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ABSTRACT

In the current study, ten F1 hybrids and their five parents were evaluated
for agronomic, post-harvest, and nutritional traits. Significant genetic
variation was observed among the traits, which grouped the planting
materials into four phylogenetic clades. High heritability, coupled with
high genetic advance was recorded for fruits per plant (99.61% and
170.55%), single fruit weight (99.06% and 102.09%), and vitamin C
content (99.98% and 177.53%), suggesting that these traits are governed
predominantly by additive gene action. Pearson’s correlation and path
coefficient analyses identified fruit diameter, number of secondary
branches, single-fruit weight, and skin thickness as key traits positively
associated with fruit yield, while increased skin thickness also contributed
to enhanced shelf-life. Based on mean performance, the hybrids BT-15 x
BT-3, BT-8 x BT-15, and BT-8 x BT-14 emerged as promising
candidates for high yield. In addition, BT-8 x BT-11 and BT-8 x BT-15
exhibited superior shelf life and nutritional quality. Overall, the findings
highlight the potential of integrating yield, post-harvest, and nutritional
traits into selection indices for the development of superior tomato
hybrids.
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Introduction

Tomato (Solanum lycopersicum L.) is one of the the need for breeding early-maturing,

most widely cultivated vegetable crops worldwide,
valued for its economic significance and rich
nutritional composition. It is an important source of
vitamin C, provitamin A, lycopene, and essential
minerals, which contribute to dietary health and help
prevent chronic diseases (Gonzalez-Vega et al.,
2021). Beyond its nutritional profile, farmers prefer
tomato cultivation for its relatively short life cycle,
higher yields, and broad adaptability to varying agro-
climatic conditions (Lin et al., 2014). Despite its
broad adaptability and short life cycle, Bangladesh
faces a substantial yield gap in tomato production,
averaging 14.05 t/ha compared with the global mean
of 33 t/ha (FAOSTAT, 2023). This gap underscores

*Corresponding author:<jamilursau@sau.edu.bd>

high-yielding tomato hybrids that also possess
superior post-harvest and nutritional qualities to meet
the growing demand from both producers and
consumers.

Moreover, tomato is a fleshy vegetable, particularly
vulnerable to post-harvest deterioration due to poor
shelf life, skin thickness, storability, and resistance to
mechanical damage, which are essential for
preserving quality during transport and storage
(Sinha et al., 2019). However, many existing
commercial hybrids in Bangladesh fail to combine
these attributes, often exhibiting either late maturity,
poor shelf life, or suboptimal yield (Islam et al.,
2021). To overcome these constraints, tomato-
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breeding strategies must integrate multiple trait
targets, including earliness, productivity, storability,
and nutritional quality, thereby minimizing reliance
on tomato imports.

Effective tomato improvement relies on the analysis
of genetic variability and trait interrelationships,
which provide the basis for informed selection of
superior genotypes (Johnson et al., 1955).
Correlation analysis helps identify the degree and
direction of associations among traits, facilitating
indirect selection for complex targets such as yield
and quality (Dewey and Lu, 1959). While previous
studies have often evaluated agronomic, post-harvest,
or nutritional traits individually, integrated
assessments of these traits in early-maturing, high-
yielding hybrids are limited. The present study
evaluates diverse early-maturing tomato hybrids for
agronomic performance, post-harvest quality, and
nutritional composition, alongside assessments of
genetic variability and trait associations. By
integrating these dimensions, the study provides a
robust framework for selecting superior hybrids that
combine productivity, early maturity, post-harvest
performance, and  nutritional  enhancement,
contributing to sustainable tomato breeding and
improved food security in Bangladesh.

