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Abstract: Multi-environment trials (METs) are essential in plant breeding programs to evaluate crop
productivity and adaptability in diverse environments. In this study, we demonstrated the practical
use of METs to evaluate grain yield and yield-related traits using 276 Korean rice cultivars, divided
into three maturity groups (81 early-, 90 medium-, and 105 medium-late-maturing cultivars) grown
in three regions (Jeonju, Suwon, and Miryang) and two planting seasons (early and regular planting)
for two years. Due to the narrow genetic variability of the commercial cultivars, which are cultivated
in relatively similar environmental conditions, genotype-by-environment interaction (GEI) effects
were not statistically significant. However, genotype and environment evaluation using GGE biplot
analysis exhibited distinct patterns of mega-environment formation, winning genotypes, ranking
genotypes, discriminating power, and representativeness according to the differences in planting
seasons and regions. Moreover, the simultaneous selection of stable high-performance genotypes
using a weighted average of absolute scores from the singular-value decomposition of the matrix
of BLUPs (WAASB) and a multi-trait stability index (MTSI) revealed six recommended genotypes
each for early-maturing (Manho, Namil, Unkwang, Odae 1ho, Sinunbong 1ho, and Jonong) and
medium-maturing (Sobi, Cheongdam, Shinbaeg, Boramchal, Mimyeon, and Saemimyeon) cultivars,
and four genotypes for medium-late-maturing cultivars (Hanmauem, Dami, Baegseolchal, and
Hangangchalbyeo). The winning genotypes of each trait can be used as parents to develop regional
specialty cultivars by fine-tuning favorable traits, and recommended genotypes can be utilized as
elite climate-resilient parents that can aid breeders in improving yield potential and stability across
the planting seasons and regions.
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1. Introduction

Rice (Oryza sativa L.) is a staple food for approximately 3.5 billion people, providing
the primary source of calorie intake for more than half of the world’s population [1]. The
global population is expected to reach nine billion by 2050, which demands more than a 60%
increase in rice production to ensure food security [2]. Rice yield is a complex agronomic
trait determined by three major components: panicle number per unit area, spikelets per
panicle, and grain weight. In addition, other traits such as culm length and panicle length
are crucial indirect factors affecting grain yield [3]. Previously, plant breeding programs
have implemented various methods to improve yield potential and develop high-yielding
cultivars; however, recent trends in breeding under a rapidly changing climate highlights
the importance of stability and adaptability of the cultivar’s performance under various
environmental conditions [4-6]. Moreover, breeding programs intend to maintain the
‘commercial value’ of the cultivar; therefore, crop improvements are largely undertaken
by fine-tuning favorable traits derived from elite parental lines. The commercial value,
such as grain yield and the quality of a single genotype, shows variation according to
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the environment due to genotype-by-environment interaction (GEI) [7]. Consequently,
modeling the GEI and quantifying genotypic performance and the degree of stability
are essential procedures to increase the selection efficiency and assess the genotype’s
adaptability under multi-environment trials (METs) [8].

The stability and adaptability of the genotypes have been evaluated using various sta-
tistical tools such as analysis of variance (ANOVA), joint regression analysis, additive main
effects and multiplicative interaction (AMMI), and genotype main effect plus genotype-
by-environment interaction (GGE) biplots [9-12]. GGE biplot analysis is an effective tool
that has been widely employed to evaluate annual MET data. The GGE biplot visualizes
the relationships of environments in their discrimination of the genotypes, and genotypes
in their response to the environments, in a two-dimensional graphical view [12]. The si-
multaneous selection index, a weighted average of absolute scores from the singular-value
decomposition of the matrix of BLUPs (WAASB), measures the quantitative genotypic
stability and effect of GEI derived from the linear mixed model (LMM). AMMI allocates
the majority of GEI patterns in the first interaction principal component axis (IPCA), and
most of the random errors are preserved in final IPCAs. Therefore, WAASB combines
the features of AMMI and the best linear unbiased prediction (BLUP), thus considering
the complete estimated interaction principal component axis (IPCA) to analyze GEI in
METs [13]. The multi-trait stability index (MTSI) refers to simultaneous selection based
on mean performance and stability (MPE) in MET analysis, which uses both fixed- and
mixed-effects models. MTSI estimates the distance between the genotype and ideotype;
then, it generates a factor analysis score for efficient genotypic selection for MPE-based
multiple traits [14].

