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Abstract
Improving crop yield and nutritional quality requires a clear understanding of the magnitude of genetic variability and the nature of relationships among component traits. The present investigation evaluated thirty-six quinoa genotypes to assess genetic variability, heritability, genetic advance, and associations among yield and nutritional traits using correlation and path coefficient analyses under a replicated experimental design. Highly significant differences among genotypes were observed for all fourteen traits studied, indicating substantial genetic variability. Phenotypic coefficients of variation were generally higher than genotypic coefficients, reflecting environmental influence, although the narrow differences for several traits suggested stable genetic expression. High heritability coupled with high genetic advance for seed yield, biological yield, inflorescence traits, protein content, lysine content, and saponin content indicated the predominance of additive gene action and the effectiveness of direct selection. Genotypic correlations were consistently higher than phenotypic correlations, revealing strong inherent genetic associations among traits. Path coefficient analysis identified biological yield per plant as the most influential trait exerting the highest positive direct effect on seed yield, followed by harvest index and inflorescence traits, while nutritional traits showed negligible direct effects on yield. Overall, the integrated use of variability parameters, correlation, and path analysis provides a comprehensive understanding of trait behaviour and identifies reliable selection criteria for simultaneous improvement of yield and nutritional quality in quinoa.
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1. Introduction     
	Climate change poses a major threat to global agricultural productivity through increased incidence of drought, salinity, frost, nutrient-poor soils, and other abiotic stresses. These challenges have intensified the search for resilient and underutilized crops capable of sustaining productivity under marginal environments. Quinoa (Chenopodium quinoa Willd.) has gained global attention owing to its remarkable tolerance to drought, salinity, frost, chilling, and low soil fertility, making it highly suitable for cultivation in arid, semi-arid, saline, and high-altitude regions (1. Mousa et al., 2025; 2. Akram et al., 2024;). Recognizing its potential contribution to food and nutritional security, the Food and Agriculture Organization (FAO) highlighted quinoa as a strategic crop for future agriculture (3. Sun et al., 2025).
Domesticated more than 7,000 years ago in the Andean region of South America, quinoa has traditionally been cultivated in Peru and Bolivia (4. Fagandini et al., 2024; 5. Delgado et al., 2024). Its recent global expansion is attributed to its broad ecological adaptability and ability to perform across diverse agro-climatic conditions (6. Cui et al., 2024). Quinoa is an allotetraploid (2n = 4x = 36) and predominantly self-pollinated species, although limited natural outcrossing has been reported (7. Stephensen et al., 2025; 8. Bazile. 2021; 9. Del pozo et al., 2023). 

In addition to agronomic resilience, quinoa is valued for its exceptional nutritional profile. The grain contains high-quality protein with a balanced amino acid composition, particularly rich in lysine and methionine, along with dietary fibre, essential minerals, vitamins, and antioxidants (10. Vidaurre-Ruiz et al., 2023; 11. Nandan et al., 2024; 12. Hussian et al., 2021). Compared with major cereals, quinoa provides superior nutritional benefits and is naturally gluten-free, making it suitable for individuals with celiac disease or gluten intolerance (13. Gojković Cvjetković et al., 2024.; 14. Cui et al., 2023). Consequently, quinoa is often described as a functional food or “golden grain” (15. Ng et al., 2021; 16.  Younis et al., 2023).
Despite its growing importance, systematic genetic improvement of quinoa remains limited, particularly in newly introduced regions. The crop exhibits wide variation for agronomic, yield, and quality traits, providing ample scope for selection-based improvement (17. Bhargava and Ohri, 2016). Estimation of genetic parameters such as variability, heritability, and genetic advance is therefore essential for understanding trait inheritance and identifying characters amenable to effective selection (18. ludwig et al., 2025). 
Seed yield in quinoa is a complex quantitative trait influenced by several interrelated characters. Correlation analysis helps identify traits associated with yield, while path coefficient analysis further partitions these relationships into direct and indirect effects, thereby revealing the true contribution of individual traits and improving selection efficiency. In this context, the present study was undertaken to evaluate genetic variability, heritability, genetic advance, and the nature of associations among yield and nutritional traits in quinoa, with the objective of identifying key selection criteria for yield and quality improvement.
2. Material and Methods
2.1 Experimental material and design
Thirty-six diverse quinoa genotypes (list. 1) were evaluated during the Rabi season of 2022–23 at the Centre for Crop Improvement, Sardarkrushinagar Dantiwada Agricultural University, Gujarat, India. The experiment was laid out in a Randomized Block Design with three replications. Each genotype was sown at a spacing of 30 cm × 10 cm following recommended agronomic and plant protection practices.
list 1. List of quinoa genotypes used for present investigation
	Sr. no.
	Genotypes
	Sr. no.
	Genotypes

