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Abstract

:

Carrots (Daucus carota L.), a globally significant vegetable, lack extensive research on heterotic groups and diallel analysis to generate hybrid combinations. Thus, the objective of this study was to assess combining abilities and identify optimal carrot parents for producing hybrids suitable for tropical climates with elevated metabolite levels. Twenty carrot hybrids, ten parent plants, and three commercial cultivars were evaluated during the summers of 2020/2021 and 2021/2022. Agronomic evaluations were carried out and chlorophyll and carotenoid levels were determined, followed by a diallel analysis using Griffing’s Method III and GGE biplot analysis. There were significant general combining ability (GCA) effects for various agronomic traits, suggesting additive genetic effects. Based on GCA, cultivars 5, 4, and 2 were the most promising parents. Specific combining ability (SCA) revealed that hybrids 1 × 2 and 3 × 5 stood out in environment 1, whereas hybrids 1 × 5 and 5 × 3 performed well in environment 2. The GGE biplot analysis showed that hybrids 1 × 2 and 3 × 2 displayed larger average root diameters, belonged to the group with the best bolting percentages, and exhibited stability across environments. Moreover, hybrids 2 × 4, 3 × 1, 4 × 1, and 4 × 2 exhibited higher metabolite levels. These findings suggest the feasibility of obtaining superior hybrids tailored for the tropical carrot market.
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1. Introduction


Carrots (Daucus carota L.) are one of the most important vegetables globally, renowned for their extensive production area, market value, delightful taste, and rich nutritional composition. The vegetable serves as a remarkable reservoir of carotenoids, phenolic compounds, dietary fiber, vitamins, and carbohydrates [1,2,3]. With an annual production surpassing 41 million tons and covering 1.1 million hectares worldwide [4], its significance is undeniable. In Brazil, where production estimates exceed 480,000 tons annually, it reigns as the most economically valuable root vegetable in the country [5].



At present, the carrot seed market is predominantly centered on hybrid cultivars. Hybrid carrot varieties can solely be developed with the inclusion of cytoplasmic male sterility (CMS) in their genetic makeup [6]. As a result, heterosis emerges as a promising mechanism for augmenting commercial root yield, carotenoid content, and disease resistance [7]. Despite the economic promise associated with carrots, there remains a scarcity of hybrids well suited for summer cultivation, particularly in the tropical conditions prevalent in Brazil.



The study of hybrid production can be facilitated through a diallel analysis, which provides insights into genetic parameters and combining abilities. This valuable information aids in the selection of parent plants for hybridization and enhances our understanding of gene action in trait determination and the occurrence of heterosis, thus driving significant advancements in selection processes [8]. Diallel analysis finds wide application in assessing hybrid combinations across various species, such as maize [9], tomatoes [10], eggplants [11], and onions [12].



However, the development and adoption of heterotic groups in carrots remain limited [6]. There exists a gap in the utilization of diallel analysis in carrots, primarily due to the manner in which hybrids are derived through male sterility. Therefore, the objective of this study was to estimate combining abilities and identify optimal carrot parents for producing hybrids suitable for tropical climates, characterized by elevated levels of nutritional metabolites.




2. Materials and Methods


2.1. Genetic Material, Experimental Site, and Flow


The experiment was conducted at Bayer’s Horticultural Experimental Station in the municipality of Carandaí, MG, situated at an altitude of 1096 m. A sample analysis was conducted at the Monte Carmelo campus of the Federal University of Uberlândia (UFU). Five fertile male carrot genotypes along with their corresponding five sterile male isogenic lines, sourced from the Seminis Tropical Carrot Improvement Program in Brazil, were carefully selected. The crossing of these genotypes was meticulously performed in a controlled manner utilizing the balanced diallel model, Griffing method III (5 × 4), spanning from May to October 2020 (Figure 1).



The evaluation encompassed 20 carrot hybrids, 10 parent plants, and 3 commercial entries serving as controls (comprising 2 hybrids and a tropical open-pollinated cultivar), conducted across the summer seasons of 2020/2021 (environment 1) and 2021/2022 (environment 2). Both trials employed a randomized complete block design (RCBD) with three replications. The materials were sown in beds measuring 1.5 m in width, with plots consisting of five planting rows, each 2 m in length and spaced 20 cm apart. The effective plot area included all rows except for a 50 cm section at both the beginning and end of the plot. The average data regarding maximum, average, and minimum temperature and precipitation during the experiment are described in Figure 2.



The methodological steps for the agronomic evaluation, biochemical analysis, and data analysis are illustrated in the flowchart in Figure 3.




2.2. Assessment of Agricultural Traits in the Field


After 110 days of sowing, an agronomic evaluation of the entries was conducted. The bolting percentage of each genotype (BP) was evaluated, followed by the severity of leaf blight in the plots (DIS), using a grading scale from 1 to 5 (1 = >90% severity, 2 = 50–90%, 3 = 12.5–50%, 4 = 3.8–12.5%, and 5 = <3.8% severity) [13].



