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Abstract. Mutation serves as a pivotal source of diversity in plant breeding. This study focused on identifying stable
rice mutant lines. Fourteen rice mutant lines, along with four conventional cultivars, were evaluated in a randomized
complete block design with three replicates across three Iranian locations (Rasht, ChaparSar, and Fars province) during
two growing seasons (2015, 2016). All statistical analyses were performed using the ‘metan’ (multi-environment trial
analysis) R package. Single-environment ANOVA indicated significant genotypic effects for all traits. Likelihood ratio
tests (LRTs) confirmed significant environment and genotype-by-environment interaction (GEI) effects for all traits. The
first three principal components (PCs) captured 68.13, 14.46, and 9.76 % of the GEl variation, respectively. Heatmap
visualization of yield performance and WAASB (weighted average of absolute scores based on best linear unbiased
prediction, BLUP) highlighted genotypes G3, G9, G6, G12, and G5 as both high-yielding and stable. Multi-trait stability
index (MTSI) analysis, designed to reveal genotypic strengths and weaknesses, selected only genotypes G7, G5, and G1.
The top five genotypes based on the harmonic mean of the relative performance of genotypic values (HMRPGV) were
G5, G12, G7, G2, and G1. The superior performance of certain mutants demonstrates that mutation has effectively
generated significant genetic diversity. Notably, genotypes G12, G5, and G9 exhibited a clear advantage over the other
genotypes and warrant consideration for selection or cultivar release; however, only G5 was selected based on all traits
in the MTSI index and could therefore undergo selection or cultivar introduction processes.
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AHHoTauuA. MyTauMOHHbIE U3MEHEHNA CITY>KaT OCHOBHbIM NCTOYHNKOM pa3Hoobpasna B cenekumny pacteHnin. [laHHoe
nccnefoBaHme 6bifIo COCPEAOTOUYEHO Ha BbIABNEHNM CTabWbHbBIX MyTaHTHbIX IMHWIA puca. YeTbipHaaLaTb MyTaHTHbIX
JIMHWIA 1 YeTblpe 0ObIYHbIX COpPTa prca ObIIN OLEHEHbl B PaHAOMMU3VMPOBAHHOM MOCEBE C TPEMsA MOBTOPEHUAMYU B
Tpex pervoHax MpaHa (Pewr, Yanapcap v npoBrHuma ®apc) B TeueHre ABYX BereTaumMoHHbIX ce30HoB 2015 1 2016 rr.
Bce cTtaTMcTUUYecKne aHanv3bl BbIMOMHEHbI C MCMOMb30BaHWEM nakeTa R ‘metan’ (multi-environment trial analysis).
OpHodakTopHbIn ANOVA nokasan 3Haummble reHoTunuyeckre 3pdekTbl Ans BCeX NMPU3HaKoB. TeCTbl OTHOLWWEHWA
npasagonogo6bua (LRT) noatBepanny 3Haummble 3bdeKTbl cpeabl U B3aumoaencTeua reHotun-cpepa (GEI) gns scex
npu3HaKkoB. [lepBble TpW rMaBHble KOMMOHeHTbl onpefenanu 68.13, 14.46 n 9.76 % Bapuaunn GElI cooTBeTCTBEHHO.
Busyanusauma Tennosow KapTbl ANA BblpakeHHOCTU ypoxanHoctn n WAASB (B3BelleHHOe cpefHee abCOMOTHbIX
6ans0B Ha OCHOBE HaWJyyLLero IMHEMHOrO HeCMeLLeHHOro nporHo3a, BLUP) nossonuna Bbigenutb reHotunbl G3, G9,
G6, G12 1 G5 Kak BbICOKOYpOXKaliHble 1 CTabusibHble. AHaNM3 C MOMOLLbIO MHAEKCA MYSIbTUMPU3HAKOBOW CTabUIIbHOCTH
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co cmelaHHbiMK 3ddpektamut (LMM) 1 nHAEKCOB CTabunbHOCTH 30.2

(MTSI), pa3paboTaHHbIli A1 BbIABAEHUA CUMbHbIX U CNlabblx CTOPOH FreHOTUMOB, 0TObpan Tonbko reHotunbsl G7, G5 n G1.
C ncnonb3oBaHMeM MapaMeTpa rapMOHNYECKOTO CPefHEro OTHOCUTENbHOWN MPOU3BOAMTENBHOCTU FeHOTUMMYECKNX
3HayeHnn (HMRPGV) 6biny oTMeueHbl NATb Nyylumx reHotunos — G5, G12, G7, G2 n G1. Bbicokasa Bblpa)KeHHOCTb
NPU3HAKOB Y HEKOTOPbIX MYTAaHTOB AEMOHCTPUPYET, YTO MyTaLMOHHbIe M3MeHeHUs MoryT 3$dEeKTUBHO co3faBaTb
3HauMTeNbHOE reHeTnYeckoe pasHoobpasune. B yacTHocTy, reHoTunbl G12, G5 1 G9 nmenn ABHOE NPerMyLLeCTBO Nepes,
APYrMMU FeHOTMMaMU 1 MOTyT ObITb UCMONb30BaHbl ANA NOCNeAyoLWen cenekunm nnu ana co3ganna copta. OgHako
TONbKO reHoTun G5 6bin 0TobpaH ¢ yyeTom MHAeKca MTSI Ha ocHOBe BCeX MPU3HAKOB U, ClefoBaTeNbHO, MOXET ObiTb
MCMOMb30BaH B AasibHeNLweM cenleKLMOHHOM MnpoLecce Un AnsA co3haHunsa copTa.