Variations in the growth duration are mainly determined by the heading date in
rice [15]. For instance, photoperiod-insensitive cultivars generally possess a relatively short
basic vegetative phase (BVP) in high-latitude regions during long days, which leads to early
heading and short growth duration. On the other hand, photoperiod-sensitive cultivars
tend to exhibit longer BVPs with late heading dates [16]. Therefore, early-maturing cultivars
with short vegetative growth exhibit relatively low photosynthate assimilation during their
BVP, thus resulting in low biomass accumulation and grain yield [17]. However, to lessen
the greenhouse gas emissions released from rice paddy fields, reducing the amount of
irrigation through planting early maturing cultivars is considered one of the best adaptive
strategies to minimize methane emissions [18,19]. Therefore, to develop high-yielding
low-methane rice cultivars, the evaluation and categorization of cultivars based on their
maturity should be prioritized to select elite parents for future breeding programs.

Commercial rice breeders in Korea implement artificial crosses between elite temper-
ate japonica cultivars to develop most new cultivars. For introducing a new trait derived
from different subspecies such as indica or tropical japonica, the conversion of a genetic
background to a temperate japonica is performed by constructing near-isogenic lines (NILs)
prior to hybridization. Therefore, most commercial rice cultivars possess limited genetic
variability [20]. Moreover, the majority of commercial cultivars are grown at representative
granary regions, which are situated in temperate-climate zones. Despite the minimum
interaction effect between the narrow genetic variability and environment invariability,
wide phenotypic variation was observed among Korean cultivars grown in different re-
gions [21]. In this study, we evaluated yield-related traits and the grain yield performance
of 276 commercial rice cultivars of Korea, cultivated in three regions and over two cropping
seasons for two years. Our main objective was to visualize the patterns in the genotypic
performance of elite Korean cultivars according to different environmental conditions. We
also performed simultaneous selection of recommended genotypes with high performance
and stability that can be used as guidance for successful breeding programs.
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2. Materials and Methods
2.1. Plant Materials and Field Experimental Design

In total, 276 Korean rice cultivars released by the National Institute of Crop Science
(NICS) of the Rural Development Administration (RDA), comprising 244 japonica and
32 Tongil-types, were used for field experiments (Table S1). For the maturity category
(81 early, 90 medium, and 105 medium-late cultivars), we followed the classification deter-
mined by breeders upon cultivar release based on the heading date records during regional
adaptability trials [21]. The rice plants were cultivated at the experimental field stations of
NICS located in Jeonju (35°84’ N, 127°05’ E), Suwon (37°24' N, 126°98’ E), and Miryang
(35°49' N, 128°74’ E). The multi-environment trials (six environments) consisting of three
regions—two planting seasons with two replicates—were conducted under interchanging
cultivations of early (2019 and 2021) and regular (2018 and 2020) planting seasons. Detailed
information of planting seasons is shown in Table S2. All environmental data were obtained
from the Automated Synoptic Observing System (ASOS), Korea Meteorological Adminis-
tration (KMA) (https://data.kma.go.kr accessed on 2 August 2022) (Table S3). Seedlings of
each cultivar were transplanted in four rows of 4.5 m spaced 30 cm apart, with one plant
per hill spaced 15 cm apart within each row. Fertilizers were applied at 9 kg N/10a, 4.5 kg
P;05/10a, and 4.5 kg K,O/10a at all experimental field stations. The plants were grown
and managed according to the standard rice cultivation methods of NICS, RDA [22].

2.2. Phenotypic Data Collection

All the phenotypic data were collected from ten randomly chosen plants in each plot.
Culm length (CL) was determined by measuring the length from the ground level to the
panicle node of the main culm. Panicle length (PL) was determined by measuring the
length from the panicle node to the end of the main panicle. Panicle number per plant (PN)
and spikelets per panicle (SPP) were measured by counting the total number of the panicles
and spikelets per plant, respectively. Thousand-grain weight (TGW) was determined by
measuring the weight of 1000-hulled grain. Grain yield per plant (GY) was estimated using
the following equation: GY = [(PN x SPP)/1000] x TGW.