Materials and Methods

Ten hybrids with five parents and a check variety
were evaluated for quantitative, post-harvest, and
nutritional traits in the research field of Sher-e-
Bangla Agricultural University during the 2018-19
rabi season. A Randomized Complete Block Design
(RCBD) with three replications was used, with row-
to-row spacing of 60 cm, and plant-to-plant spacing
of 40 cm. All intercultural operations and fertilizer
doses were carried out according to the BARI
handbook (2017). The complete list of sixteen
planting materials employed in this study is
presented in Table 1. The planting materials were
assessed by recording various agronomic parameters,

including days to 50% flowering, plant height (cm),
number of secondary branches, number of fruits per
cluster, number of fruits per plant, single fruit weight
(9), fruit diameter (mm), fruit length (mm), days to
first harvesting, and yield per plant (kg); and post-
harvest parameters viz., number of locules per fruit,
shelf life, skin thickness, and nutritional qualities
including vitamin C content, brix percentage (%),
titrable acidity (%). Data collection was performed
from thirty random plants per planting material.
Considering these data, Statistix 10 was used to
perform the analysis of variance and the least
significant difference (LSD) test. Additionally, the
genetic  variability =~ components,  correlation
coefficient, and clustering analysis using the
Euclidean complete method were performed with the
aid of R software (version 4.3.1), whereas the
clustering dendrogram was constructed using
ggrplot2.  Moreover, the remaining visual
presentations were prepared using Origin (2023b)
software.

The brix percentages or total soluble solid content
were evaluated by using a portable refractometer
(ERMA, Tokyo, Japan), whilst an oxidation-
reduction titration procedure suggested by Tee et al.
(1988) was followed to assess the vitamin C
contents.

Vitamin-C =

0.5 dye required for tomato juice X 100 X100

dye required for L — ascorbic acid x 5 weight for fruit

and according to Panse and Sukhatme (1967), titrable
acidity was assessed following the formula below:

Titrable acidity (%) =

titrate x normality of alkali x volume made up
xequivalent wt. of acid x 100

volume of sample x weight of sample x 100
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Table 1. List of planting materials used for the experiment.

Sl. no. Designation Name
Parents
1. BT-8 BARI Tomato-8
2. BT-15 BARI Tomato-15
3. BT-14 BARI Tomato-14
4. BT-11 BARI Tomato-11
5. BT-3 BARI Tomato-3
F1 cross combinations
6. BT-8 x BT-15 BARI Tomato-8 x BARI Tomato-15
7. BT-8 x BT-14 BARI Tomato-8 x BARI Tomato-14
8. BT-8 x BT-11 BARI Tomato-8 x BARI Tomato-11
9. BT-8 x BT-3 BARI Tomato-8 x BARI Tomato-3
10. BT-15 x BT-14 BARI Tomato-15 x BARI Tomato-14
11. BT-15x BT-11 BARI Tomato-15 x BARI Tomato-11
12, BT-15 x BT-3 BARI Tomato-15 x BARI Tomato-3
13. BT-14 x BT-11 BARI Tomato-14 x BARI Tomato-11
14. BT-14 x BT-3 BARI Tomato-14 x BARI Tomato-3
15. BT-11 x BT-3 BARI Tomato-11 x BARI Tomato-3
16. BHT-4 (Check variety) BARI Hybrid Tomato-4

Note: BARI: Bangladesh Agricultural Research Institute

Results and Discussion
Mean performance of hybrids and their parents

In a breeding program, the breeders' primary
objective is to identify genetic variations among the
traits of interest, thereby accumulating favorable
genes into new cultivars. In the current study, we
observed significant genetic differences between F;
hybrids and their parents, suggesting ample
opportunities for varietal development (Table 2). The
mean performance for yield-contributing traits and
post-harvest traits was presented in Table 3. Among
the hybrids, the

