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Unpredictable rainfall in the tropics often increases the risk of waterlogging or even flooding in agricultural lands, hindering the efforts to fulfill maize demands. Breeding maize for waterlogging tolerance is necessary yet challenging since performing varietal testing on a set of hybrids might be biased toward the presence of genotype and environment interaction (GEI). This study aimed to elucidate the GEI effects on yield and related agronomic traits of tropical maize hybrids under normal irrigation and waterlogging conditions and to assess the adaptability of these hybrids in such conditions using several stability models. Ten hybrids including two commercial checks were evaluated across 14 environments under normal and waterlogging conditions in Indonesia from 2018 to 2020. Waterlogging imposed at the V6 stage for ten consecutive days significantly hampered the plant height and ear height, slightly delayed flowering dates, and reduced yield and yield components. The genotype, location, and genotype by location effects were significant on yield, but the genotype by waterlogging effect was not. Stress tolerance index is highly significantly correlated (p < 0.01) with yield in both normal (r = 0.90) and waterlogging (r = 0.96) conditions. The GGE biplot analysis on yield revealed five sectors, two mega-environments, and five vertex genotypes. This study indicated the possibility of breeding maize hybrids tolerant to waterlogging (G05), as well as high-yielding hybrids under both conditions (G07).
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INTRODUCTION

Maize has high economic value and is an important crop in many Asian countries, including in Indonesia. Maize is increasingly used as a staple food (Grote et al., 2021), feed for poultry, fish (Erenstein, 2010), and dairy cows (Khan et al., 2015), and raw materials for the food industries including oil, flour, and snacks (Zhang et al., 2021). Rice-maize (R-M) cropping system, a maize cultivation system in rice fields, is generally carried out in the tropical regions of South-East (Agus et al., 2019) and South Asia (Timsina et al., 2010). This system is usually conducted at the end of the rainy season when sufficient rainfall for initial crop growth is still available. However, climate change causing erratic rainfall for extended periods (Arritt and Rummukainen, 2011; Liu et al., 2021) increases the risk of waterlogging on maize plants. This abiotic stress covers about 12% of the global land area, and in Southeast Asia, about 15% of the total maize growing area in poorly drained rice fields experiences flooding or waterlogging at the end of the rainy season (Rathore et al., 1998). Waterlogging limits the availability of oxygen from the soil to the plants resulting in a condition of soil hypoxia (Barrett-Lennard, 2003; Liu et al., 2020c). In maize, this anaerobic condition leads to the unbalanced transport of both nutrients and water to the leaf tissue (Sachs et al., 1996), reduced leaf water potential, stomatal closure, leaf curling (Sairam et al., 2008), and yield reduction (Ren et al., 2014). Maize yield reduction due to waterlogging can vary from 7 to 80% depending upon cultivar, crop growth stage (Ren et al., 2016a, 2017), and the duration of imposed stress (Tian et al., 2019).

Several strategies are proposed to alleviate the damage of waterlogging including drainage construction, proper planting schedule, and the adoption of waterlogging-tolerance cultivars (Liu et al., 2020b; Yan et al., 2022). The latter option is promising and can be achieved by hybrid breeding maize for waterlogging tolerance (Zaidi et al., 2004; Bailey-Serres et al., 2012) because of the presence of genetic stock (Tripathi et al., 2003) and considerable genotypic variation (Mano et al., 2002) for this trait. Waterlogging tolerance is a complex trait attributed to several factors including genotype and environment (Li et al., 2011; Prasanna and Ramarao, 2014). Grain yield is the most important trait in maize; however, this character is polygenic and sensitive to the exposed environmental changes (Acquaah, 2007). Under waterlogging stress, the low to moderate heritability estimates have been noticed (Edmeades et al., 1999) and the genotype by environment interaction (GEI) becomes greater for maize grain yield (Singamsetti et al., 2021). The purpose of the adaptation test is to determine the genetic potential and adaptability of candidate varieties in the targeted environments. This test involves the evaluation of a number of various candidates in several environments using the same experimental design, usually a randomized complete block or alpha-lattice design. Through the adaptation test, information on the GEI and the yield stability of these candidates across environments will be obtained. A better understanding of GEI is helpful to evaluate genotype stability and adaptability across environments, recommend certain genotypes for specific growing environments, and assess the ability of test environments to discriminate the tested genotypes (Yan and Tinker, 2006; Dias et al., 2018). Several models of stability analysis are provided to elucidate the complex nature of GEI phenomena under stressed environments (Mafouasson et al., 2018; Liu et al., 2022) and to utilize the obtained information for varietal selection (Kang, 1998; Liu et al., 2020a). These models include joint regression analysis (Finlay and Wilkinson, 1963; Eberhart and Russell, 1966), the additive main effects and multiplicative interaction (AMMI) (Gauch, 1992), and the genotype main effects and genotype × environment interaction (GGE) biplot analysis (Yan et al., 2000).