	1.
	EC 896060
	19.
	EC 896093

	2.
	EC 896061
	20.
	EC 896209

	3.
	EC 896063
	21.
	EC 896211

	4.
	EC 896066
	22.
	EC 896239

	5.
	EC 896067
	23.
	EC 896275

	6.
	EC 896068
	24.
	IGKVC

	7.
	EC 896070
	25.
	ACQS 21 – 1

	8.
	EC 896071
	26.
	ACQS 21 – 2

	9.
	EC 896072
	27.
	ACQS 21 – 3

	10.
	EC 896076
	28.
	ACQS 21 – 4

	11.
	EC 896077
	29.
	ACQS 21 – 5

	12.
	EC 896078
	30.
	CGQ 21-1

	13.
	EC 896081
	31.
	LQ 1

	14.
	EC 896083
	32.
	LQ 2

	15.
	EC 896085
	33.
	SKNQ 1

	16.
	EC 896086
	34.
	RHRCQ 1

	17.
	EC 896087
	35
	RHRCQ 2

	18.
	EC 896092
	36.
	Him shakti



2.2 Recording of observations
For each genotype in every replication, five competitive plants per genotype were randomly selected for recording observations. Data were collected on fourteen characters, days to 50 per cent flowering, days to maturity, plant height (cm), number of branches per plant, number of inflorescences per plant, length of inflorescence (cm), girth of inflorescence (cm), biological yield per plant (g), 1000 seed weight (g), harvest index (%), seed yield per plant (g), true protein content in seeds (%), lysine content per protein in seeds (%) and saponin content in seeds (mg/g) in each replication and averages were worked out for statistical analysis.
2.2 True protein content in seeds (%) 
The true protein content of quinoa seeds was estimated using the Lowry method (19. Tavano et al., 2022; 20. Lowry et al., 1951). Defatted flour (20 mg) was sequentially extracted with 1 M NaCl, 70 % ethanol, and 0.1 M NaOH to obtain salt, alcohol, and alkali-soluble protein fractions, with each extraction performed by shaking for 30 min at room temperature followed by centrifugation at 5000 rpm for 15 min at 10 °C. Protein estimation was carried out using bovine serum albumin as the standard, where sample aliquots (0.2 mL) were adjusted to 1 mL with 0.1 N NaOH, reacted with freshly prepared alkaline copper reagent, and subsequently treated with diluted Folin–Ciocalteu reagent. Absorbance was measured at 660 nm, and protein content was calculated from the standard curve and expressed as percentage on a dry weight basis.
2.3 Lysine content per protein in seed (%)
The lysine content per protein in quinoa seeds was estimated following the method of 21. Tsai et al., (1972). Finely ground, defatted seed flour (100 mg) was digested with 4 mL of papain solution in 0.03 M phosphate buffer (pH 7.0) and incubated at 65 °C overnight with intermittent shaking. After cooling, the digest was centrifuged at 3000 rpm for 5 min, and 1 mL of the supernatant was reacted with 0.5 mL sodium carbonate buffer (0.1 M, pH 9.0) and 0.5 mL copper phosphate suspension, vortexed for 5 min, and centrifuged at 2000 rpm for 5 min. The resulting supernatant was treated with 0.1 mL freshly prepared 2-chloro-3,5-dinitropyridine, incubated for 2 h at room temperature, acidified with 5 mL of 1.2 N HCl, and extracted three times with ethyl acetate. Absorbance of the aqueous phase was recorded at 390 nm against a reagent blank. Lysine concentration was determined using a standard curve prepared with lysine monohydrochloride (40–200 µg) processed identically and expressed as percentage lysine per protein content of the seed.
2.4 Saponin content in seeds (mg/g)
The saponin content of quinoa seeds was estimated following 22. Irigoyen and Giner (2018). Defatted flour (1 g) was extracted with 70 % methanol, centrifuged, evaporated, reconstituted in water, and partitioned with n-butanol. The butanol fraction was evaporated and reconstituted in 70 % methanol. Quantification was performed using oleanolic acid as the standard, where sample extracts and standards were reacted with freshly prepared Liebermann–Burchard reagent and incubated for 30 min at room temperature. Absorbance was measured at 528 nm, and saponin content was expressed as mg g⁻¹ or percentage on a dry weight basis.
2.5 Estimation of Genetic Parameters, correlation coefficient and path coefficient analysis
	The data were subjected to estimate the extent of variability that is present in the material, genetic parameters such as genotypic and phenotypic coefficients of variation (GCV and PCV), broad-sense heritability (h²b), genetic advance (GA), and genetic advance as percentage of mean (GAM) were calculated using the formulas proposed by 23. Burton and DeVane (1953), 24. Allard (1960), and 25. Johnson et al., (1955). The GCV and PCV were categorized as low (<10%), moderate (10-20%), and high (>20%) based on the suggestion of 26. Deshmukh et al., (1986). The broad-sense heritability estimates were categorized as low (0-30%), moderate (30-60%), and high (>60%) based on the suggestion of 27. Robinson et al. (1951). Genetic advance was calculated at 5% selection intensity (K = 2.06) as proposed by 25. Johnson et al., (1955), and GAM was categorized as low (0-10%), moderate (10-20%), or high (>20%) 24. Allard (1960) and categorized as low (0–30%), moderate (30–60%), and high (>60%) and genetic advance as percentage of mean (GAM) was classified as low (0–10%), moderate (10–20%), and high (>20%) according to 25. Johnson et al., (1955) 
	Genotypic and phenotypic correlation coefficients were computed using the method of 28. Al-Jibouri et al., (1958) based on analysis of covariance, and their significance was tested using the t-test as suggested by 29. Fisher and Yates (1963). Path coefficient analysis was carried out following 30. Wright (1921) and 31. Dewey and Lu (1959) to partition correlation coefficients into direct and indirect effects. The magnitude of direct and indirect effects was interpreted using the scale proposed by 32. Lenka and Mishra (1973), classifying values as negligible (0.00–0.09), low (0.10–0.19), moderate (0.20–0.29), high (0.30–0.99), and very high (>1.00).