highest fruit yield performance was found in BT-15
x BT-3 followed by BT-8 x BT-15 and BT-8 x BT-
14, surpassing the better parent BT-3. Furthermore,
for single fruit weight per plant, the hybrids BT-15 x
BT-14 produced the highest fruit weight, possibly
due to the accumulation of genes from the parental
line, as BT-15 vyielded the highest individual fruit
weight among the parents. Variations in fruit yield
performance among tomato cultivars were also
reported by Meena et al. (2017) and Kumar et al.
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(2020). It is found that the number of fruits per
cluster and per plant is a reliable indicator of the
yield potential of tomato hybrids. In this experiment,
the F1 hybrids BT-8 x BT-11 and BT-15 x BT-11
demonstrated the highest number at both pre- and
post-flowering, while the parent BT-1lexhibited
the maximum number of fruits per cluster and fruit
per plant, indicating the additive gene action in
controlling the inheritance of these traits, which
suggested that an early selection from these
combinations would be advantageous.
Furthermore, the superior short stature and early
maturity were observed in the hybrids BT-8 x BT-
11 and BT-15 x BT-11 compared with the parent
BT-15, the earliest-maturing genotype among the
parental lines. Therefore, selecting these promising
hybrids would be advantageous and would expand
the scope for isolating potential early-maturing, high-

qualities of the hybrids, parents, and check variety
were also assessed (Fig. 1). For tomato cultivars,
thicker flesh for prolonged preservation is a
prerequisite. The hybrid BT-8 x BT-15, followed by
BT-8 x BT-11, which showed the highest shelf-life,
and skin thickness, had higher values than the
corresponding  better parent in the cross
combinations. Hosen et al. (2022) and Rasheed et
al. (2022) are consistent with the experimental
findings. In terms of nutritional quality, the hybrid
BT-8 x BT-11 showed higher values for vitamin C
and Brix percentage than the parental lines used in
the crosses. Additionally, the highest titrable acidity
was found in hybrid BT-11 x BT-3. Kumar (2021)
and Farwah et al. (2023) reported that vitamin C
and Brix percentages were within the ranges
observed in tomato accessions. Therefore, these
findings suggest that the selected hybrids could serve

yielding recombinant lines in the future. as preferred genetic resources for developing
In the current study, the post-harvest and nutritional improved tomato hybrids.
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Fig. 1.Mean performance

of ten hybrids, five parents and check variety for (a) skin

thickness

(mm), number of locules per fruit and brix content; (b) shelf-life duration (days after harvesting);
(c) vitamin C contents (mg/100 g) and (d) titrable acidity (%6).
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Table 3. Mean performance of ten quantitative characteristics of five parents and their 10 F; lines of