2.3. Statistical Analysis

All statistical analyses and data visualization were conducted using R version 4.2.1 [23].
Boxplots of yield-related traits were visualized using the ‘ggplot2’, ‘gridExtra’, ‘gapminder’,
and ‘dplyr’ packages. The mean significance of yield-related traits was determined via one-
way analysis of variance (ANOVA) with Scheffe’s method for post hoc comparison (p < 0.05)
using the ‘agricolae’ package [24]. Network correlations between yield-related traits were
analyzed via Pearson’s correlation coefficient (p < 0.05) using the ‘corrr’ package [25]. To
determine the presence of GEI, we performed LMM with genotype, environment, and their
interaction as fixed effects and test year as a random effect using the ‘Ime4’ [26], ‘ImerTest’,
and ‘car’ packages (Table S4). A genotype main effect plus genotype-by-environment inter-
action (GGE) biplot was used to visualize the winning genotypes and mega-environments
(MEs) for yield-related traits and grain yield [12,27]. Investigations of MEs and the best
genotype in each environment were conducted using ‘which-won-where’ biplot. Ideal en-
vironments for each trait were evaluated using ‘discriminativeness vs. representativeness’
biplots. Ideal genotypes exhibiting both high mean performance and stability across all
environments were illustrated using ‘ranking genotypes’ biplots. To select stable genotypes,
the weighted average of absolute scores from the singular-value decomposition of the ma-
trix of BLUPs for the GEI effects generated by a linear mixed model (WAASB) index were
used to assess the combined ability of grain yield and stability. The WAASBY (WAASB/GY
ratio) index was calculated by weighting crop productivity (GY) and stability (WAASB
index) to select genotypes with high performance and stability (Table S5) [13,28]. Simul-
taneous selection for mean performance and stability (MPE) under consideration of the
LMM performed by the WAASBY index was used to examine the genotype ranking for the
multi-trait stability index (MTSI) [14,29]. All pre-analytical controls of errors, joint-ANOVA,
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GGE biplot, WAASB index analysis, and MTSI analysis were conducted using the ‘metan’
package [30].

3. Results
3.1. Descriptive Summary of Yield-Related Traits under Multi-Environments

The phenotypic performance of the yield-related traits of 276 Korean commercial
rice cultivars was evaluated under six environments, consisting of three regions and two
planting seasons, over two years. Environmental conditions, including temperature and
precipitation, varied among the planting seasons and regions (Table S3). The growth period
of the early planting season ranged from April to September, where a substantially low
temperature in April was observed during early vegetative stages. In R]JJ (regular plant-
ing in Jeonju) and RSW (regular planting in Suwon), significant amounts of precipitation
were observed after heading (August) compared with other environments. The effects of
genotype, environment, and their interaction on the yield-related traits were evaluated
using an LMM (Table S4), which showed highly significant genotypic and environmental
effect on all six traits in each maturity group, without the significant GEI effect. Variations
among yield-related traits and grain yield (GY) were observed across the environments
(Figure 1a). The Averages of PN (panicle number per plant) in EMY (early planting in
Miryang) and of GY in ESW (early planting in Suwon) were significantly higher than those
of other environments. On the other hand, the averages of PN in EJJ (early planting in
Jeonju), RJJ, and RSW, as well as the averages of GY in EJJ, R]J, and RSW, were significantly
lower than those in other environments. The yield-related traits and GY varied among
maturity groups, as well, where early-maturing cultivars exhibited lower values compared
with medium- and medium-late-maturing cultivars (Table S6). Correlation analysis among
yield-related traits and GY showed different patterns of interaction in each maturity group
(Figure 1b). For early-maturing cultivars, culm length (CL; 0.29), panicle length (PL; 0.42),
spikelets per panicle (SPP; 0.64), and thousand-grain weight (TGW; 0.44) showed signifi-
cantly positive correlations with GY, while medium-maturing cultivars showed distinct
patterns by exhibiting a significantly negative correlation between PN (—0.40) and GY. For
medium-late-maturing cultivars, PL (0.30), SPP (0.52), and TGW (0.55) showed signifi-
cantly positive correlations with GY (Figure 1b). Despite the narrow genetic background of
Korean commercial rice cultivars grown under similar environmental conditions [31,32],
our analysis demonstrated large phenotypic variation in yield-related traits and distinct
interactions among them in each maturity group.