The Indonesian Cereals Research Institute (ICERI) and IPB University, Bogor, Indonesia have collaborated in breeding improved tropical maize cultivars tolerant to waterlogging stress. Our breeding strategy begins with establishing base populations by recombining potential genotypes through controlled cross-pollinations, followed by the development and evaluation of inbred lines, hybrid formation, and yield trials. From a previous study, we noticed several candidates of superior maize hybrids under both normal and waterlogging stress environments, namely G8xMGold, G9xMGold, G28xMGold, IPB L15xMR14, and IPB L39xMR14 (Syah, 2019). Since maize hybrids with stable performance across diverse environments (Khalil et al., 2011), high yield potential, and low yield reduction under optimum and stress conditions, respectively (Kenga, 2001) appeal to farmer's preference, multi-location trials representing the diverse agroecology of a targeted region is imperative prior to varietal releases. In the case of significant GEI, maize hybrids with high adaptability across normal and waterlogging conditions and tolerant genotypes under waterlogging stress would be interesting to investigate. Therefore, this study aimed to elucidate the GEI effects on yield and related agronomic traits of tropical maize hybrids under normal and waterlogging conditions and to assess the adaptability of these hybrids in such conditions using several stability models. Considering the lack of studies on GEI analysis in maize under waterlogging conditions, the information obtained in this study would help breeders in assigning the breeding strategy for waterlogging resilience. Besides, the selected hybrids could be adopted by farmers in the tropics to increase their production and income.



MATERIALS AND METHODS


Plant Materials

The genetic materials used in the multi-environment test were eight maize single crosses, namely G01 (G8xMGold), G02 (G9xMGold), G03 (G21xMGold), G04 (G41xMGold), G05 (G28xMGold), G06 (IPB L12xMR14), G07 (IPB L15xMR14), G08 (IPB L39xMR14), and two commercial hybrid varieties as checks, namely Bima 9 (G09) and BISI 18 (G10). The MGold is a maize genotype tolerant to waterlogging introduced from the International Maize and Wheat Improvement Center (CIMMYT). The MR14, an inbred line developed by the ICERI, is a good combiner for grain yield and has been used in the formation of hybrid cultivars in Indonesia. The G8, G9, G21, G41, and G28 lines were developed by ICERI from the Yellow White population resulting from the recombination of downy mildew-resistant yellow seed populations (Nei9008 x MR14) with a CIMMYT line from Kenya, as part of the Affordable, Accessible Asian (AAA) Drought Tolerant Maize Project. The IPB L15 and IPB L39 were developed by IPB University from double cross hybrids populations.



Experimental Sites, Experimental Design, and Crop Management

This study was conducted from 2018 to 2020 in eight locations differing in agro-ecologies including lowland zones (N1-N6) with altitudes ranging from 17 to 333 m above sea level (masl), a mid-altitude zone of 615 masl (N8), and a highland zone of 867 m asl (N7) (Table 1). Different types of soil can be found in the experimental location. These include alluvial, regosol, andosol, latosol, and red-yellow podzolic soil. The texture of the soil ranges from clay to clay loam. In the water logging experiment conducted in Maros, it was discovered that the clay loam texture is less porous, making it more susceptible to flooding during periods of intense rain. The pH of the soil at the experimental sites ranged from slightly acidic to close to neutral.


