing among the genotypes.
Results and Discussion:
Morphological characterization
	A total of 33 genotypes were evaluated for 25 qualitative morphological traits were presented in table 2. The frequency distribution and percentage occurrence of each trait state are summarized below. The results indicate considerable phenotypic variability among the genotypes.



Table 2: Morphological parameters [as per DUS guidelines on Fennel PPV and FRA, GOI] of thirty-three genotypes of Fennel
	S. No
	Trait
	Parameter (State)
	Frequency
	Percentage (%)

	1
	Length of cotyledons
	Long
	22
	66.67

	
	
	Short
	11
	33.33

	2
	Length of petiole of first leaf
	Long
	20
	60.61

	
	
	Short
	13
	39.39

	3
	Leaflet density
	Dense
	17
	51.52

	
	
	Sparse
	16
	48.48

	4
	Leaf shape
	Rhomboid
	18
	54.55

	
	
	Triangular
	15
	45.45

	5
	Leaf attitude
	Droopy
	16
	48.48

	
	
	Straight
	17
	51.52

	6
	Leaf length
	Short
	16
	48.48

	
	
	Long
	17
	51.52

	7
	Leaf width
	Broad
	17
	51.52

	
	
	Narrow
	16
	48.48

	8
	Plant growth habit
	Spreading
	22
	66.67

	
	
	Erect
	11
	33.33

	9
	Foliage density
	Dense
	18
	54.55

	
	
	Sparse
	15
	45.45

	10
	Foliage color
	Light Green
	15
	45.45

	
	
	Dark Green
	18
	54.55

	11
	Stem waxiness
	Present
	16
	48.48

	
	
	Absent
	17
	51.52

	12
	Nature of branch emergence
	From Base
	20
	60.61

	
	
	Above Base
	13
	39.39

	13
	Days to 50% flowering
	Early
	16
	48.48

	
	
	Late
	17
	51.52

	14
	First internode length
	Short
	18
	54.55

	
	
	Long
	15
	45.45

	15
	Peduncle length
	Short
	19
	57.58

	
	
	Long
	14
	42.42

	16
	Plant height
	Short
	18
	54.55

	
	
	Medium
	15
	45.45

	17
	Number of primary branches
	Few
	15
	45.45

	
	
	Many
	18
	54.55

	18
	Number of secondary branches
	Less
	20
	60.61

	
	
	More
	13
	39.39

	19
	Arrangement of umbellate
	Corymb
	31
	93.94

	
	
	Compound
	2
	6.06

	20
	Umbel compactness
	Loose
	19
	57.58

	
	
	Compact
	14
	42.42

	21
	Number of umbels per plant
	Less
	22
	66.67

	
	
	Medium
	2
	6.06

	
	
	More
	9
	27.27

	22
	Umbellets per main umbel
	Less
	21
	63.64

	
	
	More
	12
	36.36

	23
	Seeds per umbellate
	Less
	20
	60.61

	
	
	More
	13
	39.39

	24
	Seed shape
	Ovate
	17
	51.52

	
	
	Oblong
	16
	48.48

	25
	Test weight
	High
	5
	15.15

	
	
	Low
	28
	84.85



	The morphological characterization based on frequencies showed that most genotypes had long cotyledons (22) and long petioles of the first leaf (20), while leaflet density was almost evenly distributed between dense (17) and sparse (16) types. Leaf shape also showed close variation; with rhomboid leaves (18) slightly more common than triangular leaves (15). Leaf attitude, length, and width all showed nearly equal frequencies between their respective states. A majority of the genotypes exhibited a spreading growth habit (22), along with dense foliage (18) and dark green foliage color (18). Stem waxiness was mostly absent (17). Most genotypes had branch emergence from the base (20) and were late flowering (17). Short first internode length (18) and short peduncle length (19) were more frequently observed. Short plants (18) were more common than medium-height ones, and many genotypes possessed more primary branches (18) but fewer secondary branches (20). The arrangement of umbellate was dominated by the corymb type (31), and umbels were more often loose (19). Most genotypes had fewer umbels per plant (22), fewer umbellets per main umbel (21), and fewer seeds per umbellate (20). Seed shape was almost equally divided between ovate (17) and oblong (16). A strong dominance of low test weight (28) was recorded compared to only 5 genotypes with high test weight. Overall, the genotypes exhibited wide variability, with several traits showing clear frequency-based dominance.
	This finding was in consonance with finding Kumar et al. (2017). Variation reported in test weight, weight of grains per umbel, seed yield per plant, weight of seeds per umbel, was agreement with (Yadav et al., 2013), Seet et al. (2020) and Yogi et al. (2014).