3.2. Mega-Environment Analysis

To identify the best-performing cultivars in each environment in different maturity
groups, the polygon view of the ‘which-won-where” GGE biplot was used to illustrate
the interaction between genotype and environment and visualize the winning genotype
(Figure 2). The polygon view was drawn by connecting the genotypes which were placed
furthest from the origin with a straight line. The dotted line, centered from the origin,
perpendicularly divides the biplot into different sectors and each sector represents a mega-
environment (ME) [33]. The which-won-where pattern of yield-related traits (CL, PL,
PN, SPP, and TGW) is shown in Figure S1. The biplot result confirms the presence of
distinctive interactions between genotype and environment for all traits. For instance, in
early-maturing cultivars, the genotype plus GEI (PC1 and PC2) explained 90.5%, 90.0%,
78.9%, 89.9%, 91.2%, and 69.4% of variation for CL, PL, PN, SPP, TGW, and GY, respectively.
Moreover, the winning genotype that represented each ME differed across all traits. For the
grain yield of early-maturing cultivars, six environments were separated into two MEs, with
the first ME containing EJJ, RJJ, ESW, and RSW, and the second ME containing EMY and
RMY (Figure 2). G83 (Jonong) was the vertex genotype of the first sector, which indicated
that G83 served as the winning genotype, showing the highest grain yield performance
among EJJ, RJ], ESW, and RSW environments. For the second ME, where EMY and RMY
were localized, G85 (CW92MR) showed the best GY performance. For medium-maturing
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cultivars, among the two MEs, the first ME contained EJJ, R]], ESW, and RSW, and G277
(Keunseom) and G279 (Dasan2ho) were the winning genotypes. The second ME contained
EMY and RMY, where G157 (Seonpum) was the winning genotype. Lastly, for medium-
late-maturing cultivars, six environments were segregated into three MEs. The first ME
contained ESW and RSW, and G293 (Hanareum4ho) and G300 (Miwoo) were the best
genotypes. G186 (Sindongjin) and G292 (Hanareum3ho) were the best genotypes in the

other two MEs containing EMY and EJJ, respectively.

a T L
Ll
201 H
10— —* s T i
’g ? ° l . : b b 2
o . L4 = 151
: 90 L4 a ab o c d cd
(@] c c b b
101
70 3 H
. A . ° .
. i : .
L]
281 ! o H . H 20012 ¢ 1 ¢
o H H ’ ] ! 3 s (] ' . !
E ' : o 13 |
e 1 a ab 150 1
1 bc n
o cd |d b b 8 a b b
201 100
L]
35 3 i 1 ° 1 701 .
4 L]
601 ° ]
1 i H : : .
= $ 501
CINIR i s s S s ! '
2z < S 401 b
'(2 a b b ab ab ab G 4 N b
201 301 C
] . 20 1 .
NN A
EJM RJJ ESW RSW EMY RMY EJ RJJ ESW RSW EMY RMY
Environment Environment
b early-maturing (n = 81) medium-maturing (n = 90) medium-late-maturing (n = 105)
CL
ey p[PNSPP o
0.51 0,70 PEP
. 0.46 ]
p=2 50 PN
g Tew ko
SPP CcL
o {
0.42 |
TGW 5 PL ;\ ot )
PN 0.55 20
CL TGW .

Figure 1. Performance of yield-related traits under multi-environment trials. (a) Variation in yield-
related traits among six environments: CL—culm length; PL—panicle length; PN—panicle number
per plant; SPP—spikelets per panicle; TGW—thousand-grain weight; GY—grain yield; EJJ—early
planting in Jeonju; RJJ—regular planting in Jeonju; ESW—early planting in Suwon; RSW—regular
planting in Suwon; EMY—early planting in Miryang; RMY—regular planting in Miryang. Different
lowercase letters above the box plots indicate significant differences according to Scheffe’s method
for post hoc comparison at p < 0.05. (b) Correlation network between yield-related traits and grain
yield based on maturity groups. Pearson’s correlation coefficient: ** p < 0.01; and *** p < 0.001.
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Figure 2. ‘Which-won-where’ polygon view of the GGE biplots for grain yield of early-, medium-,
and medium-late-maturing cultivars in six environments. Red diamonds and green circles represent
the environment and individual genotype, respectively. EJJ—early planting in Jeonju; RJJ—regular
planting in Jeonju; ESW— early planting in Suwon; RSW—regular planting in Suwon; EMY—early
planting in Miryang; RMY—regular planting in Miryang.