Table 1. Description of 14 environments used for maize hybrids evaluation in Indonesia.
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In each experimental site, a randomized completed block design (RCBD) with three replications was laid out. The harvested plot size was two rows of 5.0 m in length (7 m2), and plant spacing was 70 cm between and 20 cm within rows. Full tillage was performed prior to planting. Two seeds per hole were planted, and the seedlings were then thinned to one plant per hole at 10 days after planting (DAP). Fertilizers were applied two times, with the first application at 7–10 DAP for 350 kg/ha of NPK Phonska fertilizer (15:15:15) and 150 kg/ha of urea (46:0:0) and the second application at 30–35 DAP for 200 kg/ha of urea (46:0:0). Weeding was manually carried out and mulching was done by elevating the mounds and loosening the soil to create better soil aeration. Harvesting was performed at physiological maturity indicated by the appearance of a black layer of the grain.



Managed Waterlogging Stress

The waterlogging stress treatment referred to the procedure developed by Liu et al. (2010) and Zaidi et al. (2016). The treatment was imposed when the plants were roughly knee-high (V6 stage) at 4 weeks after planting (WAP). Waterlogging experiments were conducted in a field that had been purpose-built and leveled for this purpose. The treatment plots were initially completely submerged in water, which was maintained for ten consecutive days at a depth of about 10 cm by providing water at a rate greater than infiltration and evaporation, and then the process was repeated. Irrigation and excessive water drainage were regulated using a drainage pipe with two adjustable gates to keep the water about 10 cm above ground level and prevent overflow from flooded plots. The field was completely drained following the stress treatment.



Phenotypic Data Collection

Observations were performed on several agronomic traits, yield, and yield components according to the CIMMYT (2004). Five sample plants were randomly taken from each plot. The observed traits were: (1) days to 50% anthesis on a plot-basis; (2) days to 50% silking on a plot-basis; (3) anthesis-silking interval, calculated as the difference between days to silking and days to anthesis; (4) plant height, measured as the distance from ground level to the node bearing the flag leaf; (5) ear height as the distance from ground level to the node bearing the uppermost ear; (6) leaf length; (7) number of rows per ear; (8) number of kernels per row; (9) ear length; (10) ear diameter; (11) shelling percentage; and (12) grain yield (t/ha) at 15% moisture content, calculated using the following equation:

[image: image]

where MC is the actual grain moisture content at harvest, PS is harvested plot size (m2), EW is ear yield per plot (kg), and SP is shelling percentage.



Statistical Analysis

Combined analysis over experiments was performed to elucidate the effects of waterlogging treatment, location, genotype, and their interactions, with the following linear model:

[image: image]

where Yijkl is the observed response of waterlogging treatment-i, location-j, replication-k, and genotype-l; μ is the grand mean; Wi is the effect of waterlogging treatment; Lj(i) is the effect of location nested in waterlogging treatment; Bk(ji) is the effect of block nested in location and waterlogging treatment; GLlj(i) is the interaction effect of genotype and location; GWli is the interaction effect of genotype and waterlogging treatment; and εijkl is the experimental error. The least significance difference (LSD) test at a 5% probability level was used for comparing the mean of each tested hybrid and each check variety (Gomez and Gomez, 1984).

Several parameters of stress tolerance including stress intensity (SI), tolerance (TOL), stress susceptibility index (SSI), and stress tolerance index (STI) were estimated according to the Fernandez (1992) formulas below:
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where Ys is the mean yield of each genotype under waterlogging stress conditions, Yp is the mean yield of each genotype under normal condition, [image: image] is the grand mean of yield under waterlogging condition, and [image: image] is the grand mean of yield under normal conditions.

Stability analyses were performed using several methods including yield and stability index (Kang, 1993), coefficient of variations (Francis and Kannenberg, 1978), regression of genotype mean yield on the environmental index (Finlay and Wilkinson, 1963; Eberhart and Russell, 1966), and ecovalence (Wricke, 1962). Besides, the GGE biplot analysis (Yan et al., 2000) was performed to identify the genotypes adapted to the specific environmental clusters. The above analyses used SAS 9 (SAS Institute, 2002) and PBSTAT-GE 3.0.3 (www.pbstat.com) software.