After harvesting, the fresh leaf weight (LW) was measured in kilograms (kg). The number and weight (kg) of marketable roots (ranging from 10 to 26 cm in length) and non-marketable roots (those less than 10 cm in length, broken, split, or forked) were evaluated. Subsequently, the data were converted into estimated marketable root yield (MYH) and estimated total yield (measured in t ha−1) (TYH). In a random sample comprising 10 roots, the average diameter (measured at the midpoint of each root) (RD) and the average length (RL) were determined.




2.3. Diallel Analysis


The diallel analyses for each environment were derived from the means of each location, following the statistical models of Griffing [14], specifically method 3, which accounts for the effects of F1 hybrids and their reciprocals, using the GENES software version 1990.2021.131 [15]. The statistical mathematical model [8] is given as follows:


   Y ij  = μ +  g i  +  g j  +  s ij  +  r ij  +     e   ij    ¯   



(1)




where Yij is the average value of the F1s and reciprocals; i, j = 1, 2…; µ is the fixed effect of the overall mean; gi and gj are the fixed effects of the general combining ability of the i-th and j-th parent, respectively; sij is the fixed effect of the specific combining ability for the crosses between parents i and j; rij is the reciprocal fixed effect, which measures the differences resulting from using parent i or j as male or female in the cross; and eij is the random effect of average experimental error.




2.4. GGE Biplot


The GGE biplot analysis (genotype main effect plus genotype-by-environment interaction) [16] was proposed for analyzing the multi-environment trial (MET) data through graphical representation. The GGE biplot is based on principal component analysis to interpret the two components (PC1 and PC2): genotype (G) and genotype-by-environment interaction (G × E). The graphical representation of the biplot is considered valid if it accounts for most (at least 70%) of the variance [17].



The data on bolting percentage and root diameter across all environments were analyzed using GGE biplot construction according to the model:


Yij = μ + βj + αi + θij + εij



(2)




where Yij is the value of the mixed effect of the grand mean (μ) modified by the genotype main effect (αi), the environment main effect (βj), and the genotype-by-environment interaction due to genotype i and environment j (θij), plus any random error (εij).



GGE biplot tools were used to identify highly adaptable carrot entries with a maximum mean by ‘Mean vs. Stability’ [16]. The GGE biplot, viewed through the average environment coordinate (AEC), highlighted the high mean yielders and stable entries via the AEC abscissa and AEC ordinate, respectively. Additionally, the ‘which-won-where’ pattern, an inherent feature of the GGE biplot resulting from the inner-product property of the genotype via the environment dataset biplot, was visually depicted. Furthermore, the ‘Discriminative vs. Representative’ graph visually illustrated associations within and among the genotypes and environments.



The analysis was conducted using the GGEBiplotGui package in the R software version 4.1.2 [18].




2.5. Biochemical Analysis of Pigment Extraction from Leaves and Root


To determine the nutritional value of each entry, the leaf content of total carotenoids (CTL), chlorophyll a (ChlA), chlorophyll b (ChlB), and total chlorophyll (ChlT) was assessed and evaluated. Additionally, the contents of total β-carotenoids (CTR) and lycopene (LP) in the roots were measured. Samples were obtained from the experiment conducted in 2020/2021, during which leaves and five roots from each plot were collected and subsequently sent to the laboratory for analysis.



The fresh leaves and roots were washed and crushed. We used 0.5 g of leaf in 5 mL of a 1:1 acetone and petroleum ether solution, and 1 g of root in 3 mL of a 1:1 acetone and petroleum ether solution. After 24 h of reaction in the absence of light, the absorbance of the supernatant was measured using a UV-5100 digital spectrophotometer (Kalstein Co., Paris, France). The wavelengths used included 470 nm for CTL and CTR; 645, 652, and 663 nm for ChlA, ChlB, and ChlT; and 450 nm for LP. The leaf pigment content (µg/g of fresh tissue) was calculated from the absorbance [19,20,21].



The mean levels of each pigment were grouped utilizing the Scott–Knott test at both the 1% and 5% significance levels, employing the GENES software version 1990.2021.131 [15].





3. Results and Discussion


3.1. Diallel Analysis


The genetic variability was observed among the carrot entries for all the traits evaluated, demonstrating the presence of phenotypic variability among them (Table 1).



The coefficient of variation (CV) of the root diameter was 5.85% and the CV of the bolting percentage was 58.30%. The agronomic traits of the bolting percentage, fresh leaf weight, and estimated total yield demonstrated high heritability (93.31%, 91.57%, and 80.84%, respectively), which is consistent with the CVg/CVe ratio values close to or exceeding 1. Similar to this study, another study found high heritability for the commercial root mass (82.18%) and total root mass (81.85%) traits [22].



There was a significant interaction between genotypes and environments (G×E) for the bolting percentage, severity of leaf blight, and root diameter. A study conducted in Distrito Federal, Brazil, involving carrots, observed a genotype-by-environment (G×E) interaction for all evaluated traits: the number and total mass of roots, the number and mass of marketable roots, and the severity of leaf blight [7]. Another study conducted in the United States involving carrots observed a genotype-by-environment (G×E) interaction for plant height and leaf weight [6].



In this study, as most traits exhibited a non-significant genotype–environment interaction, it was determined to conduct individual diallel analyses for each environment. Diallel analyses serve to assess the combining ability of parents, pinpointing those most adept at transmitting desirable traits to their progeny. Additionally, it facilitates the selection of the most promising crosses for further hybrid exploration [7].