3. Results 
3.1 Analysis of Variance (ANOVA) 
	Highly significant differences among genotypes were observed for all fourteen traits, indicating the presence of substantial genetic variability and providing a strong basis for selection Table. 1.
Table 1. Analysis of variance (ANOVA) showing the mean sum of squares for different characters in quinoa.
	Sr.
No.
	Character
	Mean sum of square

	
	Degree of freedom
	Replication
	Treatments
	Error

	
	
	2
	35
	70

	1
	Days to 50 per cent flowering
	4.19
	43.21**
	3.52

	2
	Days to maturity
	17.54
	182.78**
	12.38

	3
	Plant height
	16.75
	425.86**
	30.09

	4
	Number of branches per plant
	0.03
	0.65**
	0.04

	5
	Number of inflorescences per plant
	0.02
	0.70**
	0.04

	6
	Length of inflorescence
	0.73
	22.33**
	1.77

	7
	Girth of inflorescence
	0.40
	13.98**
	0.65

	8
	Biological yield per plant
	0.02
	155.75**
	9.41

	9
	1000 seed weight
	0.28
	1.08**
	0.11

	10
	Harvest index
	1.82
	177.79**
	68.99

	11
	Seed yield per plant
	21.64
	103.71**
	27.35

	12
	True protein content in seeds
	0.18
	19.59**
	0.14

	13
	Lysine content per protein in seeds
	0.01
	0.70**
	0.01

	14
	Saponin content in seeds
	0.01
	4.56**
	0.01



*, ** significant at 5% and 1% level of significance, respectively.