RESULTS


Combined Analysis of Variance

A combined analysis of variance across 14 environments (11 normal irrigation and 3 waterlogging) for agronomic traits, yield components, and yield are presented in Table 2. The environment effect was partitioned into waterlogging effect (1 df) and the location within waterlogging effect (12 df). The effect of waterlogging treatment was significant on all observed traits except on anthesis-silking interval (ASI). The effect of location within the waterlogging treatment was significant on all observed traits. This indicated that the variability of test locations, including the altitude, the types of soil, and climate, affected the performance of the genotypes. The genotype effect was significant on all observed traits except ear height (EH), indicating that the hybrids evaluated in this study were phenotypically diverse in plant architecture, flowering dates, yield components, and grain yield. The interaction between genotype and location (G × L) effect was significant on all observed traits except for ASI and EH, and the interaction between genotype and waterlogging (G × W) effect was significant on all observed traits except on ASI, plant height (PH), EH, number of kernels per row (KR), ear length (EL), and grain yield (Y). These implied the different responses of varieties to the different environmental conditions.


Table 2. Combined analysis of variance (p-values) across environments for agronomic and yield traits in maize.
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Maize Performance Against Different Water Conditions

Maize genotypes grown under waterlogging conditions had higher averaged means than those under normal conditions on DTA and DTS (Table 3), indicating that excess water stress could slightly delay the flowering dates of maize. On the contrary, the considerable reductions of genotypic means on PH, EH, LL, and Y were noticed under waterlogging conditions, while small reductions of the means were found on ER, KR, EL, ED, and SP. These results illustrated that waterlogging stress could significantly restrict the vegetative growth and ear development of maize genotypes. The genotype means in the normal (N) conditions tended to be higher than in the waterlogging (W) conditions, except in N11 (Figure 1).


Table 3. Means of agronomic and yield traits in maize under normal and waterlogging conditions.
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FIGURE 1. The distribution of 10 maize genotypes on yield (t ha−1) in each test environment.




GEI and Stability Analysis Across Environments

The environment and genotype main effects, as well as the genotype by environment interaction (GEI) effect, were highly significant on yield. The environment contributed 76.7% to the total sum of square, greater than the contribution of GEI (7.0%) and genotype (4.2%). In spite of the relatively little contribution, the presence of the GEI may indicate two things: (1) the genotype ranks were inconsistent across test locations, and (2) yield stability analyses were further required to determine the stability and adaptability of test hybrids on yield over test environments. Moreover, the significance of GEI may lead to overestimations of the genetic variance and heritability if these estimates were obtained from one environment trial only.

The average yield (Yi) and yield and stability index (YSi) of four hybrids G02 (9.55 t ha−1; 8), G05 (9.72 t ha−1; 7), G07 (10.13 t ha−1; 5), and G08 (9.60 t ha−1; 9) were greater than the average Yi and YSi (9.26 t ha−1; 3.2), indicating that these hybrids were relatively high-yielding and stable across 14 test environments (Table 4). These hybrids also had low coefficients of variations (CV) ranging from 23.65 to 25.55%, slightly smaller than the average CV (26.14%).


Table 4. Stability parameters on yield (t ha−1) for each genotype across normal and waterlogging conditions.

[image: Table 4]

In regards to the GGE biplot analysis, the first two principal components (PC1 and PC2) could explain 66.4% of the G+GE variability. The environments were divided into five sectors and two mega-environments (Figure 2). The first mega-environment was represented by eight environments, namely N03, N05, N08, N09, N10, W12, W13, and W14. The second mega-environment was represented by five environments, namely N01, N02, N04, N06, and N07. One sector consisted of only a single environment N11 and therefore was not considered as a mega-environment. Besides, the biplot revealed five vertex genotypes, namely G07, G04, G09, G10, and G05, following the number of sectors established. Among those vertex genotypes, G07 and G05 belonged to the first and the second mega-environments, respectively, indicating that genotypes G07 and G05 were the most adaptive and high-yielding under each respective mega-environment. This result also indicated that the GEI effect was less dominant than the genotype main effect, even though both effects were highly significant on yield.


[image: Figure 2]
FIGURE 2. GGE biplot of 10 maize genotypes on yield evaluated in 14 test environments.




Waterlogging Stress Tolerance Indices

Stress tolerance indices (STIs) of test hybrids G01 and G03 were 0.59 and 0.60, respectively (Table 5), indicating that these hybrids were more susceptible to waterlogging and had lower yield potential than the other test hybrids. Test hybrids G02, G04, G05, G06, G07, and G08 had STI estimates of 0.70, 0.70, 0.74, 0.64, 0.90, and 0.79, respectively, implying that these hybrids were more tolerant to waterlogging and had higher yield potential than G01 and G03. Meanwhile, the two commercial checks G09 and G10 were more susceptible to waterlogging and had lower yield potential than the test hybrids since their STI estimates were 0.47 and 0.54, respectively.