KnioueBble crioBa: B3avmopenctaune reHotun—cpepa; MTSI; MyTauMoHHas cenekums; MHAEKC OLHOBPEMEHHOro 0TOopa;

WAASB

Introduction

Rice stands as a critical cereal crop, serving as a primary food
source for over half of the global population. It assumes a vital
role in ensuring food and nutritional security, while concur-
rently contributing to poverty alleviation (Khush, 2005). Crop
production is susceptible to abiotic stresses, including drought
and salinity, necessitating the evaluation of genotypes across
diverse environments. This approach facilitates the identifi-
cation of adaptable genotypes suitable for broad or specific
environmental conditions (Sharifi, 2020).

Mutation is a key source of generating variation in plant
breeding programs, allowing for the development of novel
traits or the improvement of existing ones. This process relies
on alterations within the genetic structure, leading to new
heritable traits that can spread within plant populations (Shu,
2012). Mutation breeding is often used to develop cultivars
that are more tolerant to biotic and abiotic stresses, enhance
quality, or alter other plant characteristics (Ebadi et al., 2019).
This strategy is a useful complement to existing germplasm
and can help in the development of new cultivars. As plant
phenotypes are affected by genotype-by-environment inter-
action (GEI), stability analysis is essential to understand the
performance of genotypes across different environments and
guide breeders in selecting superior genotypes (Sharifi et al.,
2017). Consequently, yield stability and adaptability analyses
in multi-environment trials are a critical component of geno-
type evaluation programs before a new breeding line is released
as a commercial variety (Kang, 1988). This demonstrates the
plant’s ability to maintain yield potential despite environmental
fluctuations (Yan et al., 2000).

Stability analysis has become an important part of research
and plant breeding. Various statistical models, including
univariate and multivariate methods, are used to assess the
stability and adaptability of genotypes. The simultaneous se-
lection index named as grain yield in a single non-parametric
index (GSI), which is based on the sum of ranks for yield sta-
bility and performance, is often used as a criterion for stability
analysis (Farshadfar, 2008). Yan (2016) noted that mean per-
formance and stability are not always equally important when
evaluating genotypes. Stability is more of a concern when
genotypes are tested in only a few environments. However,
when genotypes are adequately tested, information about their
stability may already be reflected in their mean performance,
because highly unstable genotypes — those that perform very
well in some environments but poorly in others — will not be
among the top performers across all environments. Newer
indices for evaluating stability based on linear mixed mo-

dels (LMMs) include WAASB (weighted average of absolute
scores based on best linear unbiased prediction (BLUP)) and
WAASBY (WAASB stability index and yield performance,
for simultaneous selection based on yield performance and
stability) (Olivoto et al., 2019b). This approach combines
additive main effects and multiplicative interaction models
(AMMI), graphical tools with the predictive precision of
BLUP (Olivoto et al., 2019b). The relative importance of mean
performance and stability can vary when making selection
decisions, which can change how genotypes are ranked (Yan,
2016). This explains why many breeders and variety evaluation
organizations base their decisions only on mean performance,
yet still achieve significant breeding progress (Yan, 2016).
Given the importance of the WAASBY index, it can be used
for all stability indices instead of the GSI (Farshadfar, 2008),
allowing for the identification of the most superior genotypes.

In addition to high yield, which remains the primary breed-
ing objective, a cultivar must meet minimum requirements
for every trait that is significant to growers, processors, and
end-users (Yan, 2021). Consequently, when data on multiple
traits are available, the multi-trait stability index (MTSI) has
several valuable applications for the simultaneous selection of
mean performance and stability. Indeed, the greatest challenge
in plant breeding is to combine all desirable traits within a
single genotype, as key breeding objectives are often nega-
tively correlated due to genetic linkage or pleiotropy (Yan,
2021). These indices are used in the stability analysis of rice
(Sharifi et al., 2021), lentil (Karimizadeh et al., 2020), forage
(Santos, Marza, 2020), barley (Ahakpaz et al., 2021), and
wheat (Verma, Singh, 2020). An alternative analysis for stabil-
ity studies based on mixed models is the harmonic mean of
genotypic values and of the relative performance of genotypic
values (HMRPGYV), which provides information on stability,
adaptability, and yield performance of genotypes in the same
unit and scale as the evaluated trait (Resende, 2007). Selecting
genotypes with the highest values of the harmonic mean of
genotypic values (HMGYV), relative performance of genotypic
values (RPGV), and HMRPGYV allows for simultaneous se-
lection for yield performance and stability. This approach is
used to evaluate grain yield stability in rice (Colombari-Filho
et al., 2013), wheat (Coan et al., 2018; Verma, Singh, 2020),
and corn (Rodovalho et al., 2015).

