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Abstract: Tomato (Solanum lycopersicum L.) is called ‘the poor man’s orange’ due to its low price and improved nutritional values. An experiment was conducted to study the breeding potential of some exotic tomato lines by assessing various qualitative and quantitative traits conferring yield and quality attributes. Among the qualitative traits, greater variability was observed for growth type, stem hairiness, and fruit shape and size. A determinate growth habit was observed in the genotype AVTO9802 while the genotype AVTO0102 produced yellow color fruits. A significant (p ≤ 0.01) variation was also observed for the studied quantitative traits. Based on yield and traits attributed to yield, the genotypes AVTO0314, GPB0107, GPB0120 and AVTO9802 were selected as promising genotypes. The differences between the genotypic and phenotypic coefficients of variation (GCV and PCV) of the studied quantitative traits were very low. This suggests that the apparent variation was mainly due to the genotypes. The higher GCV and PCV values were observed for the number of primary branches plant−1 (NPB), number of fruits cluster−1 (NFC), individual fruit weight (IFW) and total soluble solids (TSS). High heritability was recorded for all quantitative traits in a broad sense. However, the individual fruit diameter showed the highest heritability (99.56). The highest (102.75) genetic advance (GA) was observed for the number of fruits plant−1 (NFP). High heritability coupled with high GA as percentage of mean were recorded for the traits NFP, NFC, fruit yield plant−1 (FYP) and IFW. FYP showed a significant positive correlation with NFC (0.714***) and a negative correlation with days to the first harvest (−0.539***) and plant height (−0.492**). Principal component analysis revealed that the first four components explained 78.5% of the total variation among the genotypes. Thus, the promising genotypes (AVTO0314, GPB0107, GPB0120, AVTO9802 and AVTO0102) isolated from this study can be used for developing high-yielding and high-quality tomato varieties.
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1  Introduction

Tomato (Solanum lycopersicum L.) is one of the world’s largest cultivated and most widely consumed vegetable fruit crops [1]. It showed an annual production of 182 million tonnes globally in 2017 [2]. It belongs to the Solanaceae family with a chromosome number 2n = 2x = 24, and is native to South America [3]. Tomato fruit is highly rich in nutritional values with a well-balanced amount of β-carotene, ascorbic acid (AsA), phenolics, flavonoids, vitamin E, minerals, and fibers [4,5]. It is generally considered as a “Protective Food” as it is the main source of lycopene and other antioxidants in the human diet that reduces cancer incidence [6]. Lycopene present in tomato is a strong antioxidant and exhibits 2 to 10 times higher single oxygen quenching capacity than β-carotene and α-tocopherol [7]. Tomato is a crop of multipurpose use both as fresh and in processed food industries. Green fruits are mostly used for pickles, preserves, and are consumed after cooking, while ripe tomato fruits are consumed fresh and used in the agro-processing industry to manufacture sauce, paste, ketchup, powder, soup, and canned whole fruits [8]. As a result, the commercial importance of tomato has increased in recent decades.

The development of high-yielding and high-quality tomato varieties that are resistant/tolerant to various abiotic and biotic stresses is the main goal of plant breeders to ensure global food security and food quality. Breeders and scientists around the world created a wide range of morphologically diverse cultivars from the single species S. lycopersicum to modern tomato varieties. These varieties have a high variation in fruit weight and size, shape and color through intensive activities of breeding [5,9]. In Bangladesh we have nearly 35 inbreed tomato varieties developed by the Bangladesh Agricultural Research Institute (BARI) and the Bangladesh Institute of Nuclear Agriculture (BINA) [10]. Importantly, the yield of tomato is very low in Bangladesh as compared to the yield in other developed countries, stressing the importance of developing hybrid varieties with higher yield and quality [11]. Recently, a large number of hybrid varieties has been imported or developed by BARI and different private seed companies [12]. However, farmers have to pay a substantial amount of money to buy the hybrid seeds from the multinational companies. Sometimes, the imported hybrid varieties do not perform well under the agro-climatic conditions of Bangladesh. Therefore, there is a great need to develop new inbreed tomato varieties that produce higher yields along with desirable qualitative attributes. Additionally, inbred development is one of the prerequisites to obtain hybrid varieties. To meet the increasing demand for tomato, it is important to study the morphological and genetic variability of exotic and local tomato germplasm. Variability assessment among tomato genotypes helps to maintain and utilize germplasm resources for the improvement of the cultivars [13].

The low diversity among commercial tomato varieties, coupled with numerous pests and diseases, are a serious threat to tomato production [14]. Genetic advancement for yield and quality of cultivated tomato can generally be attained by selecting genotypes that exist in nature or through hybridization with a desirable trait combination. Morphological or agro-morphological characteristics are key determinants to identify and estimate the genetic diversity among genotypes [15]. Genetic variation of the morphological features has been the focus of many kinds of research in tomato [15–20]. Morphological markers are easier, more direct, and less expensive than molecular and biochemical markers [21]. Besides, heritability and genetic advance (GA) are also important indications for the breeding plan. The environmental influence and possible improvement of a trait can be estimated by heritability and GA [22]. High heritability along with a substantial amount of GA are necessary to make an efficient selection in breeding programs [23]. Moreover, analyzing correlation coefficients among characters is also helpful for the selection of important traits associated with yield. Therefore, the collective information of tomato genotypes can help to formulate a comprehensive breeding plan for their improvement [24]. Additionally, previous researchers working with tomato germplasm have suggested to use multivariate analysis as a valid tool to deal with germplasm collection and characterization [25]. Considering the above facts, the objectives of this study were: (i) to assess the variability for qualitative and quantitative attributes in a set of tomato genotypes, (ii) to estimate the breeding potential of these quantitative attributes, (iii) to select the most promising genotypes for variety development.

2  Materials and Methods

2.1 Experimental Site, Soils, and Season

The field study was carried out at the Experimental Farm of the Department of Genetics and Plant Breeding, Bangladesh Agricultural University, Mymensingh, Bangladesh, during the winter season (October 2020 to March 2021). The land of the experimental area was medium high land which belonged to the Agro-Ecological Zone-9 (Old Brahmaputra Flood Plain). The pH of the soil ranged from 6.5–6.7, and the texture was sandy loam.

2.2 Plant Materials

A total of 12 tomato genotypes were used in the study. They consisted of (i) seven exotic lines (AVTO0102, AVTO0314, AVTO1219, AVTO1424, AVTO1429, AVTO1464 and AVTO9802) collected from the Asian Vegetable Research and Development Center (AVRDC), Taiwan, (ii) two advanced breeding lines (GPB0107 and GPB0120, collected from the Department of Genetics and Plant Breeding, Bangladesh Agricultural University, Mymensingh, and (iii) three indigenously developed varieties (Binatomato-10, BARI Tomato-14, and BARI Tomato-17) collected from the Bangladesh Institute of Nuclear Agriculture (BINA), Mymensingh and the Bangladesh Agricultural Research Institute (BARI), Gazipur.

2.3 Seedlings Raising and Transplanting

At first, the tomato seedlings were raised in a nursery bed. One-month-old seedlings were transplanted to the experimental field on November 15, 2020. Transplanting was done in the late afternoon, and irrigation was given by water can just after transplanting for a better establishment of plants.

2.4 Design and Layout of the Experiment

The experiment was conducted following a randomized complete block design (RCBD) with three replications. Each block consisted of twelve experimental units. Plot size was 5 m2 (2.5 m 
×
2 m). Each plot had four-rows having a total of 20 plants. Distance between rows was 60 cm and distance among plants within each row was 40 cm. The distance between two experimental units was 100 cm. The genotypes were randomly arranged within each experimental unit using a table of random numbers.

2.5 Land Preparation and Fertilization

The experimental field was prepared through plowing and cross plowing with a power tiller. Weeds and debris were removed during land preparation. Proper laddering was done to bring the soil to a proper tilth and leveling. Fertilizer doses were Urea-TSP-MP-Gypsum-Boron at 200-150-80-25 and 3 kg/ha, respectively, and cowdung at 10 t/ha. Whole amount of decomposed cowdung, TSP and MP, Gypmsum, and Boron, and half amounts of Urea, were given at the time of final land preparation. The rest of the Urea was applied 15 days after transplanting and a week before flowering.

2.6 Intercultural Operation

To protect lay down on the soil each plant was given a bamboo stick. Agronomic practices like weeding and irrigation were performed to provide adequate growing conditions. Other intercultural operations were done whenever necessary.

2.7 Data Collection

Data on ten qualitative traits (i.e., stem color, SC; flower color, FC; growth type, GT; foliage density, FD; stem hairiness, SH; the presence of green shoulder, GS; exterior fruit color, EFC; fruit shape, FS; fruit cross-section shape, FCS; and fruit size) were recorded according to the IPGRI (International Plant Genetic Resources Institute) tomato descriptor. Additionally, a total of fourteen quantitative traits (days to first flowering, DFF; days to first harvest, DFH; days to last harvest, DLH; plant height, PH; number of primary branches plant−1, NPB; number of fruit clusters plant−1, NFC; number of fruits cluster−1, NFPC; number of fruits plant−1, NFP; individual fruit weight, IFW; individual fruit diameter, IFD; fruit yield plant−1, FYP; dry matter, DM; total soluble solids, TSS (% brix), and ascorbic acid (AsA) concentration (mg/100 g) were recorded from ten randomly selected plants from each replicate. NFPC, NFP, IFW, and IFD were recorded by counting and considering all fruits of each genotype from each replicate. DM, TSS and AsA contents were estimated from five randomly selected fruits of each genotype for each replication. For TSS estimation, a drop of tomato juice squeezed from the fruit was placed on the prism of the refrectometer and the soluble solid concentration was recorded. AsA content was estimated by the method described by Plummer [26] through visual titration methods. For estimating dry matter percentage (DM%), the weight of whole fresh fruits was taken from the sample plants and cut into two halves. The chopped sample fruit was oven-dried at 70°C for 2 days until constant weight. The dried samples were re-weighted to calculate the percent dry weight. Percent DM content was calculated using the following formula: 
%DM=100−(Freshweight−DryweightFreshWeight×100)
. Results were expressed as g/100 g fresh weight (FW).

2.8 Data Analysis

Statistical analysis of the collected data was performed by using Minitab 18 Statistical Software. The analysis of variance (ANOVA) was performed for each trait to test the variations among the genotypes. The separation of means was done following the Tukey’s test at a 5% level of probability. Additionally, the following genetic parameters were estimated to determine the genetic variability among genotypes and evaluate the genetic and environmental effects on the studied variables.

(i) 
Genotypicvariance,σg2=GMS−EMSr

where, GMS = Genotypic mean square, EMS = Error mean square, r = Number of replications

(ii) Phenotypic variance, σ2p = σ2g + EMS

where, σ2g = Genotypic variance, EMS = Error mean square

(iii) Heritability in broad sense, h2b 
=σ2gσ2p
× 100

where, h2b = Heritability in broad sense, σ2g = Genotypic variance; and σ2p = Phenotypic variance.

(iv) 
Genotypiccoefficientofvariations,GCV=σg2X¯×100

where, σ2g = Genotypic variance; and 
X¯
= Population mean

(v) 
Phenotypiccoefficientofvariations,PCV=σP2X¯×100

where, σ2p = Phenotypic variance; and 
X¯
= Population mean

(vi) Genetic advance, GA = h2b.K.σp

where, h2b = Heritability in broad sense; K = Selection differential, the value of which is 2.06 at 5% selection intensity; σp = Phenotypic standard deviation

(vii) 
Geneticadvanceinpercentageofmean,GA(%)=GAX¯×100

where, GA = Genetic advance and 
X¯
= Population mean

These formulae were taken from Singh et al. [27] and Fehr [28]. Pearson correlation coefficients were computed to evaluate the relationship between yield and different traits. Principal component analysis (PCA) was made using Minitab 18 statistical software to determine the patterns of quantitative variation with the eigenvectors and eigenvalues.

3  Results

3.1 Qualitative Traits

A large variation was observed among the genotypes for the studied qualitative traits (Tab. 1). The stem color of all the studied genotypes was green and the flower color was yellow. Most of the genotypes showed an indeterminate growth habit; a few genotypes showed semi-determinate growth habit, and only one genotype (AVTO9802) showed a determinate growth habit. Out of the 12 genotypes, 9 genotypes showed an intermediate foliage density whereas three genotypes showed (AVTO0314, BARI Tomato-14, and BARI Tomato-17) a dense foliage density (Tab. 1). Regarding the stem hairiness, 6 genotypes showed intermediate, 5 genotypes showed dense and one genotype (AVTO1464) showed a sparse pubescence density (Tab. 1; Fig. 1). Green shoulder was only present in two genotypes (AVTO1464 and Binatomato-10) (Tab. 1; Fig. 1). The exterior fruit color was red for most of the genotypes. However, fruit color of one genotype (AVTO0102) was yellow (Tab. 1; Fig. 2). Oval fruit shape was observed in four genotypes, round fruit shape was shown in 7 genotypes, and the fruit shape of Binatomato-10 was long oblong. Cross-section shape of the fruit was round for all of the genotypes but AVTO1429 whose fruit cross section was irregular. A large variation was found among the studied genotypes for fruit size: large fruit size was observed in 5 genotypes, medium fruit size was determined on 6 genotypes, whereas one genotype (Binatomato-10) produced a small fruit size (Tab. 1; Fig. 2).
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Figure 1: Variation on stem hairiness and presence/absence of green shoulder (a) genotype AVTO 1429: dense stem hairiness; (b) genotype AVTO 0314: intermediate stem hairiness density; (c) genotype AVTO 1464: sparse stem hairiness density; (d) genotype BARI Tomato 14: absence of green shoulder; (e) genotype AVTO9802: absence of green shoulder and (f) genotype AVTO1464: presence of green shoulder
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Figure 2: Variation in fruit size, shape and color of the studied tomato genotypes grown at BAU farm during the winter season of 2020–2021

3.2 Quantitative Traits

The results of the analysis of variance for all of the quantitative characters studied showed highly significant (p < 0.001) variation among the genotypes (Tab. 3). The results of the mean variation of fourteen quantitative traits among the genotypes under study are described below.
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3.2.1 Yield and Yield-Contributing Traits

Among the studied genotypes, the genotypes GPB0107 and GPB0120 were the earliest flowering genotypes as they required the minimum days to flowering (44.33 and 44.67 days, respectively) whereas the genotype BARI Tomato-14 required the maximum days (70.33 days) for flowering (Tab. 3). The genotypes GPB0120 and GPB0107 were the earliest maturing genotypes as they required the minimum days to harvest the first mature fruits (114.67 and 115 days, respectively); the genotype AVTO1424 required the maximum days (134 days) to produce the first mature fruits (Tab. 4). Maximum fruit harvesting duration (147.33 days) was recorded for AVTO1219, whereas AVTO9802 required the minimum days (138.33 days) to harvest the last mature fruits (Tab. 3). The genotype AVTO1464 showed the tallest plants (PH = 146.89 cm); it was followed by the AVTO1429 (144.78 cm) and Binatomato-10 (121.00 cm). The lowest PH (63.28 cm) was recorded for the genotype GPB0107; however, it did not show significant difference with the genotype GPB0120 (Tab. 3). The maximum NPB was found in the genotypes AVTO0102 and Binatomato-10 (9.22 and 9.11, respectively), which did not show significant differences between them. The varieties BARI Tomato-17 and BARI Tomato-14 showed the minimum number of primary branches (4.56 and 4.83, respectively) per plant (Tab. 3). The highest NFC (9.22) was recorded for the genotype AVTO0314, while the least NFC (3.00) was recorded for the genotypes AVT01219, AVTO1424 and AVTO1429 (Tab. 4). The variety Binatomato-10 was found to bear the maximum NFPC (9.87) followed by AVTO9802 (4.97), while the variety BARI Tomato-17 was found to bear the least NFPC (2.41) (Tab. 3). A highly significant variation was observed for the character NFP among the studied genotypes. The highest NFP (188.4) was recorded for the variety Binatomato-10 followed by the genotypes AVTO0314 (33.67) and AVTO0102 (31.11). The lowest NFP (4.78) was recorded for the variety BARI Tomato-17 (Tab. 3). BARI Tomato-17 showed the highest value for IFW (85.40 g) followed by AVTO1429 (74.77 g), GPB 0107 (72.80 g), and AVTO9802 (63.81 g); however, the differences among the genotypes were non-significant. The lowest value (5.38 g) of IFW was recorded for the variety Binatomato-10 (Tab. 3). The highest IFD (6.20 cm) was found on BARI Tomato-17, whereas Binatomato-10 showed the lowest IFD (2.43 cm) (Tab. 3). The studied genotypes showed a highly significant variation among themselves for the trait FYP. The highest amount of FYP (1.52 kg) was recorded for the genotype AVTO0314 followed by GPB0107 (1.35 kg), GPB0120 (1.31 kg), and AVTO9802 (1.29 kg); however, the differences among these genotypes were not statistically different. The lowest FYP (0.39 kg) was recorded for the variety BARI Tomato-17 (Tab. 3).

3.2.2 Quality Traits

The maximum DM content (10.63%) was recorded in the genotype BARI Tomato-17, followed by AVTO1219, AVTO0314, AVTO1464, AVTO1429, GPB107, AVTO9802, Binatomato-14, BARI Tomato-14, AVTO1424, GPB0120, and AVTO0102 (Tab. 3). The mean values of the TSS (%brix) content on the studied genotypes ranged from 5.60% to 3.50%. The genotype Binatomato-10 had the highest amount of TSS (5.60%), followed by AVTO1219, BARI Tomato-14, AVTO1464, AVTO0314, GPB0120, AVTO9802, AVTO1424, AVTO1419, GPB0120, BARI Tomato-17 and GPB0107 (Tab. 3). The highest amount of AsA content (19.11 mg/100 g) was found in the genotype BARI Tomato-14, followed by AVTO0102, Binatomato-10, AVTO0314, AVTO9802, GPB0107, GPB0120, AVTO1219, BARI Tomato-17, AVTO1464, and AVTO1429. The genotype AVTO1424 had the least amount of AsA content (Tab. 3).

3.3 Genetic Parameters Analysis

Phenotypic and genotypic variances, PCV and GCV, heritability, GA and GA% of the studied traits are presented in Tab. 4. The characters which showed very high σ2G and σ2P were NFP (2499.40 and 2510.94, respectively), PH (666.03 and 685.84, respectively) and IFW (454.14 and 521.09, respectively). The rest of the traits showed a low magnitude of σ2G and σ2P. The values of PCV were higher than those of the GCV for all traits. The highest differences between GCV and PCV values were recorded for the traits NPB (24.09% and 20.01%), NFC (47.23% and 42.44%), IFW (44.08% and 41.15%) and TSS (15.29% and 12.68%) whereas the rest of the traits showed lower differences between GCV and PCV. In general, a high broad sense heritability (>90%) was recorded for most of the studied traits. Individual fruit diameter showed the highest heritability (99.56%) while the lowest heritability (69.03%) was observed for NPB. The highest GA (102.75) was observed for the trait NFP. Genetic advance as a percentage of the mean ranged from 6.10% (DLH) to 320.01% (NFP); however, around 80% of GA was recorded for the traits NFC, NFPC, FYP and IFW (Tab. 4). Importantly, high heritability and high GA% were observed for the traits NFP, NFPC, FYP and IFW.

3.4 Correlation Coefficient Analysis

Days to first flowering showed a significant positive correlation with DFH (0.402*) and AsA content (0.587***) whereas it showed a significant negative correlation with NPB (−0.488**) (Tab. 5). Days to first harvest showed a significant positive correlation with DLH (0.587***) and IFD (0.554***), whereas it showed a significant negative correlation with NFPC (−0.743***), NFP (−0.773***), and FYP (−0.539***).Plant height showed a significant negative correlation with FYP (−0492**). Number of primary braches plant−1 showed a significant positive correlation with NFC (0.339*), NFPC (0.335*), and NFP (0.424***), whereas it showed a significant negative correlation with IFW9 (−0.515***) and IFD (−0.423**). Number of fruit clusters plant−1 showed a significant positive correlation with NFPC (0.632***), NFP (0.57***), TSS (0.397*), AsA content (0.446**), and FYP (0.714***), whereas it showed a significant negative correlation with IFW (−0.467**) and IFD (−0.526***). Similarly, the number of fruits cluster−1 showed a significant positive correlation with NFP (0.924***) and TSS (0.545**), whereas it showed a significant negative correlation with IFW (−0.586**) and IFD (−0.819***). The number of fruit plant−1 showed a significant negative correlation with IFW (−0.72***) and IFD (−0.883***), but it showed a significant positive correlation with TSS (0.572***) and AsA (0.357**). Consequently, IFW showed a significant positive correlation with IFD (0.8***) and DM (0.381*), whereas it showed a significant negative correlation with TSS (−0.586***) and AsA (−0.406**). Individual fruit diameter showed a significant positive correlation with DM (0.463**) whereas it showed a significant negative correlation with TSS (−0.577***) and AsA (−0.613***). Importantly, FYP did not show a significant positive correlation with DLH, NPB, NFC, NFPC, NFP, TSS and AsA; however, it showed a significant positive correlation with NFC (0.714***). In contrast, FYP showed a significant negative correlation with DFH (−0.539***) and PH (−0.492**) (Tab. 5).
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3.5 Principal Component Analysis

The PCA was carried out considering all the quantitative traits presented in Tab. 6. In the present study, four components indicated Eigen values greater than one which cumulatively explained 78.5% of the total variation among the 12 tomato genotypes for the 14 quantitative traits studied (Tab. 6). Principal component analysis revealed that the first PC accounted for 39.4% of the total variation where NFP had the highest positive loading (0.39) followed by the NFPC (0.381), NFC (0.325), TSS (0.26), NPB (0.228) and AsA content (0.217). The second component accounted for 15.7% of the total variation explained mostly by DFF, DFH, DLH, AsA, and IFW. The third and four-components of the PCA accounted for only 12.0% and 11.4% of the total variation, respectively (Tab. 6).
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4  Discussion

The increasing demand for high-quality tomato products has resulted in the urgency of continuous collection, characterization and evaluation of unknown tomato genotypes. Additionally, the modern tomato breeding programs have emphasized yield, resistance to biotic and abiotic stresses, and quality attributes [29]. Measurements of morphological traits provide a simple practice of assessing the genetic variation with simultaneous evaluation of genotypes performance under specific growing conditions [30–32]. In the present study, only one genotype showed yellow color fruits. According to Khachik et al. [33], various pigments such as chlorophyll, carotenoids and anthocyanins, etc. are the source of color variations in stems, flowers and fruits. In the current study, most of the genotypes showed indeterminate and semi-determinate growth habits; however, one genotype showed determinate growth habit. Green shoulder was present on immature fruits in two genotypes, whereas it was absent in the rest of the ten genotypes (Tab. 1; Fig. 1). Two types of foliage density were found among the studied genotypes. Green shoulder is also known as the green back; it is a disorder in the tomato fruit often characterized by a persistent, firm green area around the calyx end due to undegraded chlorophyll, while the rest of the fruit is ripe. The disorder is genetically controlled and can be abolished by incorporating the ‘uniform ripening’ gene [34]. Variation was observed among the genotypes for stem hairiness; it ranged from sparse, intermediate to dense (Tab. 1; Fig. 1). Hairiness provides a coating on leaves, stems and fruits. It thus reduces transpiration and reflects sunlight, protecting the more delicate tissues underneath in hot, dry and open habitats [35]. Shape and size constitute integral quality parameters in fruits. The current study revealed variations in fruit shape, fruit cross-section shape and fruit size (Tab. 1). Three different (rounded, oval, long oblong) fruit shapes were recorded in the studied genotypes. On the other hand, two shapes of fruit cross-sections were observed. Fruit size varied from small and medium to large. However, intermediate and large fruit sizes dominated among the accessions studied. This could be attributed to preferential selection where most of the farmers prefer intermediate and large fruit tomatoes as opposed to those that are small sized.

To utilize a specific trait in a tomato breeding program, variation in that specific trait among the available germplasm is required. Analysis of variance revealed significant differences (Tab. 2) among the studied genotypes for all the characters studied including fruit yield, NFP and IFW. Development of early tomato varieties is one of the most important breeding targets in Bangladesh as the tomato price usually decreases during the pick or late harvesting period. Among the studied genotypes, GPB0107 and GPB0120 showed the early flowering and early fruiting characteristics. Therefore, these genotypes can be used in variety development programs to develop early maturing varieties. In case of indeterminate growth, PH is increased with the advancement of time; however, PH ceased in those plants that have determinate growth. PH of the studied tomato genotypes ranged from 63.28–147-67 cm (Tab. 3). Haque et al. [36] also reported similar ranges of PH (47.6–116.6 cm) during the evaluation of tomato genotypes. NPB varied significantly among the studied genotypes ranging from 4.56 to 9.22. Significant variation in NPB was also reported by Sharma et al. [37]. While studying tomato germplasm, Kouam et al. [19] also reported that the NPB ranges from 3.10 to 8.97.

NFC and NFPC showed significant differences in the studied genotypes (Tab. 3). The genotype AVTO0314 produced the highest NFC (9.22) whereas the highest NFPC (9.87) was found in the cherry type tomato Binatomato-10. In the studied genotypes, significant variation was also found for the trait NFP. NFP ranged from 4.78 to 188.44. The highest NFP was found in the cherry type genotype Binatomato-10 whereas the lowest one was found in the genotype BARI Tomato-17. Kouam et al. [19] reported that NFP ranges from 9.17 to 51.53 (Tab. 3). However, the difference among the NFP was probably due to including the cherry tomato (Binatomato-10) in the studied genotypes. In support to our statement, Saha et al. [38] reported that the NFP in cherry type tomato ranges from 113 to 292.

IFW and IFD are the most important determinants in conferring higher yield. In the studied genotypes, a significant variation was observed for IFW and IFD. However, higher IFW and IFD were observed in the genotype BARI Tomato-17, AVTO1429, GPB0107 and AVTO9802. Kouam et al. [19] also reported significant differences in IFW and IFD. Most importantly, the analysis of variance of this study revealed significant differences for FYP. A significant difference in FYP in tomato was also reported by other studies [19,39]. In this experiment, the higher FYP was found in the genotype AVTO0314 (1.52 kg) followed by GPB0107 (1.35 kg), GPB0120 (1.31 kg) and AVTO9802 (1.29 kg) (Tab. 3). Our results are in accordance with the results of Kouam et al. [19] who reported that the FYP in tomato germplasm ranges from 0.422 to 1.98 kg.

DM is the solid contents of a fruit or a plant minus its water content. It is made of structural and non-structural carbohydrates, starch, sugars, oil, pigments, and minerals. Nevertheless, it is important to highlight that the increase of DM% can be evaluated as marginal considering the long-term storage period. A similar range of DM% was also reported by Brezeanu et al. [40] in tomato. The percentage of solids in tomato varies over a wide range due to a number of reasons, especially the cultivar, soil characteristics and water management, and also the amount of rainfall and irrigation during the cultivation period [41]. TSS content is one of the most important traits in terms of the processing industry and selection of fermentation methods/duration during the seed extraction. In the present study, TSS content ranged from 3.67 to 5.60 and the highest value was recorded for Binatomato-10 (Tab. 3). Our results are similar to those of other studies [4,42] where they reported TSS ranging from 4.37% to 5.67% in winter tomato. High levels of AsA content in tomato fruits play a significant role in many aspects of plant life and are also beneficial to human health [43]. In the present study, AsA content ranged from 13.42 to 19.11 mg 100 g−1 with BARI Tomato-14 being the highest. Our findings are within the range of AsA reported by Twomey et al. [44] where they reported that the AsA content in imported tomato ranged from 6.82 to 31.2 mg 100 g−1.

The successful crop breeding mostly depends on the presence of genetic variation along with the inheritance of traits under consideration. The σ2P is the cumulative effect of the σ2G and σ2E. Therefore, generally the σ2P is larger than σ2G. Low differences between σ2P and σ2G suggest higher heritability and a lower influence of the environment on the expression of any specific trait. In the current study, the PCV was not much higher than the corresponding GCV for most of the studied characters (Tab. 4). This suggests that the apparent variation was mainly due to genotypes. The traits NPB, NFC, IFW and TSS showed a very high GCV and PCV (Tab. 4). These findings agree with earlier findings reported in tomato [19,45–47]. As a result, these traits can be improved in an effective way through selection based on phenotypic performance.

Heritability estimates assist breeders to choose plants based on phenotypic performance. A high heritability indicates a high genetic control of aspecific trait. This which helps to select effectively a particular trait for further improvement [48,49]. The estimated h2b in the present study was high for most of the traits (Tab. 4), which suggests that the studied traits are mostly governed by genetic control. This finding implies that genetic improvement of these traits is highly expectable, and selection based on phenotypic expression could be an effective way for trait improvement. This is because genetic constitution played the major role in the expression of these characters.

High h2b and GA together provide the best indication of the degree of improvement that can be achieved through phenotypic selection. High h2b with high GA was found for NFP, NFPC, FYP and IFW. This indicates that the improvement of fruit yield, fruit weight, NFP and NFPC and can be attained through simple selection process. On the other, high h2b along with low GA was observed for DFF, DFH, NPB, IFW and AsA content. This indicates non-additive genetic effects. It also implies that there is an inadequate scope for the advancement of these traits through a simple selection process, however, hybridization followed by selection of progeny can be an effective way [50,51].

Yield is the sum of the many component traits which contributed to it either directly or indirectly. Correlation studies give an idea about the positive and negative associations of different characters with yield, and also among themselves. In the present study, FYP showed a strong positive significant correlation with NFC (Tab. 5). Plant height had a significant negative correlation with FYP (Tab. 5). This indicates that shorter plants have better yield performances because of their determinate growth type. These findings are in harmony with earlier reports by Kumar et al. [52] and Maurya et al. [53]. A highly significant negative correlation was observed between DFH and FYP (Tab. 5). As a result, the yield per plant decreases with an increasing maturity date. This implies that early maturing genotypes have more yields. This is probable because they have a lower exposure to diseases resulting in a higher yields. Similar observations were found for days to maturity by Henareh et al. [54] and Kouam et al. [19]. The above findings suggest that genotypes with higher NFC, shorter PH with determinant growth type and early maturity should be selected for achieving higher yields in tomato.

PCA analysis has been used in different crops including tomato [21,55] to evaluate morphological variation and establish genetic relationships among germplasms. In our study, we found that four PCs explained 78.5% of the total variance; the first two components were responsible for more than 50% of the variability (Tab. 6). PC1 and PC2 revealed that DFF, DFH, DLF, NPB, NFC, NEPC, NFP, FYP, TSS and AsA content were the most important traits responsible for the variation. This implies that the study accessions were highly diverse in most of the evaluated quantitative traits. However, this finding disagrees with that of Agong et al. [56]. These authors reported that the first three PCs were adequate in explaining more than 70% of the phenotypic variation in tomato germplasm.

5  Conclusion

A considerable variation for the studied traits was observed among the tomato genotypes. Co-efficient of variation studies indicated that the values of the PCV were higher than those of the GCV for all studied traits. High σ2G and σ2P were found for the traits NFP, PH and IFW. The highest h2b was recorded for IFD whereas the highest GA was found for NFP among the studied traits. High GA as a percentage of the mean in connection with high h2b was recorded for the traits NFP, NFC, FYT and IFW. NFC showed a significant positive correlation with FYP. The first four components explained 78.5% of the total variation among the genotypes as revealed through PCA. Our result suggests that NFP, NFC, FYP and IFW could be considered as an important criteria for yield improvement in tomato. Additionally, the promising genotypes (AVTO0314, GPB0107, GPB0120, AVTO9802 and AVTO0102) isolated from this study can be directly used in variety development programs for developing high-yielding tomato varieties.
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Table 1: Morphological descriptors ot 12 tomato genotypes grown at BAU farm during the winter season ot
2020-2021

SL  Genotype SC FC GT FD SH GS EFC FS FCS Fruit
No. size
1 AVTO 9802 Green Yellow Determinate Intermediate Intermediate Absent Red Oval Round Medium
2 AVTO 0102 Green Yellow Indeterminate Intermediate Dense Absent Yellow Rounded Round Medium
3 AVTO 0314 Green Yellow Indeterminate Dense Dense Absent Red Rounded Round Medium
4 AVTO 1219 Green Yellow Indeterminate Intermediate Intermediate Absent Red Oval Round Medium
5 AVTO 1424 Green Yellow Semi- Intermediate Intermediate Absent Red Oval Round Large
determinate
AVTO 1429 Green Yellow Indeterminate Intermediate Dense Absent Red Rounded Irregular Large
AVTO 1464 Green Yellow Indeterminate Intermediate Sparse Present Red Rounded Round Large
8 GPB 0107  Green Yellow Semi- Intermediate Dense Absent Red Oval Round Medium
determinate
9 GPB 0120  Green Yellow Semi- Intermediate Intermediate Absent Red Rounded Round Medium
determinate
10 Binatomato- Green Yellow Indeterminate Intermediate Intermediate Present Red Long Round  Small
10 oblong
11 BARI Green Yellow Indeterminate Dense Dense Absent Red Rounded Round Large
Tomato-14
12 BARI Green Yellow Indeterminate Dense Intermediate Absent Red Rounded Round Large
Tomato-17

Notes: SC-Stem color; FC-Flower color; GT-Growth type; FD-Foliage density; SH-Stem hairiness; GS-Presence of green shoulder;
EFC-Exterior fruit color; FS-Fruit shape; FCS-Fruit cross-section shape.
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Table 3: Mean performance of 14 different traits (morphological and biochemical) of 12 genotypes of tomato
Genotype DFF DFH DLH PH NPB NFC NFPC NFP IFW IFD FYP DM TSS AsA
Binatomato-10 51.33e 103.33h  139.33f 121.00b  9.11a 8.78ab  9.87a 188.44a 5.38e 2.431 1.01b 5.65def 5.60a 17.41b
BARI Tomato-14 70.33a  130.67b  145.67bc  108.94bc 4.83c 3.50de  2.85cde 13.17def 54.15bc  4.58g 0.7lcd 5.43ef 4.87ab  19.1la
BARI Tomato-17 62.67b 121.33f  134.33g 104.89cd 4.56¢ 322de 2.4le 4.78¢ 85.40a 6.20a  0.3% 10.63a  3.67cd  14.65d-g
GPB0107 44.33f 115.00g 140.33e 63.28¢ 7.78ab  522cde 3.20cde 18.69cd  72.80ab  5.22e¢  1.35a 6.51cde 3.50d 15.71cde
GPB0120 44.67f 114.67g 141.33de  73.67¢ 8.11ab  6.22a—d 3.82bc  27.89bc 47.49cd S5.13ef 1.3la 5.23fg  4.50bcd 15.10def
AVTO0102 62.67b 126.33¢  145.33c 95.67cd  9.22a 5.67b—e 2.46de  31.11b 27.37de 4.36h 0.84bcd 4.26g 3.97bcd 18.11ab
AVTO0314 56.33d 120.67f 147.33ab  105.00cd 7.22abc 9.22a 3.75bcd  33.67b 45.52cd  5.43d 1.52a 9.45b 4.63abc  17.01bc
AVTOI1219 50.67e 123.33e 147.67a 92.56d 7.89ab  3.00e 2.75cde 16.11de 45.22cd  5.16ef 0.73cd  10.47ab 4.97ab  14.85def
AVTO1424 50.33¢  134.00a  146.67abc 103.33cd 6.67abc  3.00e 2.76cde 10.44def 41.6lcd 5.45cd 0.4le 5.28fg  4.07bcd 13.42g
AVTO1429 50.67¢ 125.33cd 139.67ef  144.78a  8.33ab  3.00e 2.56cde  8.33ef 74.77ab  591b  0.62de  6.60cd  4.03bcd 13.98fg
AVTO1464 51.67e 123.67de 143.00d 146.89a  6.33bc  3.78cde 2.75cde 16.22de 57.87bc  5.63¢  0.93bc  7.50c 4.73abc  14.49efg
AVTO9802 60.33¢  119.67f  138.33f 75.44¢ 5.89bc  6.78abc  4.97b 16.45de  63.81abc 5.01f 1.29a 6.37de  4.30bcd 15.89cd

Notes: Different letters in the same column are significantly different at 5% level of probability.

DFF-days to first flowering; DFH-days to ﬁrst harvest; DLH-days to last harvest; PH-plant height; NPB-number of primary branches plant ™!
IFW-individual fruit weight; IFD-individual fruit diameter; FYP-fruit yield plant ';

fruits cluster ';

: NFP-number of fruits plant ';

: NFC-number of fruit clusters plant '
DM- dry matter; TSS-total soluble solids; AsA-ascorbic acid.

; NFPC-number of
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Table 6: Principal components (PCs) tor yield and yield-related traits in 12 tomato genotypes from PCA
with Eigen vectors (loadings) of the first four PCs

Variable PC1 PC2 PC3 PC4
DFF —0.068 -0.470 0.070 —0.504
DFH -0.318 —0.387 0.102 0.170
DLH —0.022 -0.376 0.325 0.437
PH (cm) —0.029 —0.243 —0.555 0.089
NPB 0.228 0.117 0.063 0.494
NFC 0.325 0.110 0.234 —0.152
NFPC 0.381 0.084 -0.212 —0.131
NFP 0.390 —0.003 —0.264 —0.035
IFW (g) —0.331 0.261 —0.001 —-0.273
IFD (cm) —0.389 0.181 0.041 0.023
FYP (kg) 0.203 0.285 0.465 —0.081
DM (%) —0.147 0.169 —0.187 —0.208
TSS (%brix) 0.260 -0.239 —0.206 0.030
AsA (mg/100 g) 0.217 —0.358 0.318 —-0.327
Eigen value 5.5152 2.1969 1.6833 1.6005
% Variation explained 39.4% 15.7% 12.0% 11.4%
Cumulative variance (%) 39.4% 55.1% 67.1% 78.5%

Notes: PC1: First principal component; PC2: Second principal component; PC3: Third principal component; and PC4: Fourth principal component
DFF-days to first flowering; DFH- days to first harvesting; DLH- days to the harvesting; PH-plant height; NPB-number of primary branches plant ';
NFC-number of fruit clusters plant'; NFPC-number of fruits cluster '; NFP-number of fruit plant '; IFW-individual fruit weight; IFD-individual fru1t
diameter; FYP-yield plant '; DM- dry matter; TSS-total soluble sohds AsA-ascorbic acid.
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Table 4: Genetic parameters of different traits on 12 tomato genotypes

Characters Phenotypic Genotypic PCV (%) GCV (%) Heritability (%) GA GA (%)
variance (azp) variance (0°g)
DFF 62.60 62.25 14.47 14.43 99.43 16.21 29.65
DFH 64.75 64.37 6.62 6.60 99.40 16.48 13.56
DLH 18.51 18.14 3.02 2.99 97.99 8.69 6.10
PH (cm) 685.84 666.03 25.43 25.07 97.11 52.39 50.89
NPB 2.98 2.05 24.09 20.01 69.03 245 3425
NFC 5.84 4.71 47.23 42.44 80.73 4.02  78.55
NFPC 4.48 4.28 57.52 56.23 95.55 4.17 113.24
NFP 2510.94 2499.40 156.06 155.70  99.54 102.75 320.01
IFW (g) 521.09 454.14 44.08 41.15 87.15 40.98 79.14
IFD (cm) 0.941 0.937 19.23 19.19 99.56 1.99 3945
FYP (kg) 0.146 0.139 41.28 40.27 95.16 0.75 80.91
DM (%) 4.65 4.51 31.04 30.56 96.94 431 61.99
TSS (%) 0.453 0.311 15.29 12.68 68.76 095 21.65
AsA (mg/100 g) 3.16 3.02 11.24 10.99 95.47 3.50 2212

Notes: DFF-days to first flowering; DFH-days to first harvest; DLH-da?/s to last harvest; PH-plant hei%ht; NPB-number of primary branches plant ';
NFC-number of fruit clusters plantfl; NFPC-number of fruits cluster '; NFP-number of fruits plant *; [FW-individual fruit weight; IFD-individual
fruit diameter; FYP-fruit yield plantfl; DM-dry matter; TSS = total soluble solids; AsA = ascorbic acid.
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Table 2: Analysis of variance (mean square) for different quality and yield traits on 12 tomato genotypes

Source of Df DFF DFH DLH PH NPB NFC NFPC NFP IFW (g) IFD FYP DM TSS AsA
variation (cm) (em) (kg) (%) (%)  (mg/
100 g)

Replication 2 0.083 1.083  0.583  26.71 0.179 1.800 0.191 18.10 33.76  0.010 0.005 0.062 0.114 0.869
Genotypes 11 187.091 193.485 54.788 2017.89 7.085 15.268 13.045 7509.75 1429.36 2.814 0.425 13.676 1.076 9.199

k3kk sksksk kkk k3kk kkk sksksk kkk sksksk kkk sksksk kkk sksksk kkk sksksk

Error 22 0356 038 0371 19.81 0.921 1.125 0.199 11.54 66.95 0.004 0.007 0.143 0.142 0.143

Notes: *** indicates significant differences at 0.1% level of probability.

DFF-days to first flowering; DFH -days to first harvest; DLH- days to last harvest; PH-plant helght NPB-number of primary branches plant '; NFC-
number of fruit clusters plant ; NFPC-number of fruits cluster '; NFP-number of fruits plant '; [FW-individual fruit weight; IFD- 1nd1v1dual fruit
diameter; FYP-fruit yield plant DM-dry matter; TSS-total soluble solids; AsA-ascorbic acid.
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Table 5: Correlation coetficients of yield and yield contributing traits

DFH DLH PH NPB NFC NFPC NFP IFW IFD DM TSS AsA FYP
DFF 0.402*  0.028 0.122  -0.488** —0.066 —0.149 —0.149 0.056 —0.053 0.019 0.023 0.587*** —-0.290
DFH 0.517*** 0.193 —0.369 —0.611 —0.773%*%*  —0.743***  0.293 0.554*** -0.026  —-0.282 —0.153 —0.539%**
DLH 0.005 0.152 —0.040 —-0.320 —0.211 -0.379 —0.008 -0.064  0.234 0.192 0.047
PH —-0.039 —0.196  0.028 0.151 —0.40 0.036 0.091 0.284 —-0.131 —0.492%*
NPB 0.339*  0.335% 0.424** —0.515%**  —0.423**  -0.315  0.126 0.064 0.240
NFC 0.632%** 0.570%** —0.467**  —0.526*** —-0.124  0.397* 0.446** 0.714%**
NFPC 0.924*** —0.586***  —0.819*** —0.217  0.545** 0.307 0.315
NFP —0.720%**  —0.883***  —0.222  (.572%** 0.357%* 0.198
IFW 0.800%** 0.381*  —0.586*** —0.406**  —0.126
IFD 0.463**  —0.577***  —0.613*** —0.206
DM —0.009 —0.293 —0.083
TSS 0.301 0.128
AsA 0.300

Notes: *, ** and *** indicates significant at 5%, 1% and 0.1% level of probability, respectively.
DFF-days to first flowering; DFH-days to first harvest; DLH-days to last harvest; PH-plant height; NPB-number of primary branches plant~'; NFC-number of fruit clusters plant '; NFPC-number of
fruits cluster '; NFP-number of fruits plant '; IFW-individual fruit weight; IFD-individual fruit diameter; FYP-fruit yield plant '; DM-dry matter; TSS-total soluble solids; AsA-ascorbic acid.
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