Table 5. Hybrid performance and stress tolerance index (STI) on yield (t ha−1) for each genotype evaluated under normal (N) and waterlogging (W) conditions in Bogor and Maros, 2018 and 2020.

[image: Table 5]

The average yield in waterlogging (Ys) had a significantly positive correlation with that in normal conditions (Yp) (r = 0.76; p < 0.05) (Table 6). The stress susceptibility index (SSI) had a highly significant positive correlation with tolerance (TOL) (r = 0.87; p < 0.01), indicating that the higher the SSI, the more tolerant a genotype. Both Ys and Yp had positive and highly significant correlations with the stress tolerance index (STI) (r = 0.96 and r = 0.90, respectively; p < 0.01), but did not correlate with TOL (r = −0.12; p > 0.05). These results indicated that the STI could be included in the selection criteria to identify high-yielding genotypes in both normal and stress conditions.


Table 6. Correlations among average yield in waterlogging (Ys) and normal (Yp) conditions, tolerance (TOL), stress susceptibility index (SSI), and stress tolerance index (STI).

[image: Table 6]

A three-dimensional scatterplot was presented to visualize the average yield of each genotype under normal and stress conditions, as well as their tolerances to waterlogging (Figure 3). Test hybrid G05 was the most tolerant genotype with low yield reduction (1.95 t ha−1) from normal to waterlogging stress conditions. Besides, test hybrid G07 was the highest yielding genotype in both conditions.


[image: Figure 3]
FIGURE 3. The average yields of each genotype under waterlogging (Ys) and normal (Yp) conditions and the tolerance (TOL) values.





DISCUSSION


Effects of Environment, Genotype, and GEI

Genotype by environment interaction (GEI) in plant breeding is a phenomenon of the failure of the genotypes to be stable in different environmental conditions (Dudley and Moll, 1969). The significance of GEI on most observed traits in this study reaffirmed the necessity of complementary stability analysis such as joint regression analysis and GGE biplots to elucidate these interactions, determine the yield potential and stability of the test hybrids across environments, and identify adaptive hybrids in particular environmental conditions (Mafouasson et al., 2018).

The more significant effect of the genotype than the GEI on yield could be explained by the cultivar types (hybrid) and the source of parents for hybrid formation (well-adapted tropical x exotic). Most studies in maize on GEI interaction and yield stability focused on hybrid's evaluation, including our present study. Hybrid cultivars had been reported to be less sensitive to the GEI effect than inbred cultivars (Falcon et al., 2019). In addition to cultivar types, it seemed that the use of exotic germplasm such as MGold from CIMMYT and tropical germplasm MR14 from ICERI might enhance the significance of the genotype effect. The exploitations of exotic germplasm for crop breeding purposes had been reported in previous reports. Diverse waxy corn genotypes derived from subtropical China and tropical Vietnam as well as sweet corn genotypes with the half pedigree of the USA were introduced for enhancing the genotypic variance and genetic gains of sweet-waxy corn hybrids on agronomic traits, yield, eating quality, and kernel carbohydrate profiles (Dermail et al., 2020, 2022; Fuengtee et al., 2020).

Our study noticed that the GEI contributed more than the genotype to the total sum of the square, yet the genotype showed a more significant effect than the GEI on maize yield. This finding corroborated previous investigations in quality protein maize hybrids under different management conditions including optimum, drought, and low N (Mebratu et al., 2019) and in maize inbreds under different irrigation conditions (Falcon et al., 2019). Using the mean square to explain the total phenotypic variance, they mentioned the greater proportion of the GEI than the genotype. Other studies relying on the proportion of sum of squares to explain the total variation found the predominance effect of the test environment and the ratio of genotype effect over genotype + GEI was poor in tropical maize yield (Badu-Apraku et al., 2012; Mafouasson et al., 2018).