Several studies have assessed GEI in rice mutant lines.
Dushyanthakumar and Shadadashari (2007) found signifi-
cant effects of genotypes, environment, and their interactions
when evaluating the yield stability of 15 rice mutants across
nine environments. They used regression coefficients and
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deviations from regression to identify stable mutants. Dewi
and Dwimahyani (2019) evaluated 12 mutant rice genotypes
at 16 locations and estimated yield stability using regression
lines. Rahayu (2020) used AMMI analysis to differentiate
stable mutant rice lines from 25 genotypes. Relatively few
studies have used linear mixed models for rice stability analy-
sis. Donoso-Nanculao et al. (2015) analyzed 10 rice genotypes
using BLUP and identified superior genotypes. Balestre et al.
(2010) also used BLUP to analyze the stability of rice geno-
types and found that phenotypic means had lower predictive
potential compared to BLUP.

The objectives of this study were to (1) evaluate GEl in rice
genotypes across diverse environments in Iran, and (2) iden-
tify stable and high-yielding mutant lines.

Materials and methods

Plant material and experimental design

Fourteen rice mutant lines, along with their parental cultivars
(Hashemi, Tarom, and Khazar) and the Gilaneh variety as a
control (Table 1), were evaluated in a randomized complete
block design (RCBD) with three replications. The experiment
was conducted across three geographically distinct research
stations in Iran: Rasht, ChaparSar, and Fars province. Data
were collected over two years (2015, 2016). In both years,
sowing took place in April, and transplanting was carried out
in May at the 4-5 leaf stage. Harvesting occurred in August
in both years as well.

The rice mutant lines originated from seeds of the parental
cultivars subjected to 300 Gray of gamma irradiation from a
Cobalt-60 source. Irradiation was performed at the Iranian
Agricultural Atomic Research Institute in Tehran in 2009, with

Table 1. The origin/pedigree of rice genotypes
used in this experiment

Genotype code Genotype Pedigree

G1 TM6-230-VE-7-5-1 Parent: Tarom

G2 TM6-230-VE-8-4-1

G3 TM6-250-10-7-1

G4 TM6-B-2-1-E

G5 TM6-B-7-1

G6 TM6-B-19-2

G7 HM5-250-E-1-1 Parent: Hashemi

G8 HM5-250-E-3-2

G9 HM5-250-6-6

G10 HM5-250-7-6

G11 HM5-300-12-1

G12 HM5-300-3-1

G13 HM5-300-5-1

G14 KM5-200-4-2-E Parent: Khazar

G15 Khazar IR36/TNAU4756

G16 Hashemi Iranian landrace

G17 Tarom Iranian landrace

G18 Gilaneh Saleh x Abjibuji
224
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seed moisture content maintained at eight percent. Following
irradiation, the M1 generation was grown in the field. Surviv-
ing plants were self-pollinated, and seeds from the M2 genera-
tion were collected. This self-pollination process was repeated
through the M5 generation to achieve homozygosity.

Prior to sowing, seeds of all experimental genotypes (mutant
lines and cultivars) were surface-sterilized with a 20 % sodium
hypochlorite solution for 10 minutes, followed by rinsing with
sterile distilled water. This procedure was carried out in May
of each year. Seeds were then placed in Petri dishes containing
moistened filter paper to initiate germination. Germination oc-
curred in a controlled environment at 35 °C and 70 % humidity.
Seedlings were subsequently transplanted into 120 cm*60 cm
boxes within greenhouses, ensuring suitable conditions for
transplant production.

Twenty-five-day-old seedlings (approximately 30 cm tall)
were transplanted to the main field at a planting density of
25 plants per square meter. Each plot measured two square
meters. Data were collected from ten randomly selected plants
within each plot. The following traits were measured: plant
height, tiller number, panicle length, number of filled grains per
panicle, number of unfilled grains per panicle, fertility percent-
age, and hundred-grain weight. Grain yield was determined
on a per-square-meter basis.

Statistical analysis

To assess genotypic stability and adaptability, the harmonic
mean of genotypic values (HMGYV) and the relative perfor-
mance of genotypic values (RPGV) were calculated. The har-
monic mean of the relative performance of genotypic values
(HMRPGV) was employed for the simultaneous evaluation of
stability, adaptability, and yield. These indices were computed
using the following formulas (Resende, 2007):

HMGV, = ————, (1)
=1GV,,
RPGV, =+ o @)
HMRPGV, = —— 1 — El , (3)
=1 GV,

where L, represents the general mean for the j-th environment;
E denotes the number of environments; and GV ;: u;+g;+ge;;
indicate the genotypic value of the i-th genotype in the j-th
environment. Here, u; is the mean of the j-th environment,
while g; and ge;; are the BLUP values of the i-th genotype and
the interaction between the i-th genotype and j-th environment,
respectively.