3.2 Genetic Variability, Heritability and Genetic Advance 
	Estimates of genetic variability, heritability and genetic advance for fourteen traits in quinoa are presented in Table 2. Significant variability among genotypes was observed for all traits, indicating sufficient genetic diversity for effective selection.
Table 2. Range, mean, variability parameters, heritability and genetic advance (mean %) for fourteen characters in quinoa
	Sr. No.
	Characters
	Range
	Mean
	σ2g
	σ2p
	σ2e
	GCV (%)
	PCV (%)
	h2(b) (%)
	GA
	GAM
(%)

	1
	Days to 50 per cent flowering
	36.00-49.67
	42.69
	13.22
	16.73
	3.51
	8.51
	9.58
	78.92
	6.65
	15.59

	2
	Days to maturity
	92.00-114.00
	104.79
	56.80
	69.17
	12.37
	7.19
	7.93
	82.11
	14.06
	13.42

	3
	Plant height (cm)
	90.40-142.40
	114.84
	131.92
	162.00
	30.08
	10.00
	11.08
	81.43
	21.35
	18.59

	4
	Number of branches per plant
	1.20-3.20
	2.04
	0.20
	0.24
	0.04
	21.95
	24.20
	82.24
	0.83
	41.02

	5
	Number of inflorescences per plant 
	1.07-3.03
	1.90
	0.22
	0.26
	0.04
	24.77
	26.93
	84.59
	0.891
	46.93

	6
	Length of inflorescence
	23.27-34.80
	27.83
	6.85
	8.61
	1.76
	9.40
	10.55
	79.51
	4.80
	17.28

	7
	Girth of inflorescence  
	8.60-17.90
	11.77
	4.44
	5.08
	0.64
	17.90
	19.16
	87.24
	4.05
	34.44

	8
	Biological yield per plant (g)
	21.33-49.23
	31.99
	48.78
	58.18
	9.40
	21.83
	23.84
	83.84
	13.17
	41.18

	9
	1000 seed weight (g)
	3.80-6.33
	4.54
	0.32
	0.43
	0.11
	12.53
	14.54
	74.21
	1.00
	22.23

	10
	Harvest index (%)
	38.69-75.89
	52.61
	36.26
	105.24
	68.98
	11.44
	19.50
	34.46
	7.28
	13.84

	11
	Seed yield per plant (g)
	8.51-17.67
	13.94
	6.48
	6.62
	0.14
	18.26
	18.46
	97.83
	5.18
	37.21

	12
	True protein content in seeds (%)
	0.99-2.93
	1.77
	0.23
	0.24
	0.01
	27.34
	27.49
	98.9
	0.98
	56.01

	13
	Lysine content per protein in seeds (%)
	1.52-6.32
	4.00
	1.51
	1.52
	0.01
	30.77
	30.91
	99.10
	2.52
	63.10

	14
	Saponin content in seeds (mg/g)
	10.50-28.97
	16.79
	25.45
	52.80
	27.35
	28.14
	30.50
	85.09
	8.98
	53.47


σ2g, σ2p and σ2e are genotypic, phenotypic and environmental variance, respectively,
GCV (%) and PCV (%) are genotypic and phenotypic coefficient of variation, respectively,
H2(b)(%) are broad sense heritability,
GA is a genetic advance and
GAM (%) are expected genetic advance as per mean percent.
For all characters, PCV values were marginally higher than GCV values list 2, reflecting limited environmental influence. Traits such as number of branches per plant, number of inflorescences per plant, biological yield per plant, seed yield per plant, lysine content and saponin content exhibited high GCV and PCV, suggesting substantial inherent variability and greater scope for improvement through selection. In contrast, days to 50 per cent flowering and days to maturity showed low variability, indicating stable expression.
Broad-sense heritability estimates ranged from 34.46% to 99.10%. High heritability coupled with high genetic advance as per cent of mean was recorded for seed yield per plant, biological yield per plant, number of branches per plant, number of inflorescences per plant, girth of inflorescence, true protein content, lysine content and saponin content, indicating the predominance of additive gene action and effectiveness of direct selection. Traits such as days to 50 per cent flowering, days to maturity, plant height and length of inflorescence showed high heritability with moderate genetic advance, suggesting both additive and non-additive gene effects.
Harvest index exhibited moderate heritability with low genetic advance, indicating limited scope for improvement through simple selection. Overall, the results clearly indicate that seed yield per plant and its major contributing and nutritional traits can be efficiently improved through selection-based breeding, owing to high genetic variability and strong heritable control.
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Figure 1. Graphical comparison of genotypic and phenotypic coefficients of variation (%), heritability 𝐡2(b) (%) and genetic advance (mean %) for different characters in quinoa.  
D50%F=Days to 50 per cent flowering, DM=Days to maturity, PH=Plant height (cm), NBPP=Number of branches per      plant, NIPP=Number of inflorescences per plant, LI= Length of inflorescence (cm), GI= Girth of inflorescence (cm), BYPP=Biological yield per plant (g), 1000SW=1000 seed weight (g), HI=Harvest index (%), PROTEIN=True protein content in seeds (%), LYSINE PER PROTEIN=Lysine content per protein in seeds (%), SAPONIN=Saponin content in seeds (mg/g) and SYPP=Seed yield per plant (g).