Analysis of variance



The ANOVA (Table 3) displays the analysis of variance for each of the examined characteristics. The findings indicated a notably significant disparity across all eleven attributes that were studied, including metrics such as days to 50% flowering, plant height, the count of branches per plant, the number of umbels per plant, the quantity of umbellets per umbel, seeds per umbel, test weight, seed yield per plant, and seed yield (kg/ha). This observation highlights substantial existing among the genotypes genetic diversity.
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	Source of variation
	DF
	Mean sum of square

	
	
	Days to flowering
	Plant height, cm
	Number of primary branches
	Number of secondary branches
	Number of umbel per plant
	Number of umbellets per umbel
	Thousand grain weight, g
	Number of seeds per umbel
	Seed yield per plant
	Seed yield per plot
	Seed yield per Hectare

	
	
	
	
	
	
	
	
	
	
	
	
	

	Replication
	2
	2,073.58
	29.406
	1.482
	4.466
	26.738
	14.324
	0.267
	5,786.28
	47.244
	13,832.21
	20.369

	Treatment
	32
	106.862
	2,634.69
	13.735
	399.025
	899.427
	194.053
	3.052
	244,377.48
	45.028
	83,761.99
	17.904

	Error
	64
	86.284
	14.323
	0.867
	6.309
	10.029
	3.289
	0.321
	3,983.80
	7.04
	28,784.19
	0.239


Table 3: Analysis of variance across various traits in Fennel.



Table; 4 Calculations for 11 quantitative traits in Fennel include determining the range, phenotypic and genotypic coefficients of variation, heritability, and genetic advance as a percentage of the mean.
	Characters
	Coefficient of Variation
	Heritability (%)
	GA as % of mean

	
	GCV (%)
	PCV (%)
	
	