The weighted average of absolute scores from the singular
value decomposition (SVD) of BLUP-estimated interaction
effects (WAASB;) was computed using equation (4) (Olivoto
etal., 2019a):

" |IPCA, xEP,|

WAASB; = >
k=1 EPx

“)

where IPCA; is the score of the i-th genotype (or environment)
in the k-th IPCA, and EP;, is the value of the explained variance
by the &-th IPCA. The k-th IPCA is the &-th interaction principal
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Table 2. Evaluation of significance of factors for random effects (E and GEI) by LRT (x?) and for fixed effect (G)
by ANOVA and estimation of variance components by REML
Sov Plant height,  Tiller Panicle Number of Number of Fertility Hundred-grain  Grain yield,
cm number length, cm filled grains unfilled grains  percentage  weight, g kg-ha-!
per panicle per panicle
Mean Square
Genotype 102.7%* 9.39%* 8.64** 59.31** 40.13** 19.76%* 0.049** 224817**
LRT ()
Environment  109.5** 39.63** 81.07** 102.1%* 0.0000014" 211" 95.98** 71.75%*
Gen:Env 384.3** 240.9%* 184.9%* 540.8** 931.3** 0.089** 379.2%* 577.6**
Variance components
REML Estimates (%)
GE 592.1(94.11) 5.19(45.64) 9.96(80.42) 421.9(79.57) 0.00000016 3.62(6.57) 0.047 (75.73) 306144 (52.25)
(0.00000017)
GE/R 0.40 (0.06) 0.19 (1.73) 0.012(0.09) 0.14(0.03) 0.00000021 0(0) 0(0) 1181 (0.20)
(0.00000023)
6? 30.14(4.79) 4.23(37.20) 1.52(12.30) 96.48(18.20) 87.66 (96.76) 49.66 (90.17) 0.012(19.75) 252401 (43.08)
cﬁ 6.49 (1.03) 1.75(15.43) 0.88(7.18) 11.68 (2.20) 2.93(3.23) 1.79 (3.26) 0.0028 (4.51) 26182 (4.46)
o’ 629.2 11.38 12.39 530.2 90.60 55.07 0.063 585907

Note. The numbers in parentheses indicate the percentage of variance accounted for by the phenotypic variance. LRT, likelihood ratio test. Gé,
environmental variance; Gé/R' Block-within-Environment variance (or Environment/Replication variance); Gf, Genotype x Environment interaction

variance; Gﬁ, residual variance; 62, phenotypic variance.

ns, non-significant, *, **: significant at 5 % and 1 % probability levels, respectively.

component axis (IPCA) in AMMI, used to compute WAASB.
The genotype with the lowest WAASB value is considered the
most stable (Olivoto et al., 2019a).

The WAASBY index, which allows simultancous selection
based on grain yield and stability, was derived using the fol-
lowing formula (Olivoto et al., 2019a):

_ (rGixBy) + (rW;x 0s) 5
B 0y 05 )

WAASBY,

Where WAASBY; is the superiority index for the i-th geno-
type, and By and 04 are the weights for seed yield and stability
(WAASB), respectively. The rescaled values (0—100) for the
response variable (rG;) and WAASB (rW,) were calculated
as follows:

1000

rGi - GmaX_Gmin X (Gl _Gmax)+ 100, (6)
0-100

W=y Wi W) 0. ™)

The multi-trait stability index (MTSI) for the i-th genotype
was calculated as follows (Olivoto et al., 2019b):

TSt =[S0 7y -Fp?] (®)

Where, Fj; is the j-th score of the i-th genotype, and the ideo-
type (F}) is an ideal reference genotype with the most desirable
values for each trait, f represents the number of traits (vari-
ables) included in the analysis. The ideotype has the highest
WAASBY (100) for all analyzed variables (Olivoto et al.,
2019b). The genotype with the lowest MTSI is then closer to
the ideotype and therefore presents a high mean performance
and stability (MPE) for all analyzed variables.

Selection differential (SD), selection gain (SG), and percent-
age of selection differential (% SD) represent the difference

between the mean of selected genotypes (X) and the entire
population, the expected genetic progress, and the relative
selection intensity, respectively.

SD = X~ Xo, )
SG = 12 x SD, (10)
%SD:%X 100. an

0

Xg: mean of selected genotypes; X,: mean of the entire popula-
tion; A% heritability of the trait.

The selection differential for mean performance and the
WAASBY index was calculated for each trait considering a
selection intensity of 15 %.

Al statistical analyses were performed using the ‘metan’
(multi-environment trial analysis) R package (Olivoto, Lcio,
2020). An example of statistical analysis using R can be seen
in the Supplementary file!.

Results

Analysis of variance, estimation of variance components
and predicted grain yield

Single-environment ANOVA indicated significant genotypic
effects for plant height, tiller number, panicle length, number of
filled grains per panicle, number of unfilled grains per panicle,
fertility percentage, hundred-grain weight, and grain yield.
Likelihood ratio tests (LRTs) confirmed significant environ-
ment and genotype-by-environment interaction (GEI) effects
for all traits. Analysis of variance also indicated a significant
effect of genotype on all traits (Table 2).