3.3. Evaluating Idealness of the Environment

Evaluating an ideal environment is essential for selecting superior genotypes that are
suitable for specific MEs. Discriminativeness vs. representativeness GGE biplots assess
the ability of an environment to distinguish genotypes and to represent all other evalu-
ated environments [34]. The average environment coordination (AEC) view is based on
genotype—environment-focused singular-value partitioning (SVP), and the length of the
environment vector is proportional to the standard deviation of the average genotype
across the environment [35]. Therefore, the length of the environment vector specifies
the discriminating ability of a particular environment. All the traits showed distinct
patterns of discriminativeness and representativeness (Figure S2). For grain yield, the
discriminating ability was the highest in EMY among the six environments in all ma-
turity groups, whereas the subsequent greatness of discriminating ability results was
ESW > RMY > EJJ] > RSW > RJJ for early-maturing cultivars; EJJ] > ESW > RSW > R]J >
RMY for medium-maturing cultivars; and ESW > RSW > EJJ > R]] > RMY for medium-late-
maturing cultivars (Figure 3). An average environment axis (AEA) served as an indicator
of an ‘ideal environment’, represented by an arrowed line that passes through the biplot
origin; a smaller angle between AEA and the environment axis indicated representativeness
compared with the other environments. For early-maturing cultivars, ESW was the most
representative environment among the six environments, exhibiting the smallest angle
between the AEAs. RMY and EJJ were the most representative environments for medium-
and medium-late-maturing cultivars, respectively.
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Figure 3. ‘Discriminativeness vs. representativeness’ view of GGE biplots for the grain yield of early-,
medium-, and medium-late-maturing cultivars in six environments. Red diamonds and green circles
represent environment and individual genotype, respectively. Green lines and blue arrows indicate
the environment axis and average environment axis (AEA), respectively. EJJ—early planting in Jeonju;
RJJ—regular planting in Jeonju; ESW—early planting in Suwon; RSW—regular planting in Suwon;
EMY—early planting in Miryang; RMY—regular planting in Miryang,.

3.4. Ranking Genotypes Based on Performance and Stability

Genotype evaluations were conducted to identify the ideal genotype with high mean
performance and high stability under various mega-environments exhibited for all maturity
groups. The average environment coordination (AEC) view of the ranking genotypes GGE
biplots is based on genotype-focused singular-value partitioning (SVP). The direction of
the arrowed line that points towards the center of the concentric circle of the biplot denotes
the average value of the ideal environment. Genotypes allocated outside the concentric
circle indicate undesirable genotypes across the environment. Therefore, genotypes that
are close to the center of the concentric circle and environment axis indicate superior
genotypes with ‘absolute stability” across the environments [33]. The patterns of ranking
genotypes biplots showed variations among yield-related traits under different maturity
groups (Figure S3). For GY, G83 (Jonong) and G30 (Namil) were positioned close to the ideal
genotype among early-maturing cultivars (Figure 4). For medium-maturing cultivars, G276
(DASAN1HO) showed the highest GY performance with high stability. For medium-late-
maturing cultivars, G292 (Hanareum3ho) showed superior GY performance and stability
compared with the other genotypes.
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Figure 4. ‘Ranking genotypes’ view of GGE biplots for grain yield of early-, medium-, and medium-
late-maturing cultivars. Red diamonds represent environment. Green circles and green lines indicate
individual genotype and average environment axis, respectively. EJJ—early planting in Jeonju;
RJJ—regular planting in Jeonju; ESW—early planting in Suwon; RSW—regular planting in Suwon;
EMY—early planting in Miryang; RMY—regular planting in Miryang.

3.5. Superior Genotype Selection Based on Performance and Stability Indices

The genotype rankings for the MTSI for yield-component traits (PN, SPP, and TGW)
were evaluated to observe the combined performance and stability across multiple traits.
Under selection intensity of 15%, 12, 14, and 16 genotypes were selected among the early-,
medium-, and medium-late-maturing cultivars, respectively (Figure 5a). Precise evaluation
of GY performance and stability using the WAASBY index determined the changes in rank
depending on the allocation of weight to the ratio. A WAASBY index of 100/0 assigns full
weight to stability, while 0/100 gives full weight to GY (Table S5). The genotypes were
clustered in four groups according to the similarity of their WAASBY indexes (Figure 5b).
For early-maturing cultivars, the genotypes of group 2 exhibited high stability and GY
performance, and thus, proposed 21 suitable genotypes. For medium-maturing cultivars,
37 genotypes of group 3 showed suitability across the environments. For medium-late-
maturing cultivars, 23 genotypes belonging to group 1 were suggested to be suitable
genotypes among the environments. By inter-correlating the results of the MTSIs composed
of yield-component traits (PN, SPP, and TGW) and the WAASBY indexes, overlapping
genotypes from the both analyses may serve as ‘recommended’ genotypes, where high
stability and performance can be verified from the major contributor (yield components)
of GY [13,14]. For early-maturing cultivars, we recommend G29 (Manho), G30 (Namil),
G34 (Unkwang), G36 (Odae 1ho), G37 (Sinunbong 1ho), and G83 (Jonong). For medium-
maturing cultivars, we recommend G110 (Sobi), G131 (Cheongdam), G145 (Shinbaeg), G163
(Boramchal), G282 (Mimyeon), and G283 (Saemimyeon). For medium-late-maturing culti-
vars, G203 (Hanmauem), G210 (Dami), G216 (Baegseolchal), and G286 (Hangangchalbyeo)
were the recommended genotypes suitable across the environments (Figure 5c).
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Figure 5. Grain yield and yield-related trait performance and stability across the environments.
(a) Plot of multi-trait stability indexes (MTSI) of early-, medium-, and medium-late-maturing cultivars.
Red and yellow circles indicate selected and non-selected genotypes, respectively. Green circles
indicate the cut-off. (b) Heatmaps of the WAASBY indexes showing ranks of the genotypes according
to weighting scores of grain yield and stability. (c) List of suitable genotypes per maturity group. Red
font indicates highly ‘recommended’ genotypes.

4. Discussion

Multi-environment trials are essential in plant breeding programs that evaluate crop
productivity and adaptability in diverse environments [8]. The selection accuracy of geno-
types can be improved by assessing the presence of genotype-by-environment interaction
via mega-environment analysis, genotype evaluation, and multi-environment stability
analysis [13,35]. Varying degrees of GEI have been extensively documented in rice and
other field crops [36—42]. Genetic variability can be obtained by crossing inter-subspecific
cultivars or accessions with different genetic backgrounds. Environmental variability can
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be acquired by enhancing the values of location effects such as geographical distance,
variations in climatic zone (temperate vs. tropical), and differences in altitude. The interac-
tions between genotype and environment under such circumstances may exhibit relatively
large magnitudes of GEI. We evaluated cultivars mostly comprising temperate japonica
rice that have been developed for commercial purposes; therefore, the non-significant
GEI for the yield-related traits evaluated via LMM (Table 54) was not surprising. Our
breeding programs mainly focus on maintaining the commercial value of cultivars, and
crop improvements are mainly conducted by inter-crossing elite cultivars within limited
genetic pools, which leads to narrow genetic backgrounds among the cultivars. Moreover,
the geographical distances among the test environments were comparatively close in agri-
culturally favorable plain areas. Consequently, we focused on demonstrating the practical
use of multi-environment trial analytical tools to visualize the performance patterns of
the cultivars rather than basing our explanation on the significance of GEI effects. Sim-
ilarly, the GGE biplot analysis enabled the identification of the ideal test environments,
mega-environment formation, and winning genotypes, which would be informative in
constructing further breeding programs [12,43].