Waterlogging Stress Is Responsible for the Worse Performance of Tropical Maize

Waterlogging is one of the major abiotic stresses limiting crop growth. Hypoxia and anoxia are two key features when the waterlogging occurs for short and long periods, respectively (Dennis et al., 2000), and these effects are much more critical in maize, a well-known susceptible crop to waterlogging conditions compared to other crop species (Mano et al., 2006). The presence of waterlogging is generally led by several factors such as torrent precipitations, inappropriate irrigation practices, lacking or poor drainage system, and poor soil properties (Tian et al., 2020), and this stress would be more severe in maize growing areas under tropical rainforest such in Indonesia, which are regularly exposed by high precipitations as low as 60 mm per month in the driest month (Beck et al., 2018). Understanding the plant responses to waterlogging is necessary prior to improving the tolerance level via either conventional or molecular breeding (Lone et al., 2016).

In this study, we highlighted that the imposed waterlogging significantly inhibited maize plant height and ear height, slightly delayed maize flowering dates, and reduced maize yield components contributing to significant yield reduction. This finding supported previous studies reporting the adverse impacts of waterlogging in maize by reducing crop growth rate, plant height, ear height, leaf area index, chlorophyll content, photosynthetic rate, stomatal conductance, transpiration rate, root length, root length density, the number of root tips, ear length, ear diameter, grain row number per ear, 100-grain weight, grain number per ear, biomass accumulation, harvest index, and yield in summer maize (Ren et al., 2014, 2016b,c; Tian et al., 2019; Huang et al., 2022).

Furthermore, when waterlogging occurs, the roots are the first part of the plant to suffer damage, which can result in a reduction in the dry weight of the roots compared to normal conditions. Liu et al. (2010) reported that due to the significant performance differences between waterlogged and normal conditions, the dry weight of maize roots can be used as a selection criterion during genotype screening. The results of the study in the early vegetative phase indicated that hybrids G02 and G06 that were adaptive to waterlogging stress had a higher root shell weight than other hybrids that were sensitive to waterlogging (Syah et al., 2019). The G02 and G06 hybrids had a greater adventive root length than other hybrids that were susceptible to flooding. Certain maize genotypes can adapt to flooding conditions by developing aerenchyma tissue in their roots and stimulating adventitious root growth, which enables the roots to absorb oxygen from the air (Postma and Lynch, 2011).

The yield reduction of maize as affected by waterlogging is depending upon many factors including cultivar, crop growth stage, the duration of imposed stress, and the depth of water level. In our study, the imposed waterlogging was performed at the V6 stage for consecutive 10 days with 10 cm of water depth above ground level. Meanwhile, at the V3 stage, plant tissues and cell membranes are still soft so cell organelles, such as mitochondria and chloroplasts, could be damaged in waterlogging conditions (Ren et al., 2016b). Previous studies mentioned that the most detrimental effect of waterlogging on maize grain yield was at the V3 stage, followed by the V6 and VT stages (Ren et al., 2016a,b; Tian et al., 2019; Huang et al., 2022) at six consecutive days of imposed waterlogging (Ren et al., 2016a).



GEI and Stability Analysis Across Environments

Pre-commercial hybrid cultivars require extensive field trials in multiple representative locations for several years to determine their performance and adaptability (Rezende et al., 2020). Since the presence of GEI might generate the crossover performance of test hybrids and complicate hybrid evaluation under diverse environments (Kang, 1993), breeding programs generally include at least one stability analysis method to effectively parse the GEI effect and to be able to sort out genotypes that are stable, specifically adapted, or adapted to a wide range of environments (Farshadfar et al., 2012; Di Matteo et al., 2016).

This current study performed five stability parameters including the yield-stability index (Kang, 1993), the mean-coefficient of variations (CV) method (Francis and Kannenberg, 1978), the linear regression coefficient (Finlay and Wilkinson, 1963), the deviation from regression (Eberhart and Russell, 1966), and the ecovalence of Wricke (1962). In our study, four test hybrids (G02, G05, G07, and G08) showed high and positive both yield and stability index, surpassing the average means (Table 4). Kang (1993) suggested that the selected genotypes should possess higher values of stability index than the average value. Those hybrids also had lower CVs than the average estimates. Francis and Kannenberg (1978) mentioned that the genotypes with high yield and low CV across environments are favorable and stable. Furthermore, among those selected hybrids, genotype G02 was the most favorable for the other three parameters (Table 4). This hybrid showed a regression coefficient (bi) that was not significantly different from 1.0, a deviation from regression ([image: image]) that was not significantly different from zero, and a small ecovalence, indicating that it performed well in regards to the average stability and broad adaptation (Wricke, 1962; Finlay and Wilkinson, 1963; Eberhart and Russell, 1966).