3.2 Correlation Analysis
The genotypic (rg) and phenotypic (rp) correlation coefficients among fourteen characters in quinoa are presented in list 2. In general, genotypic correlations were higher in magnitude than phenotypic correlations, indicating that the observed associations were largely governed by genetic factors, with relatively low environmental interference.








[bookmark: _GoBack]list 2. Genotypic and Phenotypic correlation coefficient for different characters in quinoa
	 
	 
	DF
	DM
	PH
	NBPP
	NIPP
	LI
	GI
	BYPP
	TW
	HI
	PRO
	LYS
	SAP
	SYPP

	DF
	rg
	1**
	0.33*
	0.55**
	0.19
	0.15
	-0.06
	0.17
	0.01
	-0.15
	0.49**
	0.63**
	-0.23
	0.04
	0.24

	
	rp
	1**
	0.27*
	0.49**
	0.15
	0.13
	-0.01
	0.14
	0.00
	-0.11
	0.25*
	0.55**
	-0.20*
	0.03
	0.15

	DM
	rg
	
	1**
	0.73**
	0.30
	0.28
	0.54**
	0.47**
	0.48**
	0.03
	0.55**
	0.27
	-0.2
	-0.27
	0.60**

	
	rp
	
	1**
	0.65**
	0.24*
	0.25**
	0.41**
	0.38**
	0.39**
	-0.01
	0.30**
	0.25**
	-0.17
	-0.24*
	0.39**

	PH
	rg
	
	
	1**
	0.50**
	0.46**
	0.64**
	0.24
	0.41*
	-0.16
	0.81**
	0.45**
	-0.24
	-0.27
	0.60**

	
	rp
	
	
	1**
	0.42**
	0.39**
	0.51**
	0.18
	0.32**
	-0.14
	0.47**
	0.40**
	-0.21*
	-0.23*
	0.41**

	NBPP
	rg
	
	
	
	1**
	0.86**
	0.67**
	0.06
	0.29
	-0.07
	0.29
	0.17
	-0.19
	-0.06
	0.47**

	
	rp
	
	
	
	1**
	0.74**
	0.52**
	0.04
	0.24*
	-0.07
	0.12
	0.15
	-0.18
	-0.05
	0.25**

	NIPP
	rg
	
	
	
	
	1**
	0.54**
	0.03
	0.23
	-0.08
	0.29
	0.23
	-0.2
	-0.13
	0.37*

	
	rp
	
	
	
	
	1**
	0.45**
	0.01
	0.19*
	-0.03
	0.17
	0.22*
	-0.18
	-0.12
	0.29**

	LI
	rg
	
	
	
	
	
	1**
	0.22
	0.52**
	0
	0.62**
	0.02
	0.08
	-0.17
	0.70**

	
	rp
	
	
	
	
	
	1**
	0.18
	0.45**
	-0.02
	0.31**
	0.03
	0.08
	-0.15
	0.46**

	GI
	rg
	
	
	
	
	
	
	1**
	0.69**
	0.63
	-0.13
	0.22
	-0.08
	0.14
	0.66**

	
	rp
	
	
	
	
	
	
	1**
	0.56**
	0.54
	-0.01
	0.20*
	-0.07
	0.13
	0.46**

	BYPP
	rg
	
	
	
	
	
	
	
	1**
	0.31
	0.35*
	0.27
	-0.01
	-0.09
	1.13**

	
	rp
	
	
	