' Supplementary file is available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx16.pdf
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Principal component analysis

and biplot interpretation

The first three principal components (PCs) captured 68.13,
14.46, and 9.76 % of the GEI variation, respectively (Fig. 1).
A type III biplot (WAASB values vs grain yield, Fig. 2 and
Fig. 3) was used to visualize genotypic stability.

Genotypes G14 and G15, along with environments E3 and
E6, positioned in the first quadrant, exhibited below-average
grain yield and high WAASB values, indicating instability
and a substantial contribution to GEI. Conversely, genotypes
G2, G7, and G8, and environments E1, E4, and ES5, in the
second quadrant, showed above-average grain yield but were
also unstable with significant GEI contributions. Environ-
ments E3, E4, and E6 displayed the highest WAASB values,
indicating greater discriminating ability. Genotypes G4, G6,
G9-G11, G13, G16, and G17, located in the third quadrant,
demonstrated low yield and high stability (low WAASB). The
most desirable genotypes — G1, G3, G5, G12, and G18 — oc-
cupied the fourth quadrant, characterized by high yield and
stability. Environment E2, also in this quadrant, showed high
yield performance but low WAASB values, indicating poor
genotypic discrimination ability (Fig. 2).

Genotype ranking based on stability

and performance weights

Figure 3 illustrates genotype rankings based on varying
weights assigned to WAASB (stability) and grain yield. Rank-
ing of 18 rice genotypes was based on the WAASBY index,
illustrating variations in genotype performance under different
weighting schemes for stability (WAASB) versus grain yield
(BLUPs). The weights (0) range from 0 (prioritizing yield
alone) to 1 (prioritizing stability alone), with 6 = 0.5 represent-
ing equal emphasis on both traits. Ranking based solely on
stability (WAASB weight = 1) identified genotypes G6, G9,
G3, G10, G13, and G17 as most stable. Ranking based solely
on yield (yield weight = 1) identified G1, G2, G5, G7, and
G12 as the highest-yielding genotypes.

Hierarchical clustering revealed distinct genotype group-
ings based on stability and yield: (1) G4, G8, G14, and G15
were the least desirable; (2) G10, G11, G13, G16, and G17
were stable but low-yielding; (3) G1, G2, G7, and G18 were
high-yielding but unstable; and (4) G3, G5, G6, G9, and G12
(particularly G5) were both high-yielding and stable.

Factor analysis, multi-trait stability index (MTSI)

and genotype selection

Factor analysis of the WAASBY index retained two principal
components (eigenvalue > 1), explaining 71.5 % of the total
variation (Table 3). Factorial loadings after varimax rotation
and communalities obtained in the factor analysis are repre-
sented in Table 4. The eight traits were grouped into two fac-
tors: FA1 (agronomic and plant stature traits including plant
height (PH), filled grains per panicle (FG), unfilled grains
per panicle (UNFQ), fertility percentage (FP), hundred-grain
weight (HGW), grain yield (GY)), and FA2 (panicle-related
traits contain tiller number (TN) and panicle length (PL)).
While primarily associated with FA1, FG, UNFG, and GY
also exhibited high scores on FA2 (Table 5).
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Fig. 1. Eigenvalues of the BLUP_GEI matrix for grain yield of
18 rice genotypes across six environments.
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Fig. 2. Biplot of grain yield vs WAASB of 18 rice genotypes
evaluated over six environments (combinations of two cultiva-
tion years in three locations).

Ranking based on MTSI identified G7 (MTSI = 1.97), G5
(MTSI=2.07), and G1 (MTSI = 2.24) as superior genotypes
(Fig. 4, cutoff at MTSI =2.24). The cutoff value (MTSI = 2.24)
was determined following the methodology of Olivoto et al.
(2019b), where the Multi-Trait Stability Index (MTSI) ranks
genotypes based on their stability and multi-trait performance.
This threshold represents the upper limit of the top-performing
genotypes (G1, G5, G7), beyond which stability and perfor-
mance decline significantly. The selection of this cutoft aligns
with standard MTSI applications, where natural breaks in the
index distribution or percentile-based thresholds are used to
distinguish superior genotypes. The genotype with the lowest
MTSI is then closer to the ideotype and therefore presents a
high MPE for all analyzed variables (Olivoto et al., 2019b).
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WAASB/GY ratio
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Fig. 3. Ranks of 18 rice genotypes with different weights for stability and grain yield.