The GGE biplot displayed a polygon view of the “which-won-where” patterns by dividing all environments into different sectors, and each sector would have a particular vertex genotype that represents the most adaptive and highest yielding genotype in the respective sector (Yan et al., 2000; Yan and Tinker, 2005, 2006). In our study, 14 sets of environments were divided into five sectors; thus, five vertex genotypes (G04, G09, G10, G05, and G07) could be noticed (Figure 2). However, two out of the five sectors where G09 and G10 were the vertex genotypes had no environment, indicating that these genotypes performed poorly in some or even all of the test environments. Meanwhile, the rest of the genotypes (G01, G02, G03, G06, and G08) in our study were relatively more stable or less responsive than the vertex genotypes because those genotypes were located within the polygon. Two of the five sectors where G07 and G05 were the vertex genotypes were designated as mega-environments because they comprised most subsets of the test environments and shared the best set of genotypes (Yan and Rajcan, 2002). Gauch and Zobel (1997) suggested that it is necessary to promote different genotypes for different mega-environments.

The above explanations elucidated that five stability parameters altogether used in this study could notice four favorable hybrids, and performing the GGE biplot as a complementary stability analysis can refine the preliminary results to be more convincing, for instance, four favorable hybrids (G02, G05, G07, and G08) derived from five stability parameters to two selected hybrids derived from the GGE biplot (G05 and G07). These results indicated that five stability parameters complemented by the GGE biplot can be applied for simultaneous selection in genotype evaluation.



Waterlogging Stress Tolerance Indices

Breeding maize hybrids for tolerance and adaptability to waterlogging is of interest, especially for now and the near future, as the world is facing the challenges of climate change. While maize hybrids adapted to waterlogging could benefit farmers with their high yield in waterlogging conditions, tolerant genotypes could serve as germplasm for breeding programs to develop high yielding hybrids in both normal and waterlogging conditions with small yield reduction. However, the development of hybrid maize with good yield retention under various levels of waterlogging is more challenging than with other crops because maize plants have no naturally occurring aerenchyma; the air spaces in the roots are for retaining the oxygen, like in the rice plants (Colmer, 2003). Instead, maize plants are still able to establish the aerenchyma made from the death of cells in the root apex after the plants produce the ethylene as the first signal of experiencing stress (Jackson, 1989; Lone et al., 2016). Previous studies proposed several morpho-physiological and anatomical traits related to plant mechanisms to withstand the waterlogging stress including the presence of early brace root, the capacity to form aerenchyma, enhanced root porosity, and suberization, reduced CO2 exchange and leaf chlorophyll contents, ethanolic fermentation, and increased available soluble sugar and carbohydrate stocks (Zaidi and Singh, 2001; Subbaiah and Sachs, 2003; Mano et al., 2005; Zaidi et al., 2007). In our present study, genotype G05 possessed the best yield retention in waterlogging and G07 was the most adaptive in both conditions (Figure 3). Genotypes G05 and G07 have been released in 2021 as new maize hybrid varieties in Indonesia named “JHG 01” and “JHG 02”, respectively. Future studies are encouraged to emphasize how those two varieties could withstand the waterlogging stress by elucidating the morpho-physio-anatomical adaptations.

Our study showed that the stress tolerance index (STI) had significant and positive correlations with both yields in waterlogging (Ys) and in normal (Yp) conditions. Conventional breeding is a numbers game (Araus and Cairns, 2004): the more genotypes are evaluated, the higher possibilities to obtain favorable ones. Therefore, it is suggested that STI can be included in the selection criteria for practical reasons since this parameter is rooted in a yield-equation basis which does not require any extent investment in labor, time, and other resources. Previous studies adopted this concept to evaluate the maize genotypes tolerant to drought (Tollenaar and Lee, 2002) and salinity (Masuda et al., 2021).