	
	
	
	
	1**
	0.25
	-0.04
	0.25**
	-0.01
	-0.08
	0.69**

	TW
	rg
	
	
	
	
	
	
	
	
	1**
	-0.35*
	0.04
	0.04
	0.33
	0.29

	
	rp
	
	
	
	
	
	
	
	
	1**
	-0.19
	0.02
	0.04
	0.28**
	0.08

	HI
	rg
	
	
	
	
	
	
	
	
	
	1**
	0.28
	0.02
	-0.13
	0.47**

	
	rp
	
	
	
	
	
	
	
	
	
	1**
	0.15
	0.03
	-0.08
	0.39**

	PRO
	rg
	
	
	
	
	
	
	
	
	
	
	1**
	-0.50**
	-0.18
	0.37*

	
	rp
	
	
	
	
	
	
	
	
	
	
	1**
	-0.49**
	-0.18
	0.25*

	LYS
	rg
	
	
	
	
	
	
	
	
	
	
	
	1**
	0.42*
	-0.01

	
	rp
	
	
	
	
	
	
	
	
	
	
	
	1**
	0.41**
	-0.01

	SAP
	rg
	
	
	
	
	
	
	
	
	
	
	
	
	1**
	-0.06

	
	rp
	
	
	
	
	
	
	
	
	
	
	
	
	1**
	-0.05

	SYPP
	rg
	
	
	
	
	
	
	
	
	
	
	
	
	
	1**

	
	rp
	
	
	
	
	
	
	
	
	
	
	
	
	
	1**




Seed yield per plant exhibited a strong and positive association with several yield-contributing traits at both genotypic and phenotypic levels. Highly significant positive correlations were recorded with biological yield per plant, length of inflorescence, girth of inflorescence, plant height, number of branches per plant, number of inflorescences per plant and harvest index, highlighting their direct relevance in yield improvement. Among these, biological yield per plant showed the strongest association with seed yield per plant, emphasizing its pivotal role in determining productivity.
Days to maturity showed a significant positive correlation with seed yield per plant, plant height, length and girth of inflorescence, biological yield per plant and harvest index, indicating that relatively longer growth duration favored better biomass accumulation and yield expression. Similarly, plant height exhibited a strong positive association with several yield components, including seed yield per plant, suggesting its importance as an indirect selection criterion.
Number of branches per plant and number of inflorescences per plant were positively and significantly correlated with seed yield per plant, reflecting their contribution to enhanced sink capacity and yield formation. Length and girth of inflorescence also showed strong positive correlations with seed yield, indicating their role in increasing seed-bearing surface.
Harvest index displayed a significant positive correlation with seed yield per plant, suggesting efficient partitioning of assimilates towards economic yield. True protein content showed a positive association with seed yield, whereas lysine content and saponin content exhibited weak or non-significant correlations, indicating that nutritional quality traits can be improved without adversely affecting yield.
Overall, the correlation analysis clearly demonstrates that biological yield per plant, inflorescence traits, plant height, branching pattern and harvest index are key determinants of seed yield in quinoa. These traits may therefore be effectively utilized as reliable selection criteria in quinoa breeding programmes aimed at simultaneous improvement of yield and quality.
3.3 Path Coefficient Analysis
	Path coefficient analysis was performed to partition the correlation coefficients into direct and indirect effects on seed yield per plant, and the results are presented in Table. 3.
Biological yield per plant exhibited the highest positive direct effect on seed yield, confirming its key role in yield determination and explaining its strong correlation with seed yield. Harvest index, length of inflorescence and girth of inflorescence also showed positive direct effects, indicating the importance of efficient assimilate partitioning and inflorescence development in improving yield.
Plant height showed a moderate positive direct effect on seed yield along with strong indirect effects via biological yield and inflorescence traits, suggesting that taller plants favor higher biomass and yield. Number of branches per plant and number of inflorescences per plant contributed mainly through indirect effects, particularly via biological yield, highlighting their supportive role in yield formation.
Days to maturity influenced seed yield largely through positive indirect effects, reflecting the advantage of adequate crop duration for biomass accumulation. In contrast, lysine and saponin contents had negligible direct effects, indicating that improvement of nutritional quality traits is possible without compromising yield.
Overall, the path analysis identifies biological yield per plant as the most decisive selection criterion, supported by harvest index and inflorescence traits, for effective improvement of seed yield in quinoa.
Table 3. Direct and indirect effect of yield component on seed yield per plant in quinoa
	
	DF
	DM
	PH
	NBPP
	NIPP
	LI
	GI
	BYPP
	TW
	HI
	PRO
	LYS
	SAP
	Genotypic correlation with SYPP

	DF
	-0.42
	-0.02
	-0.14
	0.18
	-0.05
	0.04
	0.11
	0.01
	-0.01
	0.47
	0.13
	-0.05
	-0.01
	0.24

	DM
	-0.14
	-0.06
	-0.19
	0.28
	-0.10
	-0.35
	0.30
	0.25
	0.00
	0.53
	0.06
	-0.04
	0.06
	0.60**

	PH
	-0.23
	-0.04
	-0.26
	0.47
	-0.15
	-0.43
	0.16
	0.22
	-0.01
	0.79
	0.09
	-0.05
	0.06
	0.60**

	NBPP
	-0.08
	-0.02
	-0.13
	0.94
	-0.29
	-0.44
	0.04
	0.16
	0.00
	0.28
	0.04
	-0.04
	0.01
	0.47**

	NIPP
	-0.06
	-0.02
	-0.12
	0.80
	-0.34
	-0.36
	0.02
	0.12
	0.00
	0.28
	0.05
	-0.04
	0.03
	0.37*

	LI
	0.03
	-0.03
	-0.17
	0.62
	-0.18
	-0.66
	0.14
	0.28
	0.00
	0.60
	0.00
	0.02
	0.04
	0.70**

	GI
	-0.07
	-0.03
	-0.06
	0.06
	-0.01
	-0.15
	0.64
	0.37
	0.04
	-0.13
	0.05
	-0.02
	-0.03
	0.66**

	BYPP
	-0.01
	-0.03
	-0.10
	0.27
	-0.08
	-0.35
	0.45
	0.54
	0.02
	0.34
	0.06
	0.00
	0.02
	1.13**

	TW
	0.06
	0.00
	0.04
	-0.07
	0.03
	0.00
	0.41
	0.17
	0.06
	-0.34
	0.01
	0.01
	-0.07
	0.29

	HI
	-0.20
	-0.03
	-0.21
	0.27
	-0.10
	-0.41
	-0.08
	0.19
	-0.02
	0.97
	0.06
	0.00
	0.03
	0.47**

	PRO
	-0.26
	-0.02
	-0.11
	0.16
	-0.08
	-0.01
	0.14
	0.15
	0.00
	0.28
	0.21
	-0.11
	0.04
	0.37*

	LYS
	0.10
	0.01
	0.06
	-0.18
	0.07
	-0.05
	-0.05
	-0.01
	0.00
	0.02
	-0.11
	0.22
	-0.09
	-0.01

	SAP
	-0.02
	0.02
	0.07
	-0.05
	0.04
	0.11
	0.09
	-0.05
	0.02
	-0.12
	-0.04
	0.09
	-0.22
	-0.06


Residual effect = (-0.158)
DF=Days to 50 per cent flowering, DM=Days to maturity, PH=Plant height (cm), NBPP=Number of branches per plant, NIPP=Number of inflorescences per plant, LI= Length of inflorescence (cm), GI=Girth of inflorescence (cm), BYPP=Biological yield per plant (g), TW=1000 seed weight (g), HI=Harvest index (%), PRO=True protein content in seeds (%), LYS=Lysine content per protein in seeds (%), SAP=Saponin content in seeds (mg/g) and SYPP=Seed yield per plant (g).
4. Discussion
The present investigation revealed substantial genetic variability among quinoa genotypes for seed yield and its associated traits, highlighting the availability of exploitable variation for genetic improvement. 33. Granado-Rodríguez et al., (2021), 34. Manjarres-Hernández et al., (2021), and 35. Elharty et al., (2023). have also reported similar levels of variability earlier. This wide variability can be attributed to quinoa’s diverse origin, broad ecological adaptation and a long history of cultivation across contrasting environments, which together have led the accumulation of genetic differences among genotypes. 
In general, higher phenotypic than genotypic coefficients of variation indicated environmental influence on trait expression; however, the narrow differences observed for several yield-related traits suggest limited environmental interference and reliable phenotypic selection. This implies that expression of these characters is relatively stable across environments and majorly governed by genetic factors, making selection more efficient. Such observations corroborate earlier findings (34. Manjarres-Hernández et al., (2021), 36. El-Harty et al., 2021). 
High heritability coupled with high genetic advance for key agronomic and yield-contributing traits indicates the predominance of additive gene action and confirms the effectiveness of selection for these characters. Biologically, this indicates that these traits are mainly governed by fixable genes associated with growth, biomass accumulation, and assimilate partitioning, which are fundamental processes influencing yield formation. This is especially important in stress-prone environments where quinoa is increasingly cultivated (37. Al-Naggar et al., 2022; 38. Valverde et al., 2022). 
The high heritability and genetic advance observed for biochemical traits such as true protein, lysine, and saponin content indicate strong genetic control and a clear opportunity to improve nutritional quality alongside yield. These traits are governed by specific metabolic pathways involved in protein synthesis and secondary metabolite production, which tend to be relatively stable and less affected by environmental changes. Quinoa protein is especially valued for its balanced essential amino acid profile and high lysine content, a trait that distinguish it from most cereals and helps explain its growing popularity in health-focused and gluten-free food markets. Recent studies confirm that quinoa protein meets or even exceeds FAO/WHO amino acid requirements, reinforcing its status as a complete plant protein with high commercial value (39. Ramos-Tarifa et al., 2025; 40. Santos et al., 2025)
Correlation analysis demonstrated significant positive associations between seed yield and important traits such as plant height, panicle traits, and seed attributes, suggesting that improvement in these characters would lead to a concurrent increase in yield. This relationship is biologically logical because taller plants with well- developed panicles tend to produce more biomass and provide a large sink capacity for seed development, which ultimately leads to higher yield. These findings are consistent with earlier reports (41. Tang et al., 2024; 42. Vergara et al., 2021).  
In contrast, lysine and saponin contents showed weak or non-significant associations with yield, suggesting that these quality traits can be improved independently. This indicates that the biochemical pathways controlling amino acid composition and saponin biosynthesis are largely independent of those governing biomass production and yield formation. Path coefficient analysis offered deeper insight by showing that only some of these traits exerted strong positive direct effects on seed yield, while others influenced yield indirectly through interrelated characters. This highlights the importance of considering both direct and indirect effects during selection (43. Vleugels et al., 2024; 44. Craine et al., 2023). The minimal direct influence of lysine and saponin further supports the possibility of improving yield and quality at the same time. 
From a market perspective, lower saponin content is particularly advantageous, as it improves taste, reduces processing costs, and increases consumer acceptance, ultimately enhancing the economic value of quinoa grains. Collectively, the integrated analysis of genetic parameters, trait associations, and cause–effect relationships underscores the potential for improving quinoa seed yield and quality through targeted selection of key component traits, thereby supporting the development of nutritionally superior high-yielding and stable cultivars suited to diverse and changing agro-climatic conditions (45. El-Hazzam et al., 2020; 46. Zagarin et al., 2025).
5. Conclusion
This study highlights the presence of considerable genetic diversity among quinoa genotypes for yield, yield-related traits, and nutritional characters, offering clear opportunities for improvement through selection. Traits such as seed yield per plant, biological yield, inflorescence traits, and important biochemical attributes showed high heritability along with substantial genetic advance, indicating that these characters are largely governed by additive gene effects and can be effectively improved through direct selection. Among all traits, biological yield per plant emerged as the most important contributor to seed yield, supported by harvest index and inflorescence characteristics, emphasizing their central role in determining productivity.
The biochemical evaluation adds significant value to this work, as quinoa is widely recognized for its exceptional nutritional quality. The strong genetic control over protein, lysine, and saponin content, combined with their minimal influence on yield, suggests that nutritional enhancement can be achieved without sacrificing productivity. This opens the possibility of developing quinoa varieties that are not only high yielding but also nutritionally superior and more consumer-acceptable. Future studies should focus on validating these findings across environments and incorporating molecular tools to speed up the development of resilient, high-quality quinoa cultivars suited to diverse growing conditions.
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