tomato.
Genotypes ~ D50%F PH NSB NFC NFP SFW FD FL DFH YPP
Parents
BT-8 25.67 b 92.40ef 7.679 4.98gh 27.00 h 91.74cd 63.60ab 56.83ab 83.00c 1.34f
BT-15 23.00cd 89.40fg 6.07 h 5.84d 27.27h 100.18a 53.68ef 59.34a 76.67d 1.92e
BT-14 27.00ab 117.47a 5.60i 5.61de 32.68gh 89.56¢cde 54.96def 49.89cd 82.67c 2.16cde
BT-11 21.33de 97.66¢ 7.679 11.67a 217.25a 8.00k 21.40i 25.25f 72.00e 1.08g
BT-3 27.67a 90.27efg 8.74c 5.17efgh 31.20gh 92.08cd 56.25def 49.92cd 84.00c 2.30c
F1 Hybrids
BT-8 xBT-15 22.33cd 96.80cd 8.50d 4.87gh 47.87f 67.559 52.78f 47.06d 66.33f 2.97ab
BT-8 xBT-14 23.67c 111.53b 7.70g 5.55def 62.47d 84.17ef 67.35a 57.79ab 80.33cd 2.84b
BT-8 xBT-11 21.67de 87.93g 9.10b 8.50b 155.95b 18.70ij 33.129 32.73e 66.33f 2.16cde
BT-8xBT-3 26.33ab 87.679 9.00b 5.32defg 29.96h 55.55h 53.82ef 51.50c 80.67cd 1.20fg
BT-15 x BT-14 22.67cd 111.73b 7.93f 5.31defg 36.13g 97.70ab 59.61bcd 55.81b 82.00c 2.24cd
BT-15xBT-11 20.00e 98.33c 11.00a 7.63c 114.43c 17.60j 26.53h 31.28e 66.33f 2.07cde
BT-15xBT-3 23.00cd 93.60de 7.93f 4.58h 48.97f 83.48f 59.43bcd 50.57¢ 88.33b 3.18a
BT-14 x BT-11 28.00a 111.30b 8.24e 5.54def 43.60f 93.62bc 63.20abc 60.12a 92.67a 2.31c
BT-14 x BT-3 27.00ab 120.32a 5.61i 5.07efgh 36.53g 87.30def 58.41cde 50.86¢ 81.00c 2.29c
BT-11 xBT-3 22.00cd 98.87¢c 11.03a 8.61b 109.77c 23.04i 34.81g 33.62¢ 67.00f 1.99de
CV (BHT4) 25.67b 86.679 6.12h 5.80d 55.67e 56.45h 58.32de 48.62cd 80.33cd 2.12cde
Mean 24.19 99.48 7.80 6.25 67.30 66.67 51.08 47.51 78.10 2.14
Maximum 28.00 120.32 11.03 8.50 217.25 100.18 67.35 60.12 92.67 3.18
Minimum 20.00 86.67 5.61 4.58 27.00 8.00 21.40 25.25 66.33 1.08
LSD 1.89 3.63 0.21 0.61 5.92 541 4.83 3.37 4.28 0.26
CV% 4.69 2.19 1.56 5.90 5.28 4.87 5.67 4.25 3.29 7.28
SE® 0.655 1.258 0.072 0.213 2.051 1.873 1.674 1.166 1.481 0.089

Note: D50%F=Days of 50% flowering; PH=Plant height (cm); NSB=Number of secondary branches,
NFC=Number of fruits per cluster; NFP=Number of fruits per plant; SFW=Single fruit weight (g); FD=Fruit
diameter (mm); FL=Fruit length (mm); DFH=Days of first harvesting; YPP= Yield per plant (kg).
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Cluster analysis

The genetic improvement of vyield and other
agronomic traits largely depends on the genetic
distance between the parental lines, as more diverse
parents produce vigorous hybrids and subsequent
generations (Snehi et al., 2023). The constructed
dendrogram visualized that the 10 hybrids and their 5
respective parents were separated into four distinct
clusters (Fig. 2). Within the clusters, three hybrids
BT-15 x BT-14, BT-14 x BT-11, BT-14 x BT-3, BT-
8 x BT-14 and one parent BT-14 were included in
cluster 1, and the accessions included in this cluster
exhibited the maximum number of secondary
branches, number of fruits per cluster, number of
fruits per plant, vitamin C, brix content, titrable
acidity, and also showed short duration for 50%
flower initiation and days to first fruit harvest (Table
4). Again, cluster Il contained three parents, BT-3,
BT-8, BT-15, and three hybrids, BT-8 x BT-15, BT-
8 x BT-3, BT-15 x BT-3, which showed promising
agronomic characters, viz., single fruit weight, fruit
diameter, fruit length, and number of locules per
fruit. However, cluster 111 included only one parent
BT-11 due to its distinct features, such as shorter
plant  height,  higher  yield per plant,

thick skin, and longer shelf-life. Furthermore, three
hybrids, BT-8 x BT-11, BT-11 x BT-3, and BT-15 x
BT-11 were clubbed in cluster IV, which had
moderate performance in terms of single fruit weight,
fruit diameter, fruit length, and skin thickness.
Similarly, Rahimi et al. (2022) and Verma et al.
(2023) employed clustering analysis to determine
genetic distances among tomato accessions and
suggested that genetic distances obtained through
clustering can be used to exploit high-heterotic
groups in hybridization programs. In the current
study, the cluster distance demonstrated that cluster |
had the maximum intra-cluster distances, suggesting
that populations included in this cluster were highly
heterogeneous (Fig. 3). However, the highest inter-
cluster distances were noted between cluster | and
cluster 1l, preceded by cluster Il and cluster III,
indicating that populations under these clusters had the
highest genetic variability among themselves. This may
be due to the involvement of diverse parents in the
hybrid combinations. Therefore, it is expected that
segregating populations can be obtained from these
hybrids through recurrent selection in future breeding
programs to develop superior tomato varieties.