CONCLUSION

Genotype, location, waterlogging, and GEI effects were significant on several agronomic traits of tropical maize hybrids evaluated across 14 environments under normal and waterlogging conditions. G05 is the most tolerant genotype to waterlogging, while G07 was the highest yielding genotype under normal and waterlogging conditions. Stress tolerance index is correlated with yield in both conditions, and therefore may be considered as a selection criterion along with stability indices for breeding widely adapted maize hybrids.
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Maros, South Sulawesi

Bogor, West Java

Maros, South Sulawesi

Maros, South Sulawesi

Soil type

Andosol
Alluvial
Andosol
Red-yellow podzolic
Regosol
Regosol
Andosol
Regosol
Latosol
Alluvial
Alluvial
Latosol
Alluvial
Alluvial

igation; W, waterlogging. ® Climate type classification based on Oldeman.

Soil texture

Loam
Silty loam
Silty loam
Loam
Clay loam
Clay loam
Sandy loam
Clay loam
Loam
Clay loam
Clay loam
Loam
Clay loam
Clayloam

Altitude (masl)

17
103
27
65
52
75
867
615
200
54
54
200
54
54

Climate type®

E1

@

2383888808 RwgQ

Year

2019
2019
2019
2019
2019
2019
2019
2019
2018
2018
2020
2018
2018
2020

Rainfall (mm)

311
868
510
446
657
725
706
983
1,352
1,479
1,251
1,362
1,479
1,261
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Genotype Yi Ysi oV b 3 w2

GO1 9.13 3 29.45 113" -0.01 55
Go2 9.55 8+ 2555 1.03 -0.11 32
GO3 8.98 1 26.70 1.00 0.01 45
Go4 9.13 0 27.27 1.01 0.39" 9.1
GO5 972 7+ 24.73 0.97 0.33" 85
G068 9.03 2 2587 0.99 -0.21 20
Go7 10.13 5+ 23.67 0.96 0.42" 9.7
G08 9.60 9+ 23.65 093 0.13 6.3
G09 8.07 -2 26.15 0.88" -0.07 4.7
G10 9.29 -1 29.37 111 047" 11.0
Average 9.26 32 26.24 1.00 0.14 6.45

Yi is average yield. YS; is yield and stabilty index (Kang, 1993) (+: greater than the
average). CV; is the coeffcient of variations (Francis and Kannenberg, 1978). by is the
regression coeffcient of average genotype yield on environmental index (Finlay and
Wilkinson, 1963) (": significantl different from b; =1.0 at p < 0.01; ns: not significant). s2
is dleviation from regression (Eberhart and Russell 1966) (, " significantly ciferent from
s =0.0atp < 0.05andp < 0.01, respectively; ns: not significant. W2 is the ecovalence
of Wricke (1962).
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Genotype

Test hybrids
Go1

Go2

G03

Go4

GOS

Gos

Go7

Go8

Commercial checks
G09

a10

Average

SE

LSD 5%

oV (%)

Bogor 2018
No® wi2
10.49 8.26
9.94 761

868 763
976 798
10.13 791

9.10 783
1050 998
1020 8.43
7.73 698
964 683
892 7.31

088 059
261 1.76
15.80 12.90

Maros 2018

N10

10.33
11.84
10.35
12.14
11.27
11.356
13,51
12.03

9.47
9.32
1051
0.67
2.00
10.40

wi3

3.39
447
361
388
6.82
4.40
526
659

3.06
459
4.46
0.95
282
35.70

Maros 2020
N11 wi4
583 4.80
6.77 6.00
718 5.62
7.42 5.91
505 5.88
6.16 5.46
6.56 6.41
6.88 5.13
6.55 4.70
5.71 4.67
6.37 5.42
0.90 0.73
266 27

2420 23.10

Across sites

N w
8.89 5.48
9.52 6.03
8.74 5.62
9.77 5.92
8.82 6.87
8.87 5.90
10.19 722
9.70 .72
792 491
823 5.36
9.06 6.00
0.51 047
153 141
9.80 13.60

SsTI

059
0.70
0.60
0.70
0.74
0.64
0.90
0.79

0.47
0.54
0.67
0.05
0.16
14.20

2See environment code in Table 1. LSD 5% as critical value of mean comparison between each test hybrid and each commercial check. Higher STI indicated higher stress tolerance
and yield potential (Fernandez, 1992).
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