Table 3. Eigenvalues and explained variance obtained in the factor analysis

5

10

15

Genotype ranking

30-2

PC Eigenvalues
PC1 4.61

PC2 1.1

PC3 0.997

PC4 0.636

PC5 0.343

PC6 0.22

PC7 0.073

PC8 0.00898

Variance, %
57.6
13.9
125
7.95
4.29
2.75
0913
0.112

Cum. variance, %

57.6
715
84.0
91.9
96.2
99.0
99.9
100.0

Table 4. Factorial loadings after varimax rotation, and communalities obtained in the factor analysis

Traits FA1 FA2 Communality Uniquenesses
Plant height (PH) -0.908 0.133 0.841 0.159
Tiller number (TN) -0.152 -0.872 0.784 0.216
Panicle length (PL) -0.0767 -0.670 0.455 0.545
Filled grains per panicle (FG) -0.570 -0.330 0.434 0.566
Unfilled grains per panicle (UNFG) -0.717 -0.623 0.902 0.0981
Fertility percentage (FP) -0.713 -0.639 0.917 0.0829
Hundred-grain weight (HGW) -0.728 -0.229 0.582 0.418
Grain yield (GY) -0.653 -0.617 0.807 0.193
Table 5. The related traits and genotypes for each factor
Factor Related traits to FA Related genotypes to FA
FA1 PH, FG, UNFG, FP, HGW, GY G18, G2, G4, G5, G6, G1, G10, G14, G15
FA2 TN, PL G7,G8,G9,G11,G12,G13,G17,G3
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Fig. 4. Genotype ranking and genotypes selected for MTSI.

The MTSI resulted in positive selection differentials
(SD) for WAASBY of all traits, ranging from 13 % (TN) to
49.5 % (HGW) (Table 6). Negative SDs for mean performance
were observed for PH and UNFG, while positive SDs were
noted for the remaining traits. This led to negative selection
gains (SG) for PH (-0.35 %) and UNFG (—47.5 %), and posi-
tive SG for FG, FP, HGW, GY, TN, and PL (0.996 % < SG <
<16.2 %). These results indicate that the selected genotypes
exhibited improved genotypic stability compared to the
original population, and indicate that MTSI is effective for
genetic breeding.

Visualization of strengths and weaknesses

Figure 5 visualizes the strengths and weaknesses of each
genotype. The contribution of each factor (FA1 and FA2) to the
MTSI is ranked for each genotype, with the most contributing
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The strengths and weaknesses for genotypes
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Fig. 5. The strengths and weaknesses of genotypes are shown
as the proportion of each factor on the computed multi-trait
stability index (MTSI) of all genotypes.

The smaller the proportion explained by a factor (closer to the external
edge), the closer the traits within that factor are to the ideotype. FA1: PH,
FG, UNFG, FP, HGW and GY; and FA2: TN and PL.

factor near the plot center and the least contributing factor near
the plot edge (Olivoto et al., 2019b). Genotypes associated
with a specific factor demonstrate high mean performance and
stability (low WAASB) for the traits primarily influenced by
that factor. Ten genotypes (G1, G2, G4, G5, G6, G10, G14,
G15, G16 and G18) showed strengths related to FA1 (Fig. 5),
indicating desirable combinations of high mean performance
and stability for FAl-related traits: reduced PH and UNFG,
and increased FG, FP, HGW, and GY. Eight genotypes (G3,
G7, G8, G9, G11, G12, G13, and G17) exhibited strengths
related to FA2 (Fig. 5). For G5, the second-ranked genotype
by MTS]I, significant FA1 contribution confirms its favorable

Table 6. Selection gains for mean performance of 18 rice genotypes obtained in a multi-trait selection

with the multi-trait stability index (MTSI)

Traits Factor Goal Mean performance (BLUP) WAASBY index
Xo Xs SD %SD  SG SG% | Xo Xs SD % SD

Plant height (PH) FA1 Decrease 123 123437 -0437 -0.354 -0.409 -0332 557 642 849 152
Filled grains per panicle (FG) Increase ' 91.7 94.2 249 2.72 2 2.18 444 539 956 216
Unfilled grains per panicle (UNFG) Decrease 13.5 7.1 -643 475 -595 -439 833 958 125 149
Fertility percentage (FP) Increase 88 92.7 4.63 5.26 4.21 4.78 781 937 156 199
Hundred-grain weight (HGW) 255 28 0246 9.64 0.23 9.09 572 857 285 495
Grain yield (GY) 4360 5065 705 16.2 623 14.3 599 751 153 255
Tiller number (TN) FA2 Increase 166 16.8 0.166  0.996 0.13 0.81 617 698 806 13
Panicle length (PL) 258 262 0469 1.82 0.42 1.63 517 616 9.86 19.1

Note. Xo: mean performance (BLUP) and WAASBY index of the original population; Xs: mean performance (BLUP) and WAASBY index of the selected
genotypes; SD: selection differential; % SD: percentage of selection differential; SG: selection gain.
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Table 7. Ranking of the genotypes in all environments evaluated for adaptability parameters of genotypic values