= = v = =}

BT15 * BT3

@
=
@

w )
- b
= E

TS x BT3-

Fig. 2. Dendrogram showing the genetic relationships among hybrids and their parental
lines, grouped into four distinct clusters based on their similarity. Here, light blue color
indicated cluster 1, light pink indicated cluster I, light yellow indicated cluster 111 and light

green indicated cluster 1V.
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Fig. 3. Intra- and inter-cluster distances among the four clusters derived from hierarchical cluster
analysis.The ellipses represent the four clusters (I-1V), with values inside each ellipse indicatingintra-
cluster distances(within-cluster genetic divergence), and the arrows showing inter-cluster distances
(genetic divergence between clusters).

Table 4. Average cluster mean values for the sixteen traits of four clusters.

Clusters  D50%F PH NSB NFC NFP SFW FD FL DFH YPP  NL ST SL VvC BRIX TA
Cluster | 21.25 95.70 9.70 910 14935 16.84 2897 30.72 6792 183 250 213 16.09 44.69 5.23 0.29
Cluster Il 25.67 11447 7.02 541 42.25 90.47 60.71 5489 8373 237 473 3.85 1453 10.24 4.65 0.06
Cluster 1l 22.67 95.20 822 473 48.42 7552 56.11 4882 7733 3.08 3.50 477 2450 16.64 3.50 0.07
Cluster IV 25.67 89.94 787 7.87 28.86 84.89 56.84 5440 81.09 169 3.83 4.06 1559 16.23 4.55 0.09

Note: D50%F=Days of 50% flowering; PH=Plant height (cm); NSB=Number of secondary branches, NFC=
Number of fruits per cluster; NFP= Number of fruits per plant; SFW=Single fruit weight (g); FD=Fruit
diameter (mm); FL=Fruit length (mm); DFH=Days of first harvesting; YPP= Yield per plant (kg), NL =
Number of locules per fruit, ST = Skin thickness (mm), SL = Shelf-life duration (Days after harvesting), VC
= Vitamin C (mg/100g), Brix content and TA = Titrable acidity (%).
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Genetic parameters among the variables

In crop improvement programs, genetic variation
determination is a crucial step for estimating
breeding values, aiding in selecting important yield-
contributing traits. Regarding these, variability
components viz. phenotypic and genotypic
coefficient of variance, heritability, and genetic
advance (%) provide reliable selection methods in
breeding programs (Rasheed et al., 2022). In the
present study, all the studied traits possessed a
higher phenotypic coefficient of variance than
their genotypic counterparts (GCV). In contrast,
the minimal fluctuation between PCV and GCV

TA -
BRIX 1
VC-
SL-
ST+
NL -
YPP-
DFH -
FL -
FD
SFW -
NFP -
NFC+
NSB-
PH -

N rcv [ Gov

D50%F -

100
80
60 -

o
20

0
100 -

implied that genes that regulated the heredity of
these traits were greatly influenced by genetic
factors (Fig. 4a). Moreover, the major percentage
of the traits, excluding days to 50% flowering,
plant height, number of secondary branches, days
to first fruiting, and brix percentage, had a higher
genotypic coefficient variation (variance> 20),
indicating the existing variance among these traits
facilitated an enormous scope to develop improved
tomato cultivars by selecting these traits.
Previously, Singh et al. (2017) and Hussain et al.
(2021) also reported similar ranges of variability
across different tomato accessions.

TA-
BRIX-
VC-
SL-
ST+
NL-
YPPA
DFHA
FL-
FD+
SFW+
NFP+
NFC
NSB+
PH
D50%F+

200 1 Hicritability (%) Il Genetic Advance (%) &

SeSSoOCO
TNSREST AN
- .

160

(~]
*
-

Heritability (%)

Genetic Advance (%)

Fig. 4. (a) Phenotypic and genotypic coefficient of variance, (b) broad sense heritability (%) and
genetic advancement (%) for the selected eighteen variables among the hybrids and parents.

Note: D50%F=Days of 50% flowering; PH=Plant height (cm); NSB=Number of secondary branches,
NFC= Number of fruits per cluster; NFP= Number of fruits per plant; SFW=Single fruit weight (g);
FD=Fruit diameter (mm); FL=Fruit length (mm); DFH=Days of first harvesting; YPP= Yield per plant
(kg), NL = Number of locules per fruit, ST = Skin thickness (mm), SL = Shelf-life duration (Days after
harvesting), VC = Vitamin C (mg/100g), Brix content and TA = Titrable acidity (%).
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In tomato breeding programs, selecting traits to
formulate feasible breeding strategies based on
heritability and genetic advance is a well-recognized
biometric tool. Heritability defines the degree of
inheritance from the progenitors to the offspring,
whereas genetic advance determines the effectiveness
of selection (Pooja et al., 2022). Therefore, selecting
suitable traits based on heritability and genetic
advance is more predictable than heritability alone.
Interestingly, all the studied traits except plant height
(46.12 and 4.28%) showed a higher broad sense
heritability accompanied by a higher genetic advance
in percentage of mean (Fig. 4b). However, traits viz.
the number of fruits per plant (99.61 and 170.55),
single fruit weight (99.06 and 102.09), vitamin C
content (99.98 and 177.53) and titrable acidity (97.54
and 168.96) exhibited the highest percentage of
heritability and genetic advance. Similarly, the
preponderance of high heritability and genetic advance
for yield-attributing and nutritional traits was also
reported by Anuradha et al. (2020) and Zannat et al.
(2023). Therefore, consideration of these traits will be
effective in selecting appropriate breeding lines to
develop high-yielding tomato cultivars.

Linear relationship among the pairwise traits
with fruit yield

Tomato fruit yield is a complicated trait reflecting the
interaction of multiple genes that also govern the
expression of other traits. Therefore, the association
between the traits and fruit yields needs to be assessed
in fabricating an efficient selection strategy. Correlation
analysis aids breeding programs by identifying pairwise
relationships among traits, enabling breeders to select
the most important traits for genetic
improvement and to enhance vyield performance.
Falconer (1981) stated that the changes in one trait can
significantly alter the performance of other traits. In the
current study, Pearson correlation analysis among the
yield-attributing traits with fruit yield was estimated
(Fig. 5). The association among the pairwise traits
revealed that fruit yields had a positive and strong
interrelationship with fruit diameter (0.39**), number

future

of secondary branches (0.44**), single fruit weight
(0.34*) and skin thickness (0.35*). Therefore, selecting
these traits will be rewarded, as their improvement
simultaneously increases fruit yield. Furthermore, fruit
length (0.26), days to first fruit harvest (0.12), and plant
height (0.05) also exerted positive, but weak influences
on fruit yield. Similar associations with fruit yield were
also suggested by Reddy et al. (2013) and Sushma et al.
(2020). Among the vyield-contributing traits, days to
50% flowering (-0.06) and number of fruits per plant
(-0.30) showed negative correlations with fruit yield,
traits that should be improved in the next breeding
programs.

As a fleshy vegetable, the preservation capabilities
and nutritional properties of tomatoes greatly depend
on post-harvest qualities. The current findings
revealed that skin thickness exhibited a significant
positive association with the number of locules per
fruit (0.48***), fruit length (0.71**), fruit diameter
(0.65***) and single fruit weight (0.67***). At the
same time, skin thickness also showed a positive
linear relationship with shelf-life duration (0.18).
These associations suggest that thicker skin not only
improves the yield of contributing traits but also
extends shelf-life. On the other hand, brix content,
vitamin C, and titrable acidity similarly showed
strong interrelationship with each other and had a
positive association with shelf-life, suggesting that
longer shelf-life maintains intact nutritional qualities
by reducing deterioration in tomato quality after
harvesting. However, nutritional qualities such as
vitamin C, brix content, and titrable acidity showed
strong negative correlations with days to first fruit
harvest, indicating that extended harvesting periods
greatly decreased the health benefits of the tomato.
This may be due to environmental fluctuations that
trigger unfavorable conditions, viz., higher
transpiration, respiration, and ethylene production,
deteriorate nutritional properties (Thole et al., 2021).
Considering the above findings, we can conclude that
improvements in qualitative traits should also be
addressed in tomato breeding programs.
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Fig. 5. Correlation coefficient among the different pairs of quantitative traits with fruit yields.

Note: D50%F=Days of 50% flowering; PH=Plant height (cm); NSB=Number of secondary branches,
NFC= Number of fruits per cluster; NFP= Number of fruits per plant; SFW=Single fruit weight (g);
FD=Fruit diameter (mm); FL=Fruit length (mm); DFH=Days of first harvesting; YPP= Yield per plant
(kg), NL = Number of locules per fruit, ST = Skin thickness (mm), SL = Shelf-life duration (Days after
harvesting), VC = Vitamin C (mg/100g), Brix content and TA = Titrable acidity (%).
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Direct and indirect effects on the fruit yields

Path  coefficient analysis  partitions the
contribution of yield-related traits into direct and
indirect effects, enabling breeders to identify the
most influential yield components and develop
targeted selection strategies for improved
productivity. Our current findings indicated that
the number of secondary branches (0.59), the
number of fruits per plant (0.95), single fruit
weight (0.87), fruit diameter (0.94), and skin
thickness (0.10) showed the most potent positive
direct effects on fruit yield, underscoring that
fruit quality related traits exerted significant
contribution in overall yield improvement (Table
5). These traits reinforce each other through
positive indirect effects; for example, single fruit
weight and fruit diameter influence tomato
quality via vitamin C content (0.93 and 0.90),
BRIX percentage (0.15 and 0.15) and total
tritrable acidity (0.28 and 0.27), augmenting its
overall correlation with fruit yield (0.34* and
0.39**, respectively) and thereby improving the
overall fruit yield production. On the other hand,
despite the number of fruits per plant having a
negative correlation with fruit yield (-0.30%*), this
trait indirectly enhances tomato yield production
through the positive contribution of fruit length
(0.94), days to first fruit harvesting (0.38) and the
number of secondary branches (0.23). This
indicates a trade-off between fruit number and
size, where indirect trait effects can
counterbalance direct negative associations and
support better fruit development. Similarly, Jogi
et al. (2018) and Madhavi et al. (2019) reported
that fruit width, fruit length, and average fruit
weight are critical vyield contributors, as
evidenced by correlations and path analysis
studies. On the other hand, the number of fruits
per cluster (-0.83), fruit length (-0.95), days to
first fruit harvest (-0.60), and number of locules

(-0.39) manifested strong adverse direct effects.
However, these traits can also enhance the fruit
yield production through the contribution of other
characteristics. For instance, the number of fruits
per cluster can indirectly improve the yield
performance via the number of secondary
branches (0.21), number of fruits per plant (0.91),
fruit length (0.94), and number of locules per
fruit (0.26). Additionally, fruit length can
indirectly improve yield performance via the
number of fruits per cluster (0.72), single fruit
weight (0.92), and fruit diameter (0.93). Similar
trends in enhancing fruit yield via other traits
were also reported by Kumar et al. (2014) and
Tandel et al. (2023). Conversely, several quality-
related characteristics, including higher vitamin C
content (-0.98), BRIX content (-0.31), and
titratable acidity (-0.34), were found to exert
adverse direct effects on yield. This indicates that
while these traits enhance fruit quality, they may
divert assimilates and metabolic resources away
from fruit biomass accumulation, thereby
reducing overall yield. Therefore, balancing
between vyield-contributing and nutritional traits
improvement is a critical research area in tomato
breeding programs. Similar negative associations
between nutritional quality and fruit yield have

been reported by Anuradha et al. (2018).
Nonetheless, the positive interrelationships
among these quality attributes contribute

substantially to improving overall fruit quality.
These results emphasize that selection strategies
in tomato breeding should prioritize traits with
strong positive direct or indirect effects on yield,
while simultaneously incorporating post-harvest
and nutritional quality traits in a balanced
manner. Such an integrated approach would
enable the development of tomato cultivars that
combine high yield potential with superior market
and nutritional value.
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Table 5.Direct and indirect effects of fifteen traits on the fruit yields.

Correlation
Traits D50%F PH NSB  NFC NFP  SFW FD FL DFH NL ST SL VvC BRIX TA with fruit
yield
D50%F 0.16 -006 -029 049 -0.67 0.75 0.84 -085 -050 -021 0.04 0.08 0.66 011 017 -0.06
PH 0.09 012 044 030 063 034 027 004 -035 -017 -003 016 -046 -011 -0.09 0.05
NSB -0.08 009 059 -029 054 070 073 072 032 020 -002 -012 -041 -005 -019 -0.05
NFC -0.09 -0.04 021 -0.83 091 -0.78 088 0.94 0.37 0.26 -0.08 0.04 -0.50 -0.21 -0.28 -0.48***
NFP -0.10 -0.05 0.23 -0.80 0.95 -082 087 0.94 0.38 0.26 -0.08 0.01 -0.97 -0.18 -0.28 -0.30*
SFW 011 002 -038 071 -088 087 090 -094 -047 -027 007 004 093 015 028 0.34*
FD 011 002 -030 075 -087 091 094 -095 -047 -029 007 -003 090 0.15 0.27 0.39**
FL 0.10 000 -031 072 -090 092 093 09 046 -027 007 -001 085 010 028 0.26
DFH 013 007 032 051 074 071 08 08 -060 -022 004 004 065 0.12 0.22 0.12
NL 0.08 005 031 056 071 070 084 08 -034 -039 005 000 083 0.06 022 012
ST 0.07 004 -015 067 073 073 086 084 026 -019 010 -004 092 0.13 0.24 0.35*
SL -0.05 007 026 011 -014 -038 014 006 010 001 002 -026 023 -001 006 011
vC -0.08 004 019 -073 08 074 -087 090 031 026 -008 005 -098 013 0.25 -0.34*
BRIX -0.05 004 010 05 08 -069 -068 057 024 007 -004 -001 051 -031 012 -0.65***
TA -0.08 003 032 -069 08 079 -087 090 040 025 -007 004 093 011 -0.34 -0.24

Residual effects 0.09

Note: Bold indicates the direct effects of traits on the fruit yield

Conclusion

The present study demonstrated substantial genetic
variability among tomato hybrids and their parents
for agronomic, post-harvest, and nutritional ftraits,
providing a strong foundation for selection. High
heritability coupled with high genetic advance in key
yield and quality parameters suggests additive gene
action, making direct selection effective. Positive
correlations between yield and traits such as fruit
diameter, single fruit weight, and skin thickness
indicate the potential for simultaneous improvement
in productivity and shelf-life. Notably, BT-15 x BT-
3, BT-8 x BT-15, and BT-8 x BT-14 excelled inyield
performance, while BT-8 x BT-11 and BT-8 x BT-
15 combined extended storability with enhanced
nutritional content. These results underscore the

value of integrating agronomic, post-harvest, and
nutritional parameters into breeding strategies to
develop tomato varieties that meet both producer and
consumer demands.
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