	Days to 50% flowering
	3.04
	11.22
	7.36
	1.46

	Plant height
	20.56
	20.73
	98.38
	60.38

	Numbers of primary branches
	23.72
	26.01
	83.19
	3.89

	Number of secondary branches
	47.29
	48.42
	95.40
	23.02

	Number of umbels per plant
	57.54
	58.51
	96.72
	34.88

	Number of umbellets per umbel
	28.23
	28.95
	95.26
	16.01

	Test weight g
	17.46
	20.30
	73.94
	1.69

	Number of seeds per umbel
	39.01
	39.96
	95.26
	569.15

	Seed yield per plant g
	13.21
	16.48
	64.26
	5.87

	Seed yield per plot g
	15.06
	24.14
	38.90
	173.93

	Seed yield per hectare quintal
	21.78
	22.22
	96.09
	4.90



Genotypic and phenotypic coefficient of variation

For all of the traits under study, the phenotypic coefficient of variation was found to be significantly higher magnitude than the genotypic coefficient of variation. According to Sivasubramanian and Madhavamenon, phenotypic coefficient of variation (PCV) and genotypic coefficient of variation (GCV) are divided into three categories: high (>20 percent), moderate (10 to 20 percent), and low (10 percent). Table 4; reviews the GCV and PCV for yield and traits that contribute to yield.
Number of umbels per plant (58.51 and 57.54%) recorded the highest PCV and GCV revealed substantial variability among the studied traits, followed by the number of secondary branches (48.42 and 47.29%), Number of seeds per umbel (39.96 and 39.01), number of umbellets per umbel (28.94 and 28.23%), number of primary branches (26.01 and 23.72%), Seed yield per hectare in quintal (22.22 and 21.78%) and plant height (20.73 and 20.56%). This variability indicates the potential for genetic improvement in these characteristics. A day to 50% flowering is the only character which comes under range of low PCV and GCV (11.22 and 3.04 %). Current results suggested that these traits are less influenced by genetic factors and may be more stable across different genotypes. 
For seed yield per plant, (PCV) genotypic coefficient of variation and (GCV) were agreement with finding of Patel et al. (2018), Including the number of primary branches, number of umbels per plant, number of umbellets per umbel, number of seeds per umbellets, test weight (g).
Heritability (%) and genetic advance
Heritability was classified as low (below 30%), medium (30-60%) and high (above 60%) as suggested by Johnson et al. (1955).
Based on the heritability classification proposed by Johnson et al. (1955), which categorizes heritability as low (<30%), medium (30–60%), and high (>60%), the present study revealed that most traits exhibited high heritability, indicating a strong genetic control and greater effectiveness of selection for these characters. Traits such as plant height (98.38%), number of secondary branches (95.40%), number of umbels per plant (96.72%), number of umbellets per umbel (95.26%), number of seeds per umbel (95.26%), and seed yield per hectare (96.09%) all showed very high heritability, suggesting that additive gene action plays a major role in their expression. Similarly, numbers of primary branches (83.19%) and test weight (73.94%) also recorded high heritability, further strengthening their suitability for selection. Seed yield per plant (64.26%) showed high but relatively moderate heritability within this group. Only seed yield per plot (38.90%) fell under the medium heritability category. Notably, days to 50% flowering (7.36%) exhibited low heritability. Based on the classification of genetic advance as percent of mean, five traits exhibited high GA% (>20%): plant height (60.38%), number of secondary branches (23.02%), number of umbels per plant (34.88%), number of seeds per umbel (569.15%), and seed yield per plot (173.93%). One trait showed moderate GA% (10–20%), namely number of umbellets per umbel (16.01%). The remaining traits expressed low GA% (<10%), including days to 50% flowering (1.46%), number of primary branches (3.89%), test weight (1.69%), seed yield per plant (5.87%), and seed yield per hectare (4.90%).
Among the evaluated characters, four traits exhibited both high heritability (>60%) and high genetic advance as percent of mean (>20%), indicating strong additive gene action and high effectiveness of selection. Plant height recorded very high heritability (98.38%) coupled with high GA% (60.38%). Number of secondary branches also showed high heritability (95.40%) along with a GA% of 23.02%. Similarly, number of umbels per plant expressed high heritability (96.72%) with a GA% of 34.88%. The number of seeds per umbel displayed exceptionally high heritability (95.26%) and extremely high GA% (569.15%), making it one of the most promising traits for genetic improvement. 

Correlation coefficient
Seed yield/hectare revealed highly significant and positive association with number of primary branches (0.444), number of umbels per plant (0.415), test weight (0.602), number of seeds per umbel (0.575), seed yield per plant (0.375), seed yield per plot (0.503). The findings were supported for character number of primary branches, seed yield per plant, and number of seeds per umbel by patidar et al. (2017); number of seeds per umbel, number of umbels per plant by Deshwal et al. (2014).
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Table 5: Phenotypic correlation coefficient among seed yield and its attributing traits in Fennel

	
Variables
	Days to 50%
flowering
	Plant height (cm)
	Number of primary
branches
	Number of secondary branches
	Number of umbels per plant
	Number of umbellets per umbel
	
Test weight
	Number of seeds per umbel
	Seed yield per
plant
	Seed yield per plot
	Seed yield per hectare

	Days to 50%
flowering
	
	
0.132
	
-0.071
	
-0.098
	
0.080
	
-0.172
	
-0.509
	
0.054
	
-0.022
	
-0.048
	
-0.274

	Plant height (cm)
	
	
	0.296
	0.414*
	0.247
	0.462*
	0.248
	0.218
	0.234
	0.439*
	0.444*

	No. of primary
branches
	
	
	
	
0.546*
	
0.372*
	
0.185
	
-0.086
	
0.238
	
0.026
	
0.148
	
0.046

	No. of secondary branches
	
	
	
	
	
0.895*
	
0.364*
	
0.232
	
0.726*
	
0.234
	
0.316
	
0.415*

	Number of
umbels per plant
	
	
	
	
	
	
0.336
	
0.047
	
0.824*
	
0.200
	
0.148
	
0.322

	Number of
umbellets per umbel
	
	
	
	
	
	
	

0.324
	

0.398*
	

0.392*
	

0.341
	

0.602*

	Test weight
	
	
	
	
	
	
	
	-0.031
	0.180
	0.409*
	0.575*

	Number of seeds
per umbel
	
	
	
	
	
	
	
	
	
0.300
	
0.202
	
0.375*

	Seed yield per
plant
	
	
	
	
	
	
	
	
	
	
0.379*
	
0.503*

	Seed yield per
plot
	
	
	
	
	
	
	
	
	
	
	
0.604*

	Seed yield per
hectare
	
	
	
	
	
	
	
	
	
	
	


*,** significant at 5 % and 1 % level, respectively
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Table 6: The Genotypic Path Coefficient reveals both the direct and indirect influences of various traits on seed yield per hectare (q/ha) in Fennel.
	Factor
	Plant height (cm)
	Number of primary branches
	Number of secondary branches
	Number of umbels per plant
	Number of umbellets per umbel
	
Test weight
	Number of seeds per umbel
	Seed yield per plant
	Seed yield per plot
	Seed yield per hectare

	Plant height
(cm)
	0.14512
	0.04285
	-0.00437
	-0.02395
	0.01919
	-0.05345
	-0.17126
	0.01760
	0.00794
	-0.02979

	No. of primary
branches
	0.00417
	0.01413
	0.00441
	0.00497
	0.00347
	0.00607
	0.00390
	0.00323
	0.00371
	0.00772

	No. of secondary
branches
	-0.00312
	0.03237
	0.10377
	0.06296
	0.05040
	0.03422
	0.00842
	0.02849
	0.00390
	0.02816

	Number of umbels per
plant
	0.09867
	-0.21024
	-0.36275
	-0.59785
	-0.56254
	-0.36578
	-0.28381
	-0.37070
	-0.14116
	-0.26348

	Number of
umbellets per umbel
	-0.00103
	-0.00191
	-0.00378
	-0.00731
	-0.00777
	-0.00441
	-0.00244
	-0.00574
	-0.00167
	-0.00227

	Test weight
	-0.05423
	0.06328
	0.04856
	0.09009
	0.08350
	0.14725
	0.07614
	0.06014
	0.06164
	0.07188

	Number of seeds per
umbel
	-0.86740
	0.20299
	0.05967
	0.34892
	0.23091
	0.38008
	0.73502
	0.02198
	0.15736
	0.43858

	Seed yield per
plant
	0.06103
	0.11493
	0.13814
	0.31200
	0.37143
	0.20551
	0.01505
	0.50318
	0.17186
	0.13649

	Seed yield per plot
	0.00796
	0.03823
	0.00548
	0.03438
	0.03121
	0.06095
	0.03117
	0.04973
	0.14560
	0.07335

	Seed yield per hectare
	-0.05884
	0.15656
	0.07778
	0.12632
	0.08376
	0.13991
	0.17103
	0.07775
	0.14440
	0.28662
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       Path Coefficient Analysis
    Positive direct effects
The positive direct effect which represented in table 6 recorded for character plant height (0.14512), Number of secondary branches (0.10377), test weight (0.14725), Number of seeds per umbel (0.73502), Seed yield per plant (0.50318), Seed yield per plot (0.14560) and seed yield per hectare (0.28662).
 Indirect effects
In the present study, considerable variation was observed in the magnitude and direction of indirect effects on seed yield per hectare. Plant height exerted a notable positive indirect effect through number of umbellets per umbel (0.01919), while its strongest negative pathway operated via number of seeds per umbel (–0.17126). Number of secondary branches showed meaningful positive indirect influence through number of umbels per plant (0.06296). In contrast, number of umbels per plant contributed only negative indirect effects, with the highest negative impact recorded through umbellets per umbel (–0.56254). Test weight expressed a strong positive indirect effect via number of seeds per umbel (0.38008), whereas number of seeds per umbel also recorded its highest positive indirect contribution through test weight (0.38008). Seed yield per plant showed a substantial positive indirect effect through umbellets per umbel (0.37143). Seed yield per plot demonstrated a meaningful positive indirect effect through test weight (0.06095). Overall, the findings highlight that test weight, number of seeds per umbel and seed yield per plant contributed the highest positive indirect influences on seed yield, while number of umbels per plant exhibited the strongest negative indirect contribution.
These findings were also obtained by Afshar et al. (2019) for number of seeds per umbel, test weight, seed yield per ha and seed yield per plant, number of seeds per umbel, test weight. 
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