for the grain yield of rice genotypes evaluated in six environments

GEN Grain yield, kg-ha-" HMGVT HMGV_order RPGV RPGV*t  RPGV_order HMRPGV HMRPGV*1  HMRPGV_order
G1 4607 4537 5 1.058 4612 5 1.054 4597 5
G2 4699 4640 4 1.084 4727 4 1.073 4680 4
G3 4418 4333 8 1.012 4414 8 1.009 4401 8
G4 4227 4096 12 0.965 4207 12 0.959 4183 12
G5 5684 5652 1 1.313 5725 1 1.306 5696 1
G6 4237 4181 10 0.974 4247 10 0.972 4236 10
G7 4904 4884 3 1.138 4962 3 1.124 4901 3
G8 4466 4430 7 1.039 4531 6 1.017 4436 7
G9 4323 4276 9 0.994 4333 9 0.993 4330 9
G10 4240 4164 1 0.973 4241 1" 0.969 4225 11
G11 4157 4023 14 0.948 4134 14 0.942 4105 14
G12 5470 5448 2 1.266 5519 2 1.257 5481 2
G13 4148 4061 13 0.950 4144 13 0.947 4130 13
G14 3353 2365 17 0.742 3236 17 0.589 2568 17
G15 3252 2288 18 0.716 3121 18 0.568 2477 18
G16 3908 3845 15 0.898 3917 15 0.894 3897 15
G17 3883 3832 16 0.892 3890 16 0.891 3882 16
G18 4504 4433 6 1.037 4521 7 1.028 4481 6

Note. T Performance genetic value (RPGV); RPGV*L: stability of genotypic values (HMGV), adaptability and stability of genotypic values (HMRPGV);
HMRPGV*Li: general mean of all environments; the parameters are expressed in kg-ha-1, except for RPGV and HMRPGV.

combination of reduced PH and UNFG, and increased FG, FP,
HGW, and GY. This genotype exhibited lower plant height
and unfilled grains per panicle, and higher tiller number,
hundred-grain weight, and grain yield, compared to the overall
average. Genotype G12 showed higher tiller number, fertility
percentage, and grain yield, along with lower plant height
and unfilled grains per panicle. While identified as superior
by other indices, G12 did not rank highly using MTSI. This
discrepancy is likely due to the low selection gain for traits in
FA1, specifically hundred-grain weight.

Genotypic stability and adaptability assessment

using HMRPGV

Based on the Harmonic Mean of Relative Performance of
Genotypic Values (HMRPGV), the top five genotypes for
stability and adaptability, relative to check varieties, were
G1, G2, G7, G12, and G5. The HMRPGV multiplied by the
overall mean (HMRPGV*}) for these genotypes were 4597,
4680, 4901, 5481, and 5696 kg-ha!, respectively (Table 7).
Selecting these genotypes would result in a 16.35 % increase
in grain yield compared to the overall mean (4360 kg-ha!).
This selection, based on stability, adaptability, and yield, high-
lights the positive response of these genotypes to improved
environmental conditions and their consistent performance
across diverse environments.

Discussion

A broad genetic base is crucial for successful rice breeding
programs, and induced mutation represents a valuable tech-
nique for expanding genetic diversity (Cheema, 2006). The
significant effect of genotype observed across all environ-
ments, as indicated by simple analysis of variance, underscores
the genetic diversity present within the experimental material.
This result suggests that mutation has effectively contributed
to a reasonable level of diversity within the genetic material
under investigation. This finding aligns with the work of other
researchers who have assessed the stability of rice mutant lines
and demonstrated a significant impact of mutation in generat-
ing diversity with respect to grain yield and other important
traits, particularly yield components (Dushyanthakumar,
Shadadashari, 2007; Donoso-Nanculao et al., 2015; Dewi,
Dwimahyani, 2019; Rahayu, 2020).

Experimental trials designed to evaluate yield performance,
stability, and adaptability are essential for characterizing ge-
netic materials such as mutant lines before they are released
as new breeding lines or varieties (Shu, 2012). Conversely,
the observed variation in genotype grain yield across different
environments highlights the need to carefully determine the
yield performance and stability of genotypes in a range of
environmental conditions (Ebadi et al., 2019). Therefore, it is
crucial to investigate the yield stability of rice mutant lines and
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to identify those lines that exhibit both high yield potential and
stable performance across diverse environmental conditions.
The likelihood ratio test (LRT) conducted in this study revealed
significant effects of both the environment and genotype-by-
environment interaction (GEI). Similar results have been
reported by other researchers conducting multi-environment
trials with rice (Bose et al., 2011; Akter et al., 2015; Sharifi et
al., 2017; Rahayu, 2020). Variations in environmental condi-
tions from year to year and from location to location contribute
to a pronounced GEI effect, which underscores the role of
genetic factors in influencing genotype performance across
different environmental conditions (Dia et al., 2016).

The restricted maximum likelihood (REML) analysis con-
ducted in this study indicated that environmental variance con-
tributed more significantly to the phenotypic variance observed
for traits such as plant height, number of tillers, panicle length,
number of filled grains per panicle, hundred-grain weight, and
grain yield. In contrast, GEI had a greater contribution to the
observed variance in the number of unfilled grains per panicle
and fertility percentage. The first two principal components
derived from the GEI analysis accounted for 68.13 and 14.46 %
of the total genotype-by-environment interaction variation,
respectively. In line with this finding, other researchers have
acknowledged the substantial contribution of the first two
principal components in explaining genotype-by-environment
interaction effects on rice grain yield (Nayak et al., 2008; Akter
et al., 2015; Allahgholipour, 2017; Rahayu, 2020).