GCA is estimated by evaluating the average performance of a parent when crossed with others, and it is associated with the presence of the additive effects of alleles and additive epistatic interactions. Conversely, SCA refers to a specific interaction between two parents whose performance is either higher or lower than expected based on the average performance of both parents. SCA is linked to the effects of dominance and epistasis, including dominance effects [14,23]. The predominance of additive gene action for a given trait supports genetic improvement through selection.



The diallel analysis of variance (Table 2) revealed that in environment 1, there was genetic variability among the carrot entries and a significant GCA effect, indicating additive effects for the bolting percentage, severity of leaf blight, root diameter, and fresh leaf weight traits. In environment 2, the significant effect of GCA was observed for bolting percentage, root length, fresh leaf weight, and estimated total yield. A significant SCA effect was observed for the bolting percentage and fresh leaf weight in environment 1 and the bolting percentage in environment 2.



Significant effects of GCA and SCA on the number and total mass of roots, the number and mass of commercial roots, and the severity of leaf blight were found [7]. The authors concluded that neither GCA nor SCA effects predominated in the different years evaluated, indicating that both effects were significant. In turn, other authors indicated that the phenotypes observed in their studies were largely under additive genetic control [6].



Hybrids derived from crosses between tropical and temperate lines were evaluated and a prevalence of non-additive effects on leaf blight was observed, while additive effects predominated in the expression of root yield traits [24]. Similarly, carrot lines originating from Europe were investigated and a predominance of additive effects on the total root yield was observed, with non-additive effects more pronounced on the commercial root yield [25]. It has been proposed that the prevalence of additive or non-additive genetic action in carrot hybrids depends on the specific heterotic groups under evaluation [7].



The GCA and SCA estimates can be analyzed for the variables where these effects were significant, according to an analysis of variance (Table 2). In reference to the GCA effects (Table 3), it is evident that in environment 1, entry 5 exhibited superior performance in terms of the bolting percentage and fresh leaf weight, whereas entry 2 excelled in the severity of leaf blight and root diameter. Conversely, in environment 2, entry 5 once again distinguished itself for its bolting percentage and fresh leaf weight, indicating the consistency of this entry across these traits. Additionally, entry 4 showcased notable effects on the root length, while entry 2 demonstrated better effects on estimating the total yield.



Regarding the effects of SCA (Table 4), it is important to note that for a cross to be recommended, at least one parent must have a high GCA [8]. Given that in environment 1 the key variables for SCA were the bolting percentage and fresh leaf weight (Table 2), and the entries with the highest GCA for these variables were entries 5 and 1 (Table 3), the most promising crosses for the bolting percentage were 1 × 2, 2 × 5, and 3 × 5, with bolting percentages of 0.51%, 0.00%, and 0.00%, respectively. The 1 × 2, 1 × 5, 3 × 5, and 4 × 5 crosses yielded the best results for the fresh leaf weight, with 3.60, 4.72, 4.37, and 3.86 kg, respectively. The effects of the reciprocals were not significant for these two variables (Table 2).



In environment 2, only the bolting percentage variable shows significant effects on SCA, with notable significant reciprocal effects (Table 2). Similar to environment 1, entry 5 showed the strongest GCA effect, while entry 3 also stood out (Table 3). This indicates that the most successful crosses for the bolting percentage in the summer of 2021/2022 were hybrids 1 × 5, 3 × 2, 3 × 4, 4 × 5, 5 × 3, and 5 × 4, with bolting percentages of 1.62, 2.73, 5.71, 4.00, 1.03, and 4.66%, respectively.



The results of these specific combinations suggest that gene complementarity in these crosses was due to both additive and non-additive genes [7].




3.2. GGE Biplot


Understanding the performance and stability of the best genotypes and hybrids across various environments is crucial. Tests conducted at multiple locations can provide valuable insights into this aspect. However, conventional genotype evaluations tend to emphasize primary effects, often neglecting genotype-by-environment interactions (GEI) as mere noise or confounding factors. It is essential to consider both G (genotypic) and GE (genotype-by-environment) effects simultaneously when evaluating genotypes. The GGE biplot method is particularly useful in this regard as it identifies interaction patterns and integrates the effects of G and GE from a genotype-by-environment dataset [26].



A GGE biplot analysis was then conducted for the bolting percentage and root diameter variables, revealing a significant genotype-by-environment interaction (G×E) in the analysis of variance (Table 1).



According to the GGE biplot methodology, the first two principal components (PCA1 and PCA2) are derived from the singular value decomposition of the genotype (G) and genotype-by-environment interaction effects (G×E). They accounted for 86.75% and 13.25% of the total variation in bolting percentage, respectively, and for 75.82% and 24.18% of the total variation in root diameter, respectively (Figure 4, Figure 5 and Figure 6). For both traits, PCA1 and PCA2 together explain 100% of the observed variation in the experiment.



The visualization of the GGE biplot, particularly the discriminative vs. representative graphs (Figure 4), aids in assessing the tested environments. The length of the vector, which represents the absolute distance from the marker of an environment to the origin in the plot, serves as a measure of discrimination. In essence, as the vector length increases, environmental discrimination improves [27]. Hence, the two environments under examination are distinct (informative) because they are positioned far from the main axis. Furthermore, they are discriminated to the same extent, as indicated by the vectors being of equal size.



The average environment (represented by the small circle at the end of the arrow) is defined by the average coordinates of all the test environments. The AEA (average environment axis) is the line passing through the environmental average and the origin of the biplot. A test environment that aligns more closely with the AEA is considered more representative than other test environments [27]. Therefore, the two environments are distinct, positioned at opposite ends of the graph. Furthermore, they are equally representative, forming the same angle as the AEA. As they are entirely different from each other, the environments are not correlated.



The genotype-by-environment interaction was investigated as well as the selection of maize hybrids, under varying moisture regimes [28]. They found that the discriminative vs. representative GGE biplot visualization could graphically represent the discrimination and representation among the seven tested environments. The performance and stability of the genotypes were confirmed graphically using the GGE biplot in the mean vs. stability view, as shown in Figure 5.



The first principal component (PCA1) indicates the adaptability of the genotypes, while the second principal component (PC2) indicates stability, meaning that the genotypes closest to the origin in the biplot are the most stable [26].



In the mean vs. stability graph, two lines are depicted: the green line represents the average environment axis (AEA) or average environment coordination (AEC) on the x-axis. On the y-axis, the ordinate is labeled AEC as well. The AEA is the line parallel to PCA1, traversing through the hypothetical average environment. The distance from the EEA points toward higher average values for the measured trait, indicating that entries situated farthest to the left on the graph possess the highest averages across environments [27].



For the bolting percentage, the Brasília cultivar, fertile entry 4, and hybrid 1 × 4 exhibited the highest values, at 28.37%, 12.94%, and 8.71% bolting, respectively. The remaining entries showed values very close to each other, ranging from 0 to 6.27% (Figure 5A). Concerning the root diameter, the Brasília cultivar, along with hybrids 1 × 2 and 3 × 2, demonstrated higher averages, measuring 3.6, 3.58, and 3.53 cm, respectively. In contrast, entries 3 (both fertile and sterile) and 5 (both fertile and sterile) displayed lower averages, with 3.10 for fertile and 2.97 for sterile in entry 3, and 2.93 for both sterile in entry 5 (Figure 5B). These observations align with the estimates of the GCA effect (Table 3), indicating that entry 2 was particularly noteworthy in its hybrid combinations for root diameter.



The second line, which runs parallel to PCA2 and is labeled AEC (average environment coordinate), is also referred to as the stability line. This line passes through the origin and is perpendicular to the AEA (average environment axis). Therefore, the smaller the projection or distance from the EEA (environment average), the more stable or less variable the performance of the genotypes across the tested environments [27].



For the bolting percentage, most entries demonstrated high stability across environments, closely aligning with the EEA, except for the cultivar Brasília, entry 4, and hybrid 1 × 4 (Figure 5A). For the root diameter, although the Brasília cultivar has the highest average, it shows low stability across environments, as the vector connecting the EEA is long. The 1 × 2 and 3 × 2 hybrids are more stable, with entry 3 in the sterile male version being highly stable yet having a low average root diameter. It was reported that high stability is desirable only when it is associated with high average performance [29].



The which-won-where graphs in Figure 6 depict the top-performing genotypes often termed “winners,” presented in the form of a polygon. This biplot polygon illustrates which genotypes excelled in one or more environments. Various sectors are delineated by lines perpendicular to the sides of the polygon and passing through the center of the biplot. These lines are known as lines of equality [16]. Genotypes situated at the vertices of the polygon signify the best or worst performers across one or more environments. Specifically, the genotype positioned at the vertex of the polygon demonstrates superior performance in the environment defined by the sectors [29]. The sectors formed by the line of equality facilitate visual comparison of the genotypes across the tested environments.



For the bolting percentage trait (Figure 6A), a sector was formed at the intersection of the two environments. The Brasília cultivar and the fertile entry 4 occupy the apices of this sector, displaying the highest bolting rates of 28.37% and 12.94%, respectively. However, for this trait, our interest lies in genotypes with the lowest values or those that do not bolt, rendering these two entries the least desirable in both environments. Conversely, the other entries were clustered closely to the origin between the two environments, with bolting values ranging from 0 to 8.71%, indicating better stability.



Regarding the root diameter (Figure 6B), the CAR21 environment is situated within a sector where the Brasília cultivar stands out, suggesting it exhibits the best performance in this environment, with an average root diameter of 3.6 cm. Conversely, the CAR22 environment is positioned in a distinct sector where the 2 × 5 hybrid emerges as the apex and winning genotype, boasting an average root diameter of 3.42 cm.



The GGE biplot mean vs. stability analysis was employed as well as which—won—where graphs to identify suitable regions in Punjab, India, for cultivating seeds of European carrot varieties [26]. Their findings indicated that European carrot cultivars are suitable for seed production in the submontane regions of Punjab. Conversely, in a study with the objective of evaluating the adaptability and stability of the carrot populations in Brazil, the AMMI, GGE biplot, and REML/BLUP methods were used [30]. They discovered that the graphical representation offered by the GGE biplot provided a more effective means of grouping environments based on root yield.




3.3. Biochemical Analysis


Nutritional and sensory qualities are paramount attributes of fruits and vegetables that are garnering increasing interest from consumers, producers, and improvement programs alike. Carrots, consumed globally, are esteemed as healthy vegetables owing to their substantial contents of carbohydrates, fiber, and a diverse array of specialized metabolites, notably their accumulation of carotenoids [3].



Assessing the magnitude of phenotypic variability across a broad spectrum of metabolites is pivotal for the advancement of carrot breeding efforts. Consequently, the contents of chlorophyll a, chlorophyll b, total chlorophyll, and total carotenoids in the leaves were quantified, alongside the contents of total carotenoids and lycopene in the roots (Figure 7).



Chlorophyll content plays a pivotal role in photosynthesis, which captures sunlight to produce glucose [31]. Therefore, they play an important role in the development of the carrot plant and root. Carotenoids in leaves are also important photosynthetic pigments that perform the function of protecting the photosynthetic system, preventing the photo-oxidation of chlorophylls by controlling the absorption of radiant energy. Carotenoids are antioxidant substances in plants and protect the plant from damage caused by stress [32]. Carotenoids in roots, on the other hand, provide numerous benefits to human health with through their consumption, acting as antioxidants, contributing to cancer prevention, and maintaining eyesight. Both α- and β-carotene serve as pro-vitamin A, producing one or two molecules of retinol (vitamin A) within the human body. Additionally, lycopene has been documented to possess antioxidant properties and aid in preventing cancer [2].



The levels of chlorophyll a in carrot leaves varied from 1.59 to 30.89 μg/g, delineating three distinct groups. Likewise, the levels of chlorophyll b ranged from 0.66 to 12.37 μg/g, forming four groups. For these two metabolites, the optimal outcomes were observed for entry 4 fertile and the following hybrids: 2 × 4, 2 × 1, 3 × 1, 4 × 1, 3 × 2, 4 × 2, and 4 × 3. The total chlorophyll concentrations spanned from 2.54 to 48.26 μg/g, resulting in three discernible groups. The same entries exhibiting the highest levels of chlorophyll a and b were notable, along with both entry 2 fertile and male sterile. In addition to genetic material, chlorophyll content can also be influenced by different doses of fertilizers [31].



The total carotenoid content in the leaf ranged from 0.08 to 1.77 μg/g, resulting in three distinct groups. Remarkably, the results for entry 4 fertile and the hybrids (2 × 4, 2 × 5, 2 × 1, 3 × 1, 4 × 1, 3 × 2, 4 × 2, 4 × 3) stood out, with most of these entries exhibiting prominence in chlorophyll a, b, and total contents as well. There are reports that the content of total carotenoids may present wide genetic variability in carrot germplasm [1,2].



The commercial checks, Brasília cultivar, and entry 1, in both their fertile and sterile male versions, exhibited the lowest averages for all extracted leaf pigments, including chlorophyll a, chlorophyll b, total chlorophyll, and total carotenoids.



The concentration of lycopene in the root ranged from 4.23 to 14.16 μg/g, resulting in two distinct groups. Optimal values were observed for entry 2 fertile, 3 fertile, 4 sterile male, 5 fertile, and hybrids 2 × 4, 3 × 4, 3 × 5, 4 × 5, 3 × 1, 4 × 1, 5 × 1, 4 × 2, 5 × 2, 5 × 3, and 5 × 4. Similarly, the levels of total beta-carotene ranged from 4.50 to 15.97 μg/g, also indicating the formation of two distinct groups. The superior group comprised entries 2 fertile and 3 fertile and hybrids 2 × 4, 3 × 4, 3 × 5, 4 × 5, 3 × 1, 4 × 1, 5 × 1, 4 × 2, 5 × 2, 5 × 3, and 5 × 4 (the same entries that excelled in terms of lycopene content, except for entry 4 sterile male and entry 5 fertile).



It is possible to verify that the best parents according to GCA—entries 5, 4, and 2—also provided hybrids with high pigment content. The hybrids 3 × 5 and 5 × 3 that stood out for SGA showed high levels of beta-carotene and lycopenes in the root.



Furthermore, a multi-site evaluation of phenotypic plasticity for specialized metabolites, some of which contribute to carrot quality and disease resistance, demonstrated that the accumulation of carotenoid types in carrots is moderately to highly influenced by the environment, contingent upon the variety [3].



In the present study, a definitive relationship between carotenoid content in leaves and roots was not observed, aligning with the findings of other authors [2]. However, additional analysis is warranted to ascertain the profiles and content of carotenoids in carrots comprehensively.





4. Conclusions


The results indicated significant general combining ability (GCA) effects for various agronomic traits in tropical carrots, suggesting additive genetic effects. This favors genetic improvement through selection. Based on GCA, cultivars 5, 4, and 2 were identified as the most promising parents for different traits.



The specific combining ability (SCA) analysis revealed that hybrids 1 × 2 and 3 × 5 excelled in bolting percentage and fresh leaf weight in environment 1, whereas hybrids 1 × 5 and 5 × 3 performed well in bolting percentage in environment 2. The hybrids 3 × 5 and 5 × 3 showed high levels of total carotenoids and lycopenes in the root.



The GGE biplot analysis showed that hybrids 1 × 2 and 3 × 2 displayed larger average root diameters, belonged to the group with the best bolting percentages, and exhibited stability across environments.



These data indicate that tropical carrot genotypes can be selected as parents to obtain hybrids for summer cultivation with good stability; low flowering percentage; greater leaf volume; greater root diameter; and high contents of chlorophyll, carotenoids, and lycopene. This enables the development of the tropical carrot market, improving the supply to the end consumer with a nutritional increase.
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Figure 1. Crosses between 5 fertile carrot parents and their 5 respective male sterile isogenic lines, in a complete diallel model (5 × 4). P—parental; MS—male sterile; F—fertile. 
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Figure 2. Climograph representing the experimental period in Carandaí, MG, Brazil (summers of 2020/2021 and 2021/2022). 
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Figure 3. Flowchart of crossing stages, data collection in the field, biochemical analysis, and data analysis in tropical carrot entries in the city of Carandaí, MG. 
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Figure 4. Discriminative vs. representative view of the GGE biplot for tropical carrot entries evaluated in Carandaí-Brazil (total 100%). CAR21—summer 2020/2021 and CAR22—summer 2021/2022. (A) Bolting percentage (%); (B) root diameter (cm). 
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Figure 5. Mean vs. stability view of the GGE biplot for tropical carrot entries evaluated in Carandaí-Brazil (total 100%). CAR21—summer 2020/2021 and CAR22—summer 2021/2022. (A) Bolting percentage (%); (B) root diameter (cm). 
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Figure 6. Polygon view of the GGE biplot for the which—won—where pattern for tropical carrot entries and environments in Carandaí, Brazil (total 100%). CAR21—summer 2020/2021 and CAR22—summer 2021/2022. (A) Bolting percentage (%); (B) root diameter (cm). 
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Figure 7. Pigment contents in the leaf and root of tropical carrot entries evaluated in Carandaí, Brazil (µg·g−1 of fresh tissue). (A) Chlorophyll a content in the leaf. (B) Chlorophyll b content in the leaf. (C) Total chlorophyll content in the leaf. (D) Total carotenoid content in the leaf. (E) Total carotenoid content in the root. (F) Lycopene content in the root. 
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Table 1. Joint variance analysis of tropical carrot entries in a complete 5 × 4 diallel, evaluated in Carandaí during the summers of 2020/2021 and 2021/2022.
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SV

	
DF

	
Mean Square




	
BP

	
DIS

	
RL

	
RD

	
LW

	
MYH

	
TYH






	
Block/Environment

	
4

	
45.37

	
1.11

	
8.84

	
0.15

	
5.12

	
921.77

	
824.70




	
Block

	
2

	
60.16

	
1.51

	
17.58

	
0.26

	
0.37

	
1423.26

	
1293.43




	
Block × Environment

	
2

	
30.59

	
0.71

	
0.09

	
0.03

	
9.86

	
420.28

	
355.97




	
Genotypes

	
29

	
47.67 **

	
1.45 **

	
3.55 **

	
0.16 **

	
4.33 **

	
242.98 **

	
364.96 **




	
Environment

	
1

	
344.20 ns

	
0.09 ns

	
516.81 **

	
0.23 ns

	
6.08 ns

	
8572.84 *

	
3603.09 ns




	
Genotypes × Environment

	
29

	
26.11 **

	
0.72 *

	
2.49 ns

	
0.06 *

	
0.37 ns

	
80.44 ns

	
88.58 ns




	
Residual

	
116

	
3.19

	
0.42

	
1.59

	
0.04

	
0.37

	
85.80

	
69.92




	
Overall mean

	

	
3.06

	
3.38

	
18.78

	
3.31

	
3.44

	
30.95

	
47.24




	
CV (%)

	

	
58.30

	
19.22

	
6.72

	
5.85

	
17.58

	
29.93

	
17.70




	
H2 (%)

	

	
93.31

	
70.87

	
55.17

	
76.52

	
91.57

	
64.69

	
80.84




	
CVg (%)

	

	
88.90

	
12.24

	
3.04

	
4.31

	
23.65

	
16.54

	
14.84




	
CVg/CVe

	

	
1.52

	
0.64

	
0.45

	
0.74

	
1.35

	
0.55

	
0.84








**, * significance at 1% and 5%, respectively, ns—not significant, using the F-test; SV—source of variation; DF—degrees of freedom; CV, CVg, and CVe—coefficients of general (%), genetic (%), and experimental (%) variation; H2—heritability; BP—bolting percentage (%); DIS—score for severity of leaf blight; RL—root length (cm); RD—root diameter (cm); LW—fresh leaf weight (kg); MYH—estimated yield of marketable roots (t ha−1); TYH—estimated total yield (t ha−1).













 





Table 2. Diallel variance analysis by environment, for tropical carrot entries in full 5 × 4 diallel evaluated in Carandaí in the summer of 2020/2021 and 2021/2022.
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SV

	
DF

	
Mean Square




	
BP

	
DIS

	
RL

	
RD

	
LW

	
MYH

	
TYH






	

	

	
Environment 1




	
Genotype (G)

	
19

	
5.40 **

	
0.65 *

	
2.78 ns

	
0.08 *

	
1.81 **

	
158.17 ns

	
89.44 ns




	
GCA

	
4

	
11.15 **

	
1.00 *

	
4.10 ns

	
0.13 *

	
6.14 **

	
43.92 ns

	
55.02 ns




	
SCA

	
5

	
5.49 *

	
0.81 ns

	
0.91 ns

	
0.01 ns

	
1.11 *

	
265.84 ns

	
184.16 ns




	
Reciprocal

	
10

	
3.07 ns

	
0.43 ns

	
3.18 ns

	
0.09 *

	
0.42 ns

	
150.03 ns

	
55.86 ns




	
Residual

	
38

	
1.76

	
0.33

	
2.64

	
0.03

	
0.43

	
175.67 ns

	
128.42 ns




	

	

	
Environment 2




	
Genotype (G)

	
19

	
36.15 **

	
0.96 ns

	
1.86 *

	
0.04 ns

	
1.76 **

	
48.08 ns

	
58.09 **




	
GCA

	
4

	
107.52 **

	
1.52 ns

	
3.82 **

	
0.03 ns

	
6.62 **

	
60.57 ns

	
100.23 **




	
SCA

	
5

	
13.34 *

	
0.39 ns

	
1.75 ns

	
0.03 ns

	
0.57 ns

	
16.09 ns

	
13.79 ns




	
Reciprocal

	
10

	
19.02 **

	
1.01 ns

	
1.13 ns

	
0.05 ns

	
0.42 ns

	
59.07 *

	
63.38




	
Residual

	
38

	
4.05

	
0.62

	
0.93

	
0.03

	
0.39

	
27.34

	
23.40








**, * significance at 1% and 5%, respectively, ns—not significant, using the F-test. BP—bolting percentage (%); DIS—score for severity of leaf blight; RL—root length (cm); RD—root diameter (cm); LW—fresh leaf weight (kg); MYH—estimated yield of marketable roots (t ha−1); TYH—estimated total yield (t ha−1).













 





Table 3. Estimates of GCA effects for tropical carrot entries in a complete 5 × 4 diallel, evaluated in Carandaí during the summers of 2020/2021 and 2021/2022.
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Entry

	
BP

	
DIS

	
RL

	
RD

	
LW

	
MYH

	
TYH






	
Environment 1




	
1

	
0.11

	
0.17

	
0.29

	
0.03

	
0.17

	
2.05

	
2.02




	
2

	
0.45

	
−0.33

	
−0.76

	
0.12

	
−0.84

	
−0.78

	
−0.22




	
3

	
0.38

	
0.28

	
0.34

	
0.02

	
0.14

	
0.34

	
0.99




	
4

	
0.46

	
−0.06

	
0.31

	
−0.06

	
−0.22

	
−2.13

	
−0.13




	
5

	
−1.38

	
−0.06

	
−0.18

	
−0.10

	
0.75

	
0.53

	
−2.66




	
Environment 2




	
1

	
2.23

	
0.23

	
−0.46

	
0.02

	
0.13

	
−1.03

	
−1.17




	
2

	
−1.18

	
−0.43

	
−0.23

	
0.06

	
−0.89

	
2.75

	
3.36




	
3

	
−1.49

	
0.29

	
−0.23

	
−0.03

	
−0.01

	
0.08

	
0.74




	
4

	
2.98

	
−0.10

	
0.69

	
0.00

	
−0.04

	
−2.17

	
−3.02




	
5

	
−2.54

	
0.01

	
0.24

	
−0.05

	
0.81

	
0.38

	
0.09








BP—bolting percentage (%); DIS—score for severity of leaf blight; RL—root length (cm); RD—root diameter (cm); LW—fresh leaf weight (kg); MYH—estimated yield of marketable roots (t ha−1); TYH—estimated total yield (t ha−1).













 





Table 4. Estimates of SCA effects for tropical carrots entries in complete diallel 5 × 4 evaluated in Carandaí in the summer 2020/2021 and 2021/2022.
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Entry

	
BP

	
DIS

	
RL

	
RD

	
LW

	
MYH

	
TYH






	
Environment 1

	

	

	

	

	

	




	
F1s

	

	

	

	

	

	

	




	
1 × 2

	
−1.11

	
0.34

	
0.14

	
0.04

	
0.31

	
1.48

	
0.83




	
1 × 3

	
0.15

	
−0.11

	
0.21

	
−0.03

	
−0.04

	
0.95

	
3.62




	
1 × 4

	
0.32

	
−0.28

	
0.13

	
0.01

	
−0.31

	
1.89

	
−1.72




	
1 × 5

	
0.64

	
0.06

	
−0.47

	
−0.02

	
0.05

	
−4.32

	
−2.74




	
2 × 3

	
1.17

	
−0.45

	
0.03

	
−0.01

	
−0.25

	
−3.83

	
−6.02




	
2 × 4

	
0.40

	
0.22

	
−0.02

	
0.00

	
0.44

	
6.01

	
6.64




	
2 × 5

	
−0.46

	
−0.11

	
−0.15

	
−0.03

	
−0.50

	
−3.65

	
−1.45




	
3 × 4

	
−0.93

	
0.28

	
−0.48

	
−0.01

	
−0.15

	
−6.50

	
−3.36




	
3 × 5

	
−0.39

	
0.28

	
0.25

	
0.05

	
0.44

	
9.38

	
5.75




	
4 × 5

	
0.21

	
−0.22

	
0.37

	
0.00

	
0.02

	
−1.40

	
−1.57




	
Reciprocal

	

	

	

	

	

	




	
2 × 1

	
−0.33

	
0.0

	
1.27

	
0.20

	
0.40

	
10.09

	
4.99




	
3 × 1

	
−0.92

	
0.17

	
−0.57

	
−0.10

	
−0.21

	
−8.88

	
−2.76




	
4 × 1

	
1.47

	
0.0

	
−0.33

	
−0.10

	
0.28

	
−1.89

	
−3.41




	
5 × 1

	
0.20

	
0.34

	
1.30

	
−0.15

	
0.19

	
7.26

	
0.60




	
3 × 2

	
−0.71

	
0.33

	
0.67

	
−0.17

	
−0.01

	
−0.49

	
−4.24




	
4 × 2

	
−0.95

	
0.67

	
0.07

	
−0.10

	
−0.04

	
0.54

	
−0.25




	
5 × 2

	
0.0

	
0.0

	
−0.10

	
−0.13

	
0.07

	
1.13

	
−0.47




	
4 × 3

	
0.33

	
0.0

	
0.30

	
0.04

	
0.22

	
−2.20

	
0.39




	
5 × 3

	
0.0

	
0.0

	
0.67

	
−0.05

	
−0.52

	
−1.64

	
−4.17




	
5 × 4

	
−0.68

	
0.17

	
−0.77

	
−0.08

	
−0.25

	
−2.02

	
−3.59




	
Environment 2

	

	

	

	

	

	




	
F1s

	

	

	

	

	

	

	




	
1 × 2

	
−0.32

	
0.08

	
−0.22

	
0.02

	
0.04

	
0.79

	
−0.48




	
1 × 3

	
0.01

	
−0.31

	
0.55

	
0.00

	
−0.29

	
−0.14

	
−0.54




	
1 × 4

	
2.05

	
−0.09

	
0.13

	
0.03

	
−0.04

	
−1.90

	
−1.21




	
1 × 5

	
−1.74

	
0.31

	
−0.46

	
−0.05

	
0.29

	
1.25

	
2.23




	
2 × 3

	
0.31

	
0.19

	
−0.01

	
0.00

	
0.38

	
−1.48

	
0.08




	
2 × 4

	
−0.80

	
−0.08

	
−0.39

	
−0.10

	
−0.04

	
0.73

	
0.73




	
2 × 5

	
0.82

	
−0.20

	
0.62

	
0.07

	
−0.37

	
−0.03

	
−0.32




	
3 × 4

	
−1.24

	
0.20

	
−0.06

	
0.04

	
−0.05

	
2.01

	
1.43




	
3 × 5

	
0.93

	
−0.08

	
−0.48

	
−0.04

	
−0.04

	
−0.38

	
−0.96




	
4 × 5

	
−0.01

	
−0.03

	
0.33

	
0.03

	
0.13

	
−0.84

	
−0.95




	
Reciprocal

	

	

	

	

	

	

	




	
2 × 1

	
−2.86

	
−0.17

	
−0.17

	
−0.07

	
−0.11

	
1.13

	
−0.28




	
3 × 1

	
−1.95

	
−0.17

	
−0.34

	
−0.05

	
−0.04

	
−0.77

	
−0.45




	
4 × 1

	
2.51

	
0.67

	
0.50

	
0.02

	
0.24

	
−2.10

	
−2.30




	
5 × 1

	
−0.24

	
0.50

	
0.20

	
0.08

	
0.17

	
−1.75

	
−1.30




	
3 × 2

	
−1.20

	
−0.67

	
0.53

	
0.00

	
0.65

	
6.50

	
6.74




	
4 × 2

	
−3.03

	
0.00

	
0.94

	
0.13

	
0.02

	
1.69

	
1.63




	
5 × 2

	
0.46

	
0.33

	
−0.17

	
0.15

	
0.15

	
2.26

	
1.87




	
4 × 3

	
1.57

	
−0.33

	
0.47

	
−0.15

	
−0.37

	
−3.49

	
−4.47




	
5 × 3

	
−0.24

	
0.17

	
−0.13

	
−0.09

	
−0.02

	
−4.64

	
−3.17




	
5 × 4

	
−0.33

	
−0.50

	
−0.20

	
−0.09

	
−0.16

	
−2.30

	
−4.11








BP—bolting percentage (%); DIS—score for severity of leaf blight; RL—root length (cm); RD—root diameter (cm); LW—fresh leaf weight (kg); TYH—estimated total yield (t ha−1); MYH—estimated yield of marketable roots (t ha−1).
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