The environments showed distinct patterns of mega-environment formation exhibiting
different genotypes, serving as the winning genotypes in all the traits studied
(Figures 2 and S1). Variations in winning genotypes and genotype rankings represent
potential sources that could be utilized for fine-tuning specific traits to improve cultivar
performance in particular environments. Notably, G277 (Keunseom), a winning genotype
of GY among medium-maturing cultivars, also showed the strongest GY performance
among various inter-subspecific cultivars in tropical and temperate environment trials [39].
Despite the non-significant GEI effect, genotypes may exhibit distinct patterns of response
to changes in the environment and can possibly be evaluated by their mean response in
different environments [44,45]. A “discriminativeness vs. representativeness” view of
the GGE biplot shows the discriminating power and representativeness of the test envi-
ronments, which differed according to the corresponding planting seasons, regions, and
maturity of the cultivars. For the grain yield of early-maturing cultivars, ESW was referred
to as the most ideal environment, whereas RMY and E]J] were the most ideal for medium-
and medium-late-maturing cultivars, respectively (Figure 3). Moreover, EMY and RMY
exhibited different lengths of vectors, indicating distinct discriminating power according to
the different planting seasons in the same location.

The concept of the stability of a cultivar/genotype generally refers to the extent
of changes in the phenotypic expression of crop performance under different environ-
ments [46]. In this study, our objective was to evaluate the ‘dynamic’ concept of stability,
the performance of a stable genotype corresponding with a prediction for each environment;
therefore, genotype responses to the environment were not equal for all genotypes [47]. The
simultaneous selection index, WAASB-based analysis, is an effective model that measures
ideal genotypes based on combined genotypic performance and stability [39,48,49]. When
the explanation of the GEI pattern in the first two interaction principal component axes
(IPCA) is low, the widely used AMMI stability value (ASV) ranking may be misleading [13].
To avoid this, we implemented WAASBY; therefore, we generated groups of tentative
suitable genotypes consisting of 21, 37, and 23 early-, medium-, and medium-late-maturing
cultivars, respectively (Figure 5b). In addition, we employed MTSI to validate the simulta-
neous selection of stable genotypes based on GY, by considering the mean performance
and stability of the three major yield components, i.e., PL, SPP, and TGW [14]. As a re-
sult, we suggest six genotypes as highly ‘recommended” cultivars each for early- and
medium-maturing cultivars, and four genotypes for medium-late-maturing cultivars.

Maturity group and planting season are the key sources of variation that should be
addressed in breeding programs concerning climate change. By assessing 276 Korean
commercial rice cultivars in different maturity groups under METs (three regions and
two main planting seasons), we have characterized both environment-specific winning
genotypes (Figure 2) and stable genotypes with wide adaptability (Figure 5c¢), which are
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crucial prerequisites to developing an elite core breeding panel. The recommended cul-
tivars under specific environments can be used as parents to develop regional specialty
cultivars; however, those with superior stability across environments may indicate their
resilience under climatic fluctuations and serve as elite parents to ultimately improve yield
potential and stability across the growing seasons and regions. Moreover, because utilizing
early-maturing cultivars is emphasized as one of the most effective strategies to reduce
methane emissions from paddy fields [50-52], the recommended genotypes we character-
ized from the early-maturing group could provide useful genetic material for breeding
low-methane, high-yielding rice. It is also worth mentioning that all the genotypes assessed
in our study were commercial rice cultivars which had been subjected to scrutinized yield
trials, local adaptability tests, and various quality evaluations, as well as intensive selection
for generations. Therefore, the recommended genotypes we characterized from this pool
could serve as qualified elite parents for knowledge-based crop improvement systems
such as the ‘OneRice’ breeding strategy of the International Rice Research Institute (IRRI),
which combines the approaches of artificial crosses between elite parents, speed breeding,
marker-assisted selection (MAS) for major genes, genomic selection, and multi-location
trials of genotype—environment-management (GEM) interactions [50,53]. To achieve this,
genotyping experiments such as whole-genome resequencing of the core Korean rice culti-
vars are also ongoing to enable breeding programs accompanied by genomic predictions
and GEM interactions under METs to accelerate the development of climate-resilient rice
cultivars.

5. Conclusions

In conclusion, we have demonstrated the practical use of multi-environment trial
analysis as selection criteria for rice breeding programs to develop region-specific cultivars
and climate-resilient parents to improve yield potential and stability. Genotype evaluations
of each yield-related trait (winning genotypes and ranking genotypes) can also be used
as sources for fine-tuning target traits to achieve cultivar improvements. In addition, the
identification of recommended cultivars using the simultaneous selection of MTSI and
WAASB would provide guidance to breeders to select ideal parents which fit the purpose
of rice breeding.
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