Genotype-by-environment interaction reduces the predict-
ability of genotype performance in target environments based
on observations made in test environments (Yan et al., 2011).
Numerous procedures and statistical methods have been deve-
loped to quantify genotype by environment interaction through
the evaluation of genotypes across multiple environments. In
addition to conventional multivariate methods like AMMI and
GGE biplot analysis, the best linear unbiased predictor (BLUP)
method has also been recommended for evaluating genotypes
in different environments and for quantifying genotypic sta-
bility. Several researchers have employed the BLUP method
to assess the stability of rice genotypes (Balestre et al., 2010;
Donoso-Nanculao et al., 2015). The use of restricted maximum
likelihood (REML) for estimating variance components offers
significant flexibility in analysis (Patterson, Thompson, 1971)
and can effectively handle complex data structures (Searle et
al., 1992).

The WAASBY index (Olivoto et al., 2019a) facilitates the
weighting between mean performance and stability (MPE) in
genotype evaluation. The primary advantage of this procedure
is its integration of AMMI’s graphical tools (Gauch, 2013)
with the predictive accuracy of BLUP for stability analysis
(Piepho, 1994; van Eeuwijk et al., 2016). Consequently, the
WAASB approach, which proposes the SVD (singular value
decomposition) of a two-way table with BLUPs for GEI in-
teraction (instead of the residual of the additive model as in
standard AMMI), allows for a graphical representation of a
random GEI structure. The WAASB index accounts for more
than one (stability based on IPCA1) or two (AMMI-stability
value) interaction principal component axes. In the present
research, the first three principal components accounted for
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over 82 % of the GEI variation in grain yield, making the
WAASB and WAASBY indices more effective in identifying
superior genotypes. On the other hand, the variation of certain
genotypes is explained by more IPCAs, making indices such
as WAASB necessary, which is calculated using additional
principal components. Consequently, we utilized this index and
identified genotypes G1, G3, G5, G12, and G18 as superior
(Fig. 2). The biplot based on this index was also employed to
assess the discriminating ability of environments, revealing
that the environments in the first two sections of biplot type I1I
(Fig. 2), particularly E6, exhibited the highest WAASB value
and strong genotype discrimination capability. However, the
genotypes in these two quadrants with a significant contribu-
tion to the GEI were unstable. In the fourth quadrant of this
biplot, genotypes G18, G1, G3, G5, and G12 emerged as the
most desirable, demonstrating high yield stability and perfor-
mance. The ranking of rice genotypes with varying weights for
grain yield performance and stability in Figure 3 illustrated the
diversity among rice mutant lines. In this heatmap, scenarios
with different weights of yield stability and performance were
simulated to display changes in genotype ranking. The grain
yield of mutant lines G5, G12, G2, G7, and G1 surpassed that
of parental varieties and Gilaneh, the control variety.

The HMRPGYV method evaluates grain yield performance,
stability, and adaptability simultaneously within a genotypic
context (Resende, 2007). The HMRPGYV of 1.306 for G5 indi-
cated a 30.6 % increase in grain yield over the general mean.
It appears that yield performance is prioritized over stability
in the HMRPGY, and the selection of genotypes is based more
on yield performance (as compared to Fig. 3) than on stability.

When data on several traits are available, the multi-trait
stability index (MTSI) has many useful applications for
simultaneous selection of mean performance and stability.
This index is an MTSI-based on factor analysis, designed
for simultaneous selection using both fixed and mixed effect
models for multiple traits (Olivoto et al., 2019b). The factor-
analytic variance-covariance structure accommodates different
variances across environments and covariances between pairs
of environments by approximating a completely unstructured
covariance matrix through factor analysis. Therefore, it is rea-
sonable to assume that the model will fit better than a standard
mixed effect model. This factor analysis of WAASBY, which
is the first step in computing the MTSI index, revealed that the
eight traits were grouped into two factors. A Euclidean distance
was then used to compute the distance between the genotypes’
scores and the ideotype’s score. This plot (Fig. 4) displays the
genotype ranking in ascending order for the MTSI index. The
selected genotypes using MTSI, including G7, G5, and G1, are
shown in red, and the spiral depicts the cutpoint according to
the selection pressure. A higher weight for mean performance
was assigned to tiller number, panicle length, filled grains per
panicle, fertility percentage, hundred grain weight, and grain
yield. It is preferable to select highly productive genotypes
that may not perform well in terms of broad stability and
then consider the adaptability of these genotypes to specific
environments to make better recommendations. The MTSI
index enables simultaneous selection of genotypes based on
performance and stability across all traits, making it a unique
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index (Olivoto et al., 2019a). This index has been used for
the selection of superior genotypes in Solanum melongena
(Koundinya et al., 2019), Brassica spp. (Bocianowski et al.,
2019), chickpea (Sellami et al., 2021), maize (Olivoto et al.,
2021), and rice (Sharifi et al., 2021).

MTