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Phenotypic stability under stress environment facilitate the fitness of genotype and opens new horizons to explore the cryptic genetic variation. Variation in tolerance to drought stress, a major grain yield constraint to global maize production, was identified, at the phenotypic and genotypic level. Here we found a prominent hybrid H9 that showed fitness over four growing seasons for grain yield under water stress conditions. Genotypic and phenotypic correlation of yield attributing traits over four seasons demonstrated that cobs per plant, 100 seed weight, number of grains rows per cob, total dry matter, cob diameter had positive association (r2 = 0.3–0.9) to grain yield. The perturbation was found for chlorophyll content as it showed moderate to strong association (P < 0.01) over four seasons, might be due to environment or genotype dependent. Highest heritability (95%) and genetic advance (79%) for grain yield was found in H9 over four consecutive crop growing seasons. Combined analysis over four seasons showed that studied variables together explained 85% of total variation in dependent structure (grain yield) obtained by Principal component analysis. This significant finding is the best example of phenotypic stability of grain yield in H9 and made it best fitted for grain yield under drought stress scenario. Detailed genetic analysis of H9 will help us to identify significant loci and alleles that made H9 the best fitted and it could serve as a potential source to generate novel transgressive levels of tolerance for drought stress in arid/semiarid regions.
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INTRODUCTION

Drought is a major constraint in agriculture system, significantly causes grain yield losses worldwide (Boyer, 1982) in maize crop. Water availability has become a serious issue in many parts of the world, both in developed and developing countries; due to un-even land, poor drainage system, scarcity of water channels persist, therefore, the development of crop cultivars with less water use is a common interest for breeders (Nafziger et al., 1991). In context of evolution, living organism choose different strategies to survive under environmental stress, for example, phenotypic plasticity (evolve new traits or modify existing traits with the appearance of new phenotypes) and phenotypic stability (stability of existing traits under particular stress), however, the general purpose is to be acclimatized under that environment for better survival (DeWitt and Langerhans, 2004).

Maize among cereals ranked at third number after wheat and rice worldwide (Ali F. et al., 2014). Over 80% of total global agricultural land is rain-fed (Berzsenyi et al., 2006) thus the development of genotypes that survive better in water scarce condition is the need of hour. Phenotypic stability of the traits in maize hybrids is the best way to measure the genetic variability (Chavan et al., 2015) by overwhelming the two most common variables in field: soil heterogeneity and environment (Khorasani et al., 2011; Ali et al., 2014a,c, 2015a). Therefore, multivariate analysis (Ashmawy, 2003; El-Badawy and Mehasen, 2011) displays a better idea of the underlying latent factors and an interface between individual genotype and variable. Other than this, genetic components, like genotypic correlation between traits, broad sense heritability and genetic advance could help us to understand the contributed genetic variation in population for better selection process. For a plant breeder, the major task is to reduce the error effects and to evaluate the total variation contributed by each trait. The stability in grain yield over multiple seasons is of quiet interest if we want to tackle the abiotic constraints, such as water scarce conditions (drought stress). Phenotypic stability of traits over multiple seasons could help us to identify the genes that inherit to next progenies, to achieve the desired product in next seasons.

The objectives of this study were (i) to evaluate maize hybrids in four consecutive crop growing seasons to measure the phenotypic stability of traits by assessing genotypic and phenotypic correlations, [image: image], and genetic advance (ii) Identification of the most promising hybrid under drought stress condition and dissection of stable traits in winner genotype for possible use in future breeding program by applying QTL mapping, transcriptomics and genomic approaches.

MATERIALS AND METHODS

Irrigation Regimes (An Efficient Way to Develop the Well-watered and Drought Stress Conditions in Field Trials)

Irrigation regimes; drought stress and well-watered conditions were used as treatments in current study, to evaluate the performance of hybrids for grain yield. Normally, we applied first irrigation, 3 weeks after sowing. Here after this, we established the plots for drought stress and control conditions, for control plants we applied irrigation every week, and increased up-to two times a week during hot season May to July, considering rainfall also. To establish drought stress, we applied two irrigations fortnightly through-out each crop growing season (for experiment 2,3,4,5, see below) to apply and maintain drought stress conditions. Here we will only focus on drought stress experiment and the data has been provided for that only.

Fertilizer (Crop Nutrients)

Leaf litter was added 1 month before seedbed preparation and mixed well by plowing at each experimental site. At sowing we added nitrogen 100 kg/ha, phosphorous 30 kg/ha and potassium 30 kg/ha and did plowing four times followed by planking each time.

Genetic Material (Experiment 1)

Four inbred lines: two drought sensitive (PBG1 and PBG2) and two drought tolerant (PBG3 and PBG4) were selected from maize breeding program, Department of Plant Breeding and Genetics, University of Agriculture, Faisalabad-Pakistan. These lines were grown during March to June 2010–2011 and intercrossed in complete diallel fashion to develop twelve single cross maize hybrids (F1): H1 (PBG1 × PBG2), H2 (PBG1 × PBG3), H3 (PBG1 × PBG4), H4 (PBG2 × PBG1), H5 (PBG2 × PBG3), H6 (PBG2 × PBG4), H7 (PBG3× PBG1), H8 (PBG3× PBG2), H9 (PBG3× PBG4), H10 (PBG4 × PBG1), H11 (PBG4 × PBG2), H12 (PBG4 × PBG3). A randomized complete block design (RCBD) was used and the plot size was 3 × 3.3 m. Row-to-row and plant-to-plant distances were 75 and 15 cm, respectively, each row had 20 plants. Seed sowing was done using dibbler. Two seeds/hill of each parental line were sown and after 18 days thinned up to one healthy plant/hill. Howing, mowing, irrigation, and weeding (all agronomic practices) were done throughout the crop growing season. We did random sampling of 15 plants/plot of each genotype to measure the following traits: Ch.C (chlorophyll content), CW (cob weight), CL (cob length), CD (cob diameter), CPP (cob per plant), NGRC (number of grain rows per cob), SW (100 seed weight), NGPC (number of grains per cob), TDM (total dry matter), OC (oil content of grain), PC (protein content of grain), FSW (fresh stem weight), FLW (fresh leaf weight), FLWSR (fresh leaf weight to stem weight ratio), LA (leaf area), nlp (number of leaves per plant), PH (plant height), SD (stem diameter). Grain yield was recorded in kg per hectare. The moisture level of grains was adjusted (14–15.5%) to record grain yield. Soil was clay loam and the pH 7.85 was found.

Experiment 2,3,4,5 (Evaluation of F1 Hybrids over Four Consecutive Crop Growing Seasons for Phenotypic Stability of Grain Yield and Its Attributing Traits under Water Scarce Conditions)

Twelve single cross maize hybrids were evaluated from March to June 2011 (experiment 2), July to October 2011 (experiment 3), March to June 2012 (experiment 4) and July to October 2012 (experiment 5) in experimental research area of Department of Plant Breeding and Genetics, University of Agriculture, Faisalabad-Pakistan (31°26′ N, 73°06′ E). All the experiments planned according to experiment 1, followed by necessary agronomic practices. Same traits were studied as discussed in experiment 1.

Crop Growth and Phenology [Parental Lines (2010) and F1 Hybrids (2011–2012) Were Evaluated under Drought Stress in Field Conditions]

The dates of seedling emergence (when 50% of the plants emerged out of the soil surface and became visible), silking interval (when 50% of the plants appeared the visible silks in the field) and physiological maturity of plants (when 50% of the plants showed black layer formation in the grains from the mid portion of ear) for F1 hybrids were recorded during four crop growing seasons (2011–2012).

Plant Biomass

At physiological maturity; to estimate the plant density in plot, we counted the plants and divided the plant population by soil area. Central row plants were taken to reduce the treatment effects (irrigation, fertilizer application, hoeing etc.). Plant height was measured with measuring tape (least count ± 0.1 cm) placing it at the bottom portion of a plant up to the shoot. Plants then cut at basal level (ground) to record fresh leaves weight (g) and fresh stem weight (g), using electronic balance (OHAUS-GT4000, USA). Fresh leaves to stem weight ratio was obtained by dividing leaf weight to stem weight. The Digital Vernier Caliper (VMR/SHRZ) with least count (± 0.01 cm) was used to measure the stem diameter, the average value was taken by measuring the stem diameter at basal, middle and top portions. Green leaf area per plant was recorded according to formula L × W × 0.75 (Stewart and Dwyer, 1999). Leaf length and leaf width was recorded with measuring tape (least count ± 0.1 cm).

Chlorophyll Content, Grain Yield, and Quality Parameters

Chlorophyll content was measured at seedling, tasseling, booting, ear formation and grain filling stages by SPAD-502 chlorophyll meter (SPAD, soil plant analysis development) weekly and we took the average of all. The protein contents of maize seeds (ten seeds/genotype) were measured by absorbance assay (280 nm) and oil contents were measured, using technique introduced by Matthäus and Brühl (2001).

Statistical Analysis

ANOVA, DMRT

Two-way analysis of variance (ANOVA) was performed using the info-Genstat (12th edition) software for each crop growing season (experiment 2,3,4,5) as shown in (Supplementary Tables S1b, S2b, S3b, S4b). We used ANOVA to test the effect of drought stress, environment and their interaction on key traits, such as grain yield and its attributing traits. Duncan's multiple range test (DMRT) was used to compare the genotypic differences under drought stress (Supplementary Tables S1a, S2a, S3a, S4a).

Genetic Components and Correlation

Genetic components (genotypic variance, phenotypic variance, environmental variance, broad sense heritability and genetic advance) were determined in experiment 2–5 see Supplementary Tables S1c, S2c, S3c, S4c. We performed simple correlation analysis for experiment 2, 3, 4, and 5 (see Supplementary Tables S1d, S2d, S3d, S4d) to assess the magnitude of association among under studied traits.

Combined Genotypic and Phenotypic Correlation

Combined genotypic and phenotypic correlations were calculated according to Falconer and Mackay (1996). The grand mean values were used to determine the phenotypic correlations as shown in (Table 2).

[image: image]

Based on the phenotypic correlation between two traits or the same trait estimated in different environments: (Falconer and Mackay, 1996) we used the following method to determine the genotypic correlation (Table 1).

[image: image]

where rp is the phenotypic correlation between traits 1 and 2 and h1 and h2 are the broad-sense heritability of trait 1 and 2, respectively. e1 and e2 are the environmental variance of trait 1 and 2, respectively and re is the environmental correlation between trait 1 and 2. The environmental correlation is not 0. Thus, the genetic correlation is a function of the phenotypic and environmental correlation as well as their heritability. The genotypic correlation was used as a matrix in path coefficient analysis (Figure 4) to determine the direct and indirect effect of yield and its attributing traits.


Table 1. Combined genotypic correlation coefficients (four variance matrices were used) for grain yield and its attributing traits (see Materials and Methods for traits description).
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Multivariate Analysis

To assess the overall variation attributed by yield attributing traits in hybrids, we performed principal component analyses (The Proc Mixed SAS version 9.1; SAS Institute, 2001) and construct bi-plot (combined data over four seasons used for each trait).

RESULTS

Experiment 1 (Development of Successful Intercrosses between Drought Tolerant and Sensitive Maize Inbred Lines in Field Conditions: March to June 2010)

Two drought sensitive (PBG1 and PBG2) and two drought tolerant (PBG3 and PBG4) maize inbred lines were intercrossed to develop F1 hybrids. Among these lines PBG4 performed better for grain yield followed by PBG3, PBG2, and PBG1 as shown in (Figure 1). The analysis of variance had significant (P < 0.05) results for under studied traits in these lines (data not shown).


[image: image]

FIGURE 1. Mean performance of two drought sensitive (PBG1 and PBG2) and two drought tolerant (PBG3 and PBG4) maize inbred lines for grain yield and its attributing traits, see Section Materials and Methods for traits description.



Experiment 2,3,4,5 (F1 Hybrids under Drought Stress during, 2011–2012)

Mean values comparison (Supplementary Table S1a, S2a, S3a, S4a) showed that hybrid H9 (PBG3 × PBG4) performed the best for grain yield in four seasons consecutively. ANOVA of under-studied traits found to be significant (P < 0.05) as shown in (Supplementary Tables S1b, S2b, S3b, S4b). Genetic components (Supplementary Table S1c, S2c, S3c, S4c) were also found to be significant in each crop growing season. Heritability and genetic advance are given (Table 4) for each trait, measured over four seasons and found to be significant for grain yield, chlorophyll content, plant height and total dry matter in each crop growing seasons in hybrid H9 as shown (Figures 2, 3). To assess the magnitude of association for grain yield and its attributing traits in each crop growing seasons, we performed pearson's correlation analysis (Table S1d, S2d, S3d, S4d) and found that chlorophyll content, plant height, total dry matter, cob diameter, cob length, cob weight, number of grain rows per cob, fresh leaf weight to stem weight ratio and grain yield are closely related to each other.
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FIGURE 2. Broad sense heritability ([image: image]) estimates of under study traits in H9. The error bars are Standard errors (±).
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FIGURE 3. Genetic advance (GA) of under study traits in H9 (potential maize hybrid). The error bars are Standard errors (±).



Genotypic and Phenotypic Correlations (Combined Analysis for Four Seasons)

We combined the variances of each trait, measured in four crop growing seasons and used them in combined analysis to find out the genotypic and phenotypic correlations. Genotypic correlation coefficients (Table 1) showed that chlorophyll contents, plant height, total dry matter, cobs per plant, protein contents and oil contents had positive and significant correlation (P < 0.01) to grain yield per plant under water stress conditions. The phenotypic correlation coefficients (P < 0.01) between each of two traits was examined (Table 2), showed significant and positive association of chlorophyll contents, cobs per plant, grain rows per cob, grains per cob, total dry matter, oil content, protein content, fresh leaves weight to stem weight ratio, plant height and leaf area to grain yield/plant.


Table 2. Combined phenotypic correlation coefficients (four variance matrices were combined for each trait) among grain yield and its attributing characters (see Materials and Methods for traits description).
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Path Coefficient Analysis: Combined Analysis for Four Seasons

The genotypic correlation was used as a matrix to calculate the direct and indirect effect of each trait on grain yield under droughts stress conditions. The percentage contribution of each trait is given (+4.0 to −2.5) as shown in (Table 3; Figure 4), calculated over four crop growing seasons. The results (Figure 4) shows that total dry matter had the highest direct effect on grain yield per pant while indirect effect via stem diameter and protein content were also significant. Chlorophyll content had the significant direct effect and indirectly contributed to grain yield per plant via cob length, cob weight and leaf area. The direct effect of cob weight was significant and indirect contribution to grain yield per plant was also significant via other traits except cob length, number of leaves per plant and plant height. Cob diameter had the negative indirect effect only through number of leaves per plant. 100 seed weight interestingly had the significant direct effect, while its indirect effect were almost contributing to grain yield except one trait (leaf area). Fresh leaf weight to stem weight ratio also contributed significantly for direct and indirect effects and put a major contribution to grain yield under drought stress. Plant height had the significant direct effect but its indirect effects were negligible (Table 3). These results suggest that the traits which had strong direct effect at genotypic level to grain yield, should be selected in breeding program to develop climate resilient maize hybrids under water scarce conditions.


Table 3. Direct and indirect effects of each yield attributing trait [Diagonal (bold) is the direct effect while others are indirect effects], combined analysis was done for each trait, evaluated over four crop growing season.
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FIGURE 4. Percentage contribution of grain yield and its attributing traits based on path coefficient analysis for four consecutive crop growing seasons (see Section Materials and Methods for traits description).



Genotype × Environment Interaction (Biplot Analysis)

Combined data (collected over four seasons for each trait) was used to develop biplot (genotypes × traits association) as shown in (Figure 5A). Based on principal component analysis we generated biplot (graphical display of variables and hybrids) and obtained four principal components had eigen values > 1 (P < 0.001): PC1 (10.2), PC2 (3.1), PC3 (1.6), and PC4 (1.3)], which together explained 85.5% of total variation (Figure 5B). The trait vectors (plant height, chlorophyll contents, total dry matter, had small angles with grain yield were the most significant and positively correlated to H9 (Figure 5A), while other traits were least contributing to grain yield.


[image: image]

FIGURE 5. (A) Biplot analysis (Hybrids × traits interaction) based upon of four crop growing seasons data (2010–2011 and 2011–2012) of under study maize hybrids (see Section Materials and Methods for hybrid codes and traits description). (B) Scree plot of principal component analysis: PC1 (10.2), PC2 (3.1), PC3 (1.6), and PC4 (1.3) which together explained 85.5% of total variation in the dependent structure.



DISCUSSION

To breed the maize cultivars for grain yield stability under water scarce conditions (drought stress) is a serious threat to food security. Can we breed for plasticity in the key agronomic traits (Question 5; Nicotra et al., 2010) to improve the stability in grain yield and its attributing traits, is a major concern for plant breeders. In context of this, maize breeding for yield stability has become an important task to evaluate the hybrids, lines, and cultivars in a single and/or over a range of environments/multiple seasons. The phenotypic stability of yield and its related traits in a single location over multiple crop growing seasons could help us to identify the genes that could be used as a potential source in maize breeding to develop drought tolerant cultivars. In the present study we evaluated 12 single cross maize hybrids in a single location over 4 crop growing seasons (2010–2012), and found hybrid H9 a potential candidate genotype that showed phenotypic stability for grain yield under water scarce conditions. The phenotypic stability in grain yield and its related traits showed that genotypic responses were more in each growing season. Finding these interesting results, we observed in H9, the broad sense heritability ([image: image]) and genetic advance in each crop growing season and found higher [image: image] and genetic advance for grain yield, plant height, chlorophyll content and total dry matter as shown (Figures 2, 3 and Table 4). The higher values of genetic advance and their phenotypic stability (Ali et al., 2013, 2014d) in each crop season shows that H9 is potential genome to develop maize genotypes that could breed in an environment where water supply is limited (Opitz et al., 2016).


Table 4. Comparative analysis: genetic advance (GA %) and broad sense heritability ([image: image] %) of under studied traits in H9 maize hybrid evaluated for four consecutive crop growing seasons i.e., experiments 2–5 (see Section Materials and Methods for traits description) under drought stress.
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In maize breeding, several authors have quantified the relationship between grain yield and its attributing morphological traits (Imtiaz et al., 2009; Zare et al., 2011; Ali et al., 2014b; Khan et al., 2014) but in a single environment and/or season. Similar investigations were reported by Mahmood et al. (2004) and Ali et al. (2011a,b), they observed that leaf area, plant height, 100 seed weight, cobs per plant and grain yield per plant are closely associated traits, but all these findings were limited to a single environment and/or season. In the present study, significant genetic correlations (Table 1) were found between grain yield and traits, such as plant height, total dry matter, chlorophyll content, leaf area, stem weight, seed weight, cob length and weight, seed quality parameters (protein and oil). The importance of morphological traits, such as leaf area index (Amanullah et al., 2014) has been investigated in maize hybrids and stated to be a main component for vigorous photosynthetic rate in maize hybrids, also reported by Cirilo et al. (2009) and Stewart and Dwyer (1999). Similarly, chlorophyll contents were measured from seedling to tasseling, and reported to be a major contributor for vegetative growth rate Ding et al. (2007) and Perveen et al., 2013 in maize. Weber et al. (2012) also reported that plants which had more chlorophyll content drives photosynthetic machinery more frequently that may facilitate to increase grain yield.

Path coefficient analysis is an efficient tool for a plant breeder, to visualize the direct and indirect effect of a single trait on dependent structure (Ali et al., 2011a; El-Badawy and Mehasen, 2011) and could provide a better understanding about the selection process in breeding program, especially, when a large number of variables are involved (Beiragi et al., 2012). The traits which had the most positive direct effect are favorable to select in the breeding cycle (Rubino and Davis, 1990). The use of path analysis in previous findings is limited to its application in a single environment and/or season study, however, for combined data collected over multiple seasons (as we did in the present study), the use pf path analysis is not available. Generally, genotypic variances are used in the path coefficient matrix, therefore, the combined genotypic variances calculated over multiple seasons, could improve the power of analysis. The present study results (Figure 4) demonstrates that direct effect of total dry matter, chlorophyll content, plant height, 100 seed weight, cob diameter was significantly higher as compared to other traits, and also stable over multiple seasons to contribute genetic variation (Figures 2, 3).

Our results shows that,

1). Genotypic and phenotypic correlations (combined analysis) gave us the magnitude of association between traits (Phenotypic stability for traits association).

2). Path coefficient analysis was used to determine the direct and indirect effects to improve the process of selection (by assessing the phenotypic stability).

3). Broad sense heritability ([image: image]) of traits shows how much is the genetic contribution.

4). Genetic advance tells us the performance of developed hybrids over parents (resistant and tolerant parents to drought stress), and H9 outperformed for grain yield in each season.

To assess the overall variation attributed by under study traits, we performed multivariate analysis. This approach is useful for a plant breeder, to select the traits for the most promising genotypes, saves time, to be more watchful and selective to handle a large amount of data as reported by Cirilo et al. (2009) and Ali et al. (2015b). The present study shows that chlorophyll content, cobs per plant, number of grains rows per cob, total dry matter and cob diameter were the most significant traits that contribute to grain yield under drought stress conditions. Classification of agronomic and morphological traits using multivariate analysis approach is useful to save money and time in crop improvement program. On the basis of present study results, it is recommended that hybrid H9 is a potential genotype that had high grain yield in arid/semi-arid region under drought stress in field conditions over multiple seasons. The stability of traits like grain yield, plant height, chlorophyll content and total dry matter is of great interest that favors the future genetic analysis in H9 to find out the QTLs associated with traits stability. Moreover, the transcriptomics studies could help us to understand more about the gene regulatory components in H9 that could be dissected for their possible use in maize breeding program for drought tolerance.
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We used combined genotypic correlation (Table 2) value of each trait as a matrix to find out the direct and indirect effects (see Materials and Methods for traits description).





