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Abstract

The cultivated strawberry (Fragaria x ananassa) is a dicotyledonous, octoploid (2n = 8x = 56) perennial herbaceous plant grown globally. In this study, 20
genotypes were evaluated for key morphological and yield-related traits. Significant phenotypic variation was observed, indicating substantial potential for
selection and genetic improvement. For all traits, phenotypic coefficients of variation (PCV) exceeded genotypic coefficients of variation (GCV), suggesting
environmental influence on trait expression. The highest PCV (39.13%) and GCV (38.94%) were recorded for fruit yield per plant. Fruit diameter exhibited the
highest heritability (H2 = 99.86%), while fruit yield per plant showed the greatest genetic advance (132.42) and genetic gain (79.85%), indicating additive gene
action and effectiveness of selection. Fruit yield was positively and significantly correlated with fruit length, fruit diameter, number of fruits per plant, and
berry weight at both phenotypic and genotypic levels. Principal component analysis explained 73.48% of total variability, with PC1 and PC2 contributing
28.40% and 15.90%, respectively. Mahalanobis D2 analysis grouped genotypes into three distinct clusters, with maximum divergence between Cluster | and
Ill. Crosses between genetically distant clusters are recommended to exploit heterosis and enhance genetic diversity. The observed variability offers valuable
potential for breeding and hybridization programs.

Introduction

The strawberry (Fragaria x ananassa Duch.) a perennial low-growing herb, dicotyledonous, octaploid (2n = 8x = 56), is grown in the majority of agricultural
parts of the world. The domesticated strawberry is a french native and one of the 23 species in the genus Fragaria, which is a member of the Rosaceae
family (Rousseau-Gueutin et al. 2009). As documented by (Hancock and Luby 1993) and (DiMeglio et al. 2014) strawberries have four naturally occurring
ploidy levels, diploid, tetraploid, hexaploid, and octoploid and the basic chromosome number of all these strawberries is 7. Nutritionally, strawberries are
notable for their high vitamin C content and also contain a broad spectrum of other essential nutrients, including B-complex vitamins (thiamin, riboflavin,
niacin, vitamin B6) and fat-soluble vitamins (A, E, K, and carotenoids) (Alvarez-Suarez et al. 2014; Giampieri et al. 2015). Their characteristic red color is due
to the accumulation of anthocyanins, polyphenolic compounds known for their antioxidant and health-promoting properties (PiljacZegarac et al. 2012,
Strathearn et al. 2014). In India, it is grown widely in the geographic regions of Haryana, Punjab, and Uttar Pradesh, J&K, and the low elevations of Himachal
Pradesh. Punjab's agricultural climate is favourable for strawberry cultivation and has a lot of potential for commercial strawberry production. However,
cultivation of strawberry in Punjab is still at infancy stage with limited varietal options. In different agro-climatic conditions, the performance of different
cultivars depends on its interaction with the prevailing environmental conditions and the best cultivars or variety can only be selected by assessing the
growths, flowering, yield and other quality contributing characteristics. The cultivation of strawberry gaining impetus in Punjab state and it is a good option
towards the diversification initiative of the state. However, to harness maximum benefits from this crop, systematic evaluation of germplasm is the need of
hour to identify most suitable and high yielding genotypes under Punjab conditions. Genetic diversity forms the foundation of effective breeding programs,
enabling the selection and enhancement of desirable traits. To identify superior high-yielding genotypes, it is essential to evaluate variability parameters such
as the genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), and heritability (Dutta et al. 2017). GCV reflects the inherited genetic
variation, while PCV accounts for both genetic and environmental influences (Hamidou et al. 2018). Assessing these parameters aids in understanding the
extent and nature of variability among genotypes, which is crucial for crop improvement. Heritability estimates, provide insights into the transmissibility of
traits from one generation to the next and indicate the stability of phenotypic expression, guiding selection efficiency in breeding programs (Hamidou et al.
2018; Falconer & Mackay 1996). Heritability, when considered alongside genetic advance, helps predict the expected genetic gain and identify traits with high
selection potential (Igbal et al. 2017). Broad-sense heritability represents the ratio of genotypic to phenotypic variance, whereas genetic advance reflects the
improvement possible through selection. The combination of both parameters gives a more accurate prediction of genetic improvement than either alone
(Devesh et al. 2018).For effective selection of high-yielding genotypes, emphasis should be placed on identifying key traits. Correlation and path coefficient
analyses further elucidate the direct and indirect contributions of these traits to yield. A key goal for selection and future development is to produce a
superior cultivar with a good yield and high-quality fruit. In order to assess genetic variation and association among morphological and biochemical features,
the current study was carried out on 20 strawberry genotypes.

Materials and methods
Experiment details and collection of plant material

The bare-root strawberry plants were obtained from the Sher-e-Kashmir University of Agricultural Sciences and Technology of Kashmir (SKUAST-K), located in
Kashmir, India, during the 2022-2023. A total of 20 strawberry genotypes namely Catskill, Nabila, Ofra, Selva, Red Coat, Oso Grande, Majesty, Camarosa, 13-
B/34-B, Jutogh Special, Fairfox, Kaitrain Sweet, Missionary, Dilpasand, Larson, Douglas, Black More, Anthena, Chandler, and Winter Dawn(Table 1). The
seedlings were transplanted onto raised beds covered with black polyethylene mulch of 30-micron thickness. Each bed measured 15 meters in length and
1.0 meter in width, with a planting space of 30 cm x 30 cm in three rows per bed. A localized drip irrigation system was employed, providing water at a rate of
1.2 L/h per plant. The experimental layout followed a randomized complete block design (RCBD) with three replications. Observations were recorded on five
randomly selected plants per replication.
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Table 1

The details of strawberry genotypes and their pedigree.

Sr.No Name of genotypes  Pedigree

1 Catskill Unknown

2 Nabila Ventana and Q6Q8-26

3 Ofra Parker x 111

4 Selva Cal 70.3-117 xCal 71.98-605
5 Red Coat Sparkle x Valentine

6 Oso Grande Parker x Cal 77.3-603

7 Majesty Unknown

8 Camarosa Douglas x Cal85.218-605

9 13-B/34-B Unknown

10 Jutogh Special Unknown

11 Fairfox Royal sovereign x Howard 17
12 Kaitrain Sweet Unknown

13 Missionary A chance seedling in USA,1900
14 Dilpasand Unknown

15 Larson Unknown

16 Douglas (Tioga sequoia) x Tufts

17 Black More Missionaryx Howard 17

18 Anthena Unknown

19 Chandler Douglas x Cal 72-361-105

20 Winter Dawn FL93-103 and FL 95-316

Morphological characters

Five randomly chosen plants were used to record data on the following characteristics: plant height (cm), crown diameter (mm), number of leaves (cm2),
petiole length (cm), flowering duration (days), fruit length (top-bottom) and diameter (maximum diameter) measured with a digital vernier calliper in (cm),
days to fruit maturity, number of fruits/plants, fruit weight (g) measured with a digital weighing balance, and fruit yield (g).

Biochemical characters

Biochemical parameters such as total soluble solids (TSS) were determined using hand-held refractometer (ERMA) and vitamin C was analyzed according to
(Hussain et al. 2014).Total sugar was determined according to (Dubois et al. 1956). The estimation of antioxidants, including total phenolic content
according to (Hatami et al. 2014), total anthocyanin content, (Lee et al. 2005).

Data analysis

R Studio software (Version 4.3.1) was used for Statistical analyses. The experimental data were subjected to analysis of variance (ANOVA) appropriate for a
randomized complete block design (RCBD), as outlined by Panse and Sukhatme (1978). Genotypic and phenotypic coefficients of variation (GCV and PCV)
were estimated following the methodology described by Burton and De-Vane (1953). Broad-sense heritability (H?) was computed using the formula proposed
by (Allard 1960). The genotypic correlation coefficients were calculated according to (Fisher 1954), while genetic advance was estimated as per the method
suggested by (Johnson et al. 1955). Path coefficient analysis was performed following the approach developed by (Dewey and Lu 1959). Principal
component analysis (PCA) was conducted and visualized using the "ggplot2", "Factoextra", "gridExtra", "corrplot", and "FactoMineR" packages in R (Wickham
2016; Auguie 2017; Wei &Simko, 2021). Genetic divergence among genotypes was assessed using Mahalanobis' D? statistics (Mahalanobis 1936). Based on
the magnitude of genetic distances (D = vD?), genotypes were grouped into distinct clusters using Ward’s hierarchical clustering method, employing the
squared Euclidean distance as described by (Rao 1952).

Results
Genetic variability for morphological and quality attributes
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Among the 20 genotypes, the analysis of variance (ANOVA) for several morphological and qualitative variables in strawberries showed extremely significant
differences (p < 0.01) for all the traits under study. This indicates that the presence of significant genetic diversity is very important for strawberry
improvement programme.The results of the morphological and quality attributes have shown wider variability among the accessions of the strawberry
genotypes (Table 3). The average plant spread ranges from 25.17-39.50 (cm), plant height 16.20-27.47 (cm),crown diameter 12.03-18.04 (mm),number of
leaves 10.00-20.67 leaf area 62.33-118.00 (cm?),petiole length 6.83-12.27 (cm), days to start flowering 62.51-75.62,duration of flowering 68.47-90.11,fruit
length 23.92-39.01 (mm),fruit diameter 16.77-33.90 (mm),days to fruit maturity 34.33-44.67, no of fruits/plants 9.67-16.67, fruit weight 6.46—17.34 (g),
fruit yield 60.64-287.12 (g), TSS 6.47-10.27 (brix %),vitamin C 27.39-57.91 (mg/100g),phenolic content 266.43-391.29 (mg/100g), anthocyanin 65.88-89.55
(mg/100g),total sugars 5.23-7.53(mg/100g).

ANOVA of different morphologic-;?t:sdzquality characters in strawberry.

Characters Mean Sum of Square
Replication (df =2) Treatment(df=19)  Error(df = 38)

Plant spread (cm) 56.84 35.04** 5.15
Plant height (cm) 1.3 19.99** 1.87
Crown diameter (mm) 717 7.47%* 3.81
Number of leaves 14.01 17.99** 5.49
Leaf area (cm?) 1211.52 633.17*%* 76.55
Petiole length (cm) 2.92 6.40%* 0.98
Days to start of flowering 1.44 43.90%* 0.03
Duration of flowering 0.21 86.97** 0.41
Fruit length (mm) 0.05 59.33** 0.05
Fruit diameter (mm) 0.009 63.37** 0.03
Days to fruit maturity 40.71 20.75** 4.5
No of fruits/plants 2.2 11.85%* 1.21
Fruit weight (g) 1.03 34.61** 0.96
Fruit yield (g) 86.52 12551.49%* 38.39
TSS (Brix %) 0.17 3.471%* 0.2
Vitamin C (mg/100g) 0.17 229.13** 1.34
Phenolic content (mg/100g)  23.38 4778.83** 14.45
Anthocyanin (mg/100g) 1.85 203.39** 0.49
Total sugars (mg/100g) 0 1.47%* 0

Df: Degree of freedom, ** significant at 1.0 percent level, respectively.

Variability, heritability and genetic advance

A significant amount of variability in strawberry germplasm for different traits was observed (Table 3). The PCV and GCV were low (< 10%) for, days to
flowering after transplanting, followed by duration of flowering and days to fruit maturity whereas it was moderate (10-30%) for plant spread, plant height,
number of leaves/plant, leaf area, petiole length, fruit length, fruit diameter, number of fruits per plant, ascorbic acid, phenolic content, anthocyanin and total
sugars and it was high (more than 30%) for both fruit yield per plant and fruit weight. The estimates of heritability (broad sense) ranged from highest
(99.86%) for fruit diameter to lowest (39.28%) for crown diameter, respectively. The heritability estimates were moderate (30.1-60.0) for the traits followed
by fruit days to maturity and number of leaves per plant. While the higher heritability (> 60%) was observed for the traits like plant spread, plant height, no of
leaves, leaf area, petiole length, start of flowering in days, duration of flowering, fruit length, fruit diameter, no of fruits per plant, fruit yield, fruit weight, TSS,
ascorbic acid, phenolic content and anthocyanin content. The estimate of genetic advance was highest for yield/plant (132.42) followed by total phenolic
content (81.72), whereas low for acidity (0.09) followed by pH (0.42). Additive gene action may be the cause of the higher GA (132.42) and higher heritability
for fruit yield/plant. Thus, the selection would have an impact on this character. Genetic advance as percent of mean was lowest values for days to fruit
maturity (9.05) and it was highest for fruit yield per plant (79.85) followed by fruit weight (59.16). The high GCV and PCV observed for these characters
indicates the presence of adequate genetic variation among the genotypes and suitability of these attributes for further improvement by selection.
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Table 3
Analysis of variances for different morphological and bio-chemical traits in strawberry .

Name of traits GM Range PCV (%) GCV(%) H2(% GA GA(%)
Min Max

Plant spread (cm) 30.51 25.17 39.50 12.75 10.35 65.90 5.28 17.30
Plant height (cm) 18.95 16.20 27.47 14.85 12.97 76.30 4.42 23.34
Crown diameter (mm) 14.75 12.03 18.04 13.87 8.70 39.28  1.66 11.23
No of leaves 15.58 10.00 20.67 19.94 13.10 43.16  2.76 17.73
Leaf area (cm?) 83.22 62.33 118.00 19.46 16.37 70.79 23.61 28.37
Petiole length (cm) 9.54 6.83 12.27 17.51 14.09 64.74  2.23 23.35
Days to start flowering 69.02 62.51 75.62 5.55 5.54 99.78  7.87 11.40
Duration of flowering 77.44 68.47 90.11 6.99 6.94 98.59 10.99 14.19
Fruit length (mm) 33.01 23.92 39.01 13.48 13.47 99.74 9.15 27.70
Fruit diameter (mm) 23.49 16.77 33.90 19.58 19.56 99.86  9.46 40.27
Days to fruit maturity 39.13 34.33 44.67 8.05 5.95 54.58 3.54 9.05

No of fruit per plant 13.78 9.67 16.67 15.84 13.66 74.43 3.35 24.28
Fruit weight (g) 11.19 6.46 17.34 31.18 29.92 92.11 6.62 59.16
Fruit yield (g) 165.84 60.64 28712 39.13 38.94 99.07 132.42 79.85
TSS (°Brix) 8.50 6.47 10.27 13.28 12.16 83.86 1.95 22.95
Ascorbic acid mg/100g  49.11 27.39 57.91 17.90 17.74 98.25 17.79 36.23
Phenols mg/100 g 330.39 266.43 391.29 1212 12.06 99.10 81.72 24.74
Anthocyanin mg/100 g 79.50 65.88 89.55 10.38 10.35 99.27 16.88 21.23
Total sugars mg/100g 5.96 5.23 7.53 11.61 11.50 98.20 1.40 23.48

Grand mean (GM), range (minimum - maximum), per cent broad sense heritability (H2) genetic advance (GA), and genetic advance in % (GA %) of parental
mean for different morphological and quality traits in Strawberry

Principle component analysis (PCA)

The results of PCA analysis also revealed the presence of variability for different traits. The first flve components had extracted Eigen value of > 1 and
contributed 84.66% of the total variation (Table 4, Figs. 1 and 2). Principal component 1(PC1) contributed 28.40% of the total variability. The variation on PC1
was positively attributed by important traits like fruit yield (g) (15.50) and fruit weight (g) (12.57). PC2 contributed for 15.90% to the total variability and was
depicted mainly by economic traits petiole length, leaf area, and plant height. About 12.20% of the total variability was contributed by PC3 (main attributing
traits were days to start flowering and phenolic content) and 9.60% by PC4 (mainly ascribed to TSS and days to fruit maturity). PC5 contributed for 8.20% to
the total variability and was depicted by fruit length.
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Table 4

Principal components (PCs), corresponding eigenvalues, percentage of explained
variance, and cumulative variance contributed by each component

Variables PC1 PC2 PC3 PC4 PC5
Plant spread (cm) 2.383 7.527 8.03 1.788 9.825
Plant height (cm) 0.119 10.649 0.691 16.386  6.011
Crown diameter (mm) 5.06 0.842 7.837 6.955 11.523
Number of leaves 0.172 5.266 11.309 12.06 2.301
Leaf area (cm?) 0.507 15.097 12.558  0.502 0.331
Petiole length (cm) 0.545 21.384 1.066 0.116 2.407
Days to start of flowering 0.267 4.49 18.983  1.641 12.609
Duration of flowering 8.914 2.335 1.817 1.693 2.179
Fruit length (mm) 9.574 0.063 0.322 0.671 18.258
Fruit diameter (mm) 12.293  0.171 0.089 0.156 0.031
Days to fruit maturity 4.546 5.583 0.004 13.13 1.607
No of fruits/plants 12.257 0.038 0.025 0.165 5.258
Fruit weight (g) 12.573 1.744 0.088 1.42 4.857
TSS (Brix %) 3.353 6.912 0.648 13.809 0.122
Vitamin C (mg/100g) 0.216 0.653 12.18 7.297 1.687
Phenolic content (mg/100g) 0.522 4.192 14.626  1.022 1.369
Anthocyanin (mg/100g) 6.354 2.462 0.044 4.383 9.314
Total sugars (mg/100g) 3.665 0.849 7.193 9.87 6.818
Fruit yield (g) 1.172 8.823 2.481 6.648 3.387
Eigenvalue 5.44 3.22 2.36 1.91 1.59
Percentage of variance 28.40 15.90 12.20 9.60 8.20
Cumulative percentage of variance  28.40 44.30 56.50 66.10 74.3

Pearson Correlation Coefficient

To determine the direction and strength of relationships between traits, correlation coefficient analysis is frequently used. Significant correlations were
identified among various quantitative morphological and quality traits (Fig. 3.). The yield per plant was significantly and positively correlated with fruit weight
(r=0.88), number of fruits/plant (r = 0.76), fruit diameter (r = 0.66), fruit length (r = 0.65) and duration of flowering (r = 0.62). Non-significant correlation was
found between yield and days taken to fruit maturity (r=-0.36).

Path coefficient analysis

The data (Table 5) path coefficient analysis elucidates the influence of distinct independent traits, both in isolation and in conjunction with other traits, on the
manifestation of various characteristics related to yield. Path correlation analysis revealed fruit weight (0.517) exhibits the highest positive direct effect on
yield per plant, followed by number of fruits per plant (0.342) and fruit diameter (0.144). While negative direct effects observed on yield per plant for and total
sugars (-0.113) and leaf area (-0.087). This indicates that there is a real correlation between these traits and yield, and selection for this characteristic directly
will increase strawberry yield. Maximum indirect positive effect was found for fruit yield with fruit weight (0.348) via fruit length followed by fruit weight
(0.298) via duration of flowering, fruit weight (0.290) via number of fruits. Highest negative indirect effects were recorded for followed by fruit weight (-0.184)
via days to start flowering. The reported residual impact was 0.078, reflecting a very low value and just 0.2% contribution from other characters not
considered in the study.
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Table 5
Path correlation among differeent traits with yield of the plants

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16

1 -0.016 -0.021 -0.001 0.001 0.000 0.010 0.013 0.025 0.003 0.033 0.006 0.023 0.111 0.050 -0.019 -0.0
-0.009 -0.037 0.006 0.001 -0.018 0.018 0.011 -0.001 0.000 -0.011 0.001 0.009  0.021 0.012 0.003 -0.0
0.000 0.008 -0.026 -0.001 0.015 -0.002 -0.002 -0.026 -0.001 -0.039 -0.018 -0.130 -0.110 -0.019 -0.013 -0.0
-0.003 -0.013 0.007 0.003 -0.030 0.012 -0.007 0.003 0.001 0.012  0.009 -0.021 -0.045 0.012 0.010 0.0C

2

3

4

5 0.000 -0.008 0.005 0.001 -0.087 0.028 -0.004 -0.031 0.000 0.000 -0.030 -0.024 -0.123 0.026 0.014 0.0C
6 -0.003 -0.015 0.001 0.001 -0.054 0.045 0.003 -0.037 0.000 -0.0117 -0.023 -0.007 -0.108 0.017 -0.003 -0.0
7 -0.005 -0.010 0.001 0.000 0.007 0.003 0.043 -0.005 -0.005 -0.006 -0.006 0.013 -0.184 -0.002 -0.022 -0.0
8 -0.004 0.000 0.006 0.000 0.024 -0.015 -0.002 0.113 0.007 0.078 0.025 0.128 0.298 -0.004 -0.014 -0.0
9 -0.004 -0.001 0.003 0.000 0.001 0.001 -0.019 0.067 0.012 0.107 0.015 0.127 0.348 0.025 -0.011 -0.0
10 -0.004 0.003 0.007 0.000 0.000 -0.003 -0.002 0.062 0.009 0.144 0.021 0.179  0.271 0.035 -0.014 -0.0
11 0.001 0.001 -0.006 0.000 -0.035 0.014 0.003 -0.038 -0.002 -0.041 -0.073 -0.080 -0.154 0.021 -0.014 -0.0
12 -0.001 -0.001 0.010 0.000 0.006  -0.001 0.002 0.042 0.004 0.075 0.017 0.342 0.290 0.039 -0.003 -0.0
13 -0.003 -0.001 0.006 0.000 0.021 -0.009 -0.015 0.065 0.008 0.075 0.022 0.192 0.517 0.042 -0.002 0.0C
14 -0.006 -0.003 0.004 0.000 -0.017 0.006 -0.001 -0.003 0.002 0.037 -0.011 0.100 0.162 0.134 -0.016 -0.0
15 0.004 -0.002 0.004 0.000 -0.016 -0.002 -0.012 -0.020 -0.002 -0.026 0.013 -0.013 -0.013 -0.029 0.076 0.0C
16  0.005 0.008 0.002 0.000 -0.012 -0.006 -0.018 -0.016 0.000 -0.025 0.001 -0.059 0.029 -0.010 0.014 0.04

17 -0.003 -0.005 0.011 0.001 -0.007 -0.001 0.005 0.033 0.002 0.086 0.018 0.156 0.103 0.039  0.001 -0.0

18 0.000 0.006 0.009 0.000 -0.012 -0.001 -0.008 0.007 0.001 0.033 0.005 0.122 0.183 0.092 -0.002 0.0C

1. Plant spread (cm), 2. Plant height (cm), 3. Crown diameter (mm), 4. No of leaves, 5. Leaf area (cm?), 6. Petiole length (cm), 7. Days to start flowering, 8.
Duration of flowering, 9. Fruit length (mm), 10. Fruit diameter (mm),11. Days to fruit maturity, 12. No. of fruit per plant, 13. Fruit weight (g), 14. TSS (°Brix), 15.
Ascorbic acid mg/100 g, 16. Phenols mg/100 g, 17. Anthocyanin mg/100 g, 18. Total sugars mg/100g.

Genetic divergence (D?)

Based on the assessment of performance across multiple traits, (Fig. 4) demonstrates the clustering arrangement of 20 strawberry varieties. These varieties
have been categorised into three distinct clusters. Cluster-l encompasses 10 varieties. Cluster-1l comprises 3 varieties and Cluster-lll comprises 7 varieties.
Cluster Il is distinguished by their high yields. Whereas cluster Il stood out based on their excellent quality attributes like TSS, anthocyanin and total sugars.
Cluster | was not remarkable in terms of either yield and their related traits and also quality attributes.

Average D? values representing both inter-cluster and intra-cluster divergence are given (Table 6). In this table, the diagonal elements represent the intra-
cluster divergence, while the off-diagonal elements signify inter-cluster divergence. Notably, the cluster with the greatest intra-cluster distance is Cluster II,
with a value of (113.31), whereas Cluster Ill exhibits the lowest intra-cluster distance at (59.23). Furthermore, it is noteworthy that the highest inter-cluster
distance, quantified at (115.10) occurred between Cluster | and Cluster IlI, while the lowest inter-cluster distance, (84.08) was observed between Cluster | and
Cluster Il

Table 6

Average intra-and inter- cluster
divergence (D?) of 20 genotypes of
strawberry

Cluster | Il n

Il 113.31  95.50

‘I 8425 8408 11510
‘ M 50.23

Discussions

Germplasm characterization based on the morphological as well as quality traits is of great importance for plant breeders since it is the first step in the
initiation of crop breeding programmes and identification of superior genotypes to diversify local production (Pereira-Lorenzo et al. 2012). The significant
value of the genotypic mean sum of squares indicating the presence of environmental influence resulted in variation for all the characters among genotypes
of strawberry, which can be improved by further breeding techniques. GCV and PCV are the most important parameters to estimate the level of variability
present in the population. The present study had (10-30%) for plant height, plant spread, fruit length, fruit diameter, anthocyanin and total sugars, while for
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fruit yield per plant and fruit weight had higher (> 30%) GCV and PCV, which indicated the presence of wider variability for these traits as previously reported
in the strawberry (Mishra et al. 2015; Singh et al. 2018). Further, the values of PCV were higher than their corresponding values of GCV for all the characters
under consideration, indicating that the apparent variation is not only due to genotypes but also to the influence of environment in the expression of traits.
Heritable variation is important for genetic improvement (Singh 2000). Heritability reflects the percentage of genetic variability that is transferred from
parents to offspring. Heritability was classified as suggested by (Robinson et al.1949) into low (0-30%), moderate (30.1-60%) and high (> 60%). The current
heritability study reveals that the estimates of heritability (broad sense) range from highest (99.86%) for fruit diameter and lowest (39.28%) for crown
diameter respectively. Similarly, findings were also observed by (Mishra et al. 2015; Kumar et al. 2012).Heritability alone is not a good predictor of the
exploitable genetic variability, according to (Masood 1986), thus breeders should also take genetic advance into account. The higher heritability coupled with
higher GA (132.42) observed for fruit yield/plant might be due to additive gene action so, the selection would be affective for this character. Similar findings
were also reported by (Lal et al. 2016; Zareei et al. 2022; Verma et al. 2024).

Principal Component Analysis (PCA) is a multivariate statistical technique employed to elucidate patterns of variation among samples and to identify the
variables that predominantly contribute to their similarities and differences. By transforming the original data matrix into a set of orthogonal components,
PCA captures the major sources of variance through a complementary representation of score and loading plots. This approach facilitates dimensionality
reduction, enables the exploration of inter-object relationships, provides insights into the underlying correlation structure among variables, and determines
the optimal number of principal components required to retain the majority of the original information with minimal loss (Rodriguez-Delgado et al. 2002). In
this study, PCA was conducted on the complete dataset of mean values, with the first principal component (PC1) accounting for 28.40% and the second
principal component (PC2) explaining 15.90% of the total variance (Fig. 2). Collectively, the first two components, both having eigenvalues exceeding 1.0,
accounted for 74.30% of the overall variability. Previous studies have successfully applied PCA in the evaluation and classification of strawberry genotypes
based on agro-morphological traits and fruit quality parameters (Zareei et al. 2022; Hummer et al. 2022; Samec et al. 2016; Park et al. 2020; Pinheiro et al.
2021; Chiomento et al. 2021).

From a breeding perspective, correlation studies are crucial because they show the degree to which one or more traits are correlated with one another and
also indicate which attribute may be valuable in identifying more crucial ones for a given improvement programme. Path coefficient analysis elucidates the
influence of distinct independent traits, both in isolation and in conjunction with other traits, on the manifestation of various characteristics related to yield.
The yield per plant was significantly and positively correlated with fruit weight, number of fruits/plant, fruit diameter and fruit length. (Singh et al. 2018; in
strawberry, Hummer et al. 2022; Zareei et al. 2022; Verma et al. 2025) in strawberry also employed the path coefficient analysis to investigate the direct and
indirect correlations between agro-morphological attributes via the partitioning of correlation coefficients.

In the current study, clusters were constructed using Mahalanobi's D2 statistics (Mahalanobi, 1936), which is an excellent method for assessing genetic
divergence. This clustering based on morphological characterization suggests that there is enough genetic variation among them. Numerous clusters were
also seen to emerge in Fragaria ananassa (Jan et al. 2022; Chhetri et al. 2017), suggesting that the material under study exhibits a great diversity in material.
The genotypes from highly distant clusters should be used for the development of high yielding varieties (Patel et al. 2017). Based on these criterion
genotypes in clusters | and Il would be more fruitful for producing segregates with great heterotic effects as they produced maximum distance between
them. Further inter-cluster range observed in the present study was much lower than the results obtained by (Jan et al. 2022) in Fragaria ananassa.

The study of different characteristic contribution towards genetic variance is important with regards to selection and choice of parents for hybridization
programme and is performed on the basis of D [ values. The traits like fruit yield per plant and quality parameters can be taken into consideration during
selection of parents for hybridization as it showed highest contribution towards genetic divergence.

Conclusion

The present study revealed wider genetic variability among the 20 genotypes of strawberry evaluated for morphological and yield-related traits,
demonstrating the substantial potential for genetic enhancement and selection. The very close value of PCV and GCV for all characters indicates least
environmental control, with fruit yield showing the highest variability. Because of the high heritability, high genetic gain, and high genetic advance for fruit
yield per plant, which indicate that additive genetic influences predominate, making selection more effective. Fruit length, fruit diameter, and quantity of fruits
per plant all significantly increase fruit yield, indicating that these characteristics may be important selection criteria. Significant genetic divergence was
further validated by the PCA and Mahalanobis D2 analysis, which grouped the genotypes into three different clusters. Inter cluster distance was higher than
intra cluster distance which indicates the high genetic diversity in the genotypes. To exploit maximum heterosis and broaden the genetic base the crosses
between genetically distant clusters are recommended. So the present study will utilized for direct selection of superior genotypes or in trait specific
breeding programs aimed at developing high-yielding, improved Fragaria ananasa varieties.
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Figure 2

Biplot of principal component analysis (PCA) illustrating the distribution of 20 strawberry genotypes and the contributions of the assessed traits to the total
variation.

Page 11/13



0.18

ns

-0.04/-0.14

Pearson's ns | ns
Correlation 0.18 0.13

. - on
CMII 028 0.13 0.1

-1.0 -05 00 05 10 ns | ns
-0.16 0.24 023 -0.17 -0.02

ns ns nNs ns _ ns

0.12 -0.19 -0.06| 0.02 -0.16 -0.09

ns ns ns ns ns | ns
-0.40 -0.22 0.21 0.07/-0.01 | 0.02-0.36

™ n8 N8 ns  ns  ns | *=

-0.39 -0.18 -0.09 -0.11 -0.04 -0.04 -0.17

ns ns ns ns ns | ns

0.36 0.22 -0.32 -0.06 0.11 0.13-0.02|-0.02| 0.06
= ns = ns  ns ns ns | ns  ns
028 029-013 0.15 0.10 0.19 0.12 -0.21 -0.07
nE nNnE nNns ns ns  ns | ns
0.30 0.32 . 0.38 -031 -0.36 -0.06 -0.22 -0.20 -0.03 -0.04
* ns  ns NS ns | ns

.0.31 o.as.uzo 022 026 -0.09 023 021 -0.03 006
ns ns ns ns ns

.—0‘03 0.06 0.37 0.29 -0.22 -0.31 0.02 -0.26 -0.32 -0.18 -0.14
= = = ns ns

ns  ns = ns = ns
.-. 026 023 .--o.zs 026 o.oa 0.00 -0.08 -0.18 -0.18
= = ns_ _ns_ns ns
.... 0.19 n12 0.37 019 -011 -0.19 012 -0.02| 0.02 -0.14 -0.03
= ns ns ns ns ns ns ns ns

0.02 -0.08 -0.01 0.04 0.01 0,09-0,16 0.03 0.13 -022 0.00 0.35 0.19 0.39 0.05-022
ng /' ng /ns ' N8 /N NS NS Ns NS ns ns ™= ns = ns | ns
021 021 021 021 020 037 000 005 0.18 0.02 -0.04 0.20 0.04 0.18 -0.24 -0.28
ns nNns ns ns ns *™ ns ns nNns nNns  nNns nNns ns ns ns *

028 0.26 -0.44 -0.04 -0.04 -0.35 -0.18 -0.02 -0.18 0.04 0.13 -0.05 0.09 -0.17 -0.10 006-028-042

& i *#  ns ' ng  * nps ns Ins  ns ns ! ns  ns ! ns | ns ! ns =
¢ & L 2 9 S 24 Y & L & @ 2 =& &
3 & © &E & & F P
Q)Q@rbﬂ‘é@\,é\&‘?" (\'@aé\ ¥ A8 @@" Q&\? & 5“? ¥ \\aép Qe’Q N ¢
s

ns p==0.05;*p=0.05*p=<0.01, and ** p < 0.001

Figure 3

Pearson correlation coefficients among key traits in strawberry
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Figure 4

Cluster Dendrogram 1. Catskill, 2. Nabila, 3. Ofra, 4. Selva, 5. Red Coat, 6. Oso Grande, 7. Majesty, 8. Camarosa, 9. 13-B/34-B, 10. Jutogh Special, 11. Fairfox,
12. Kaitrain Sweet, 13. Missionary, 14. Dilpasand, 15. Larson, 16. Douglas, 17. No. of fruit per plant, 18. Black More, 19. Anthena, 20. Winter Dawn.

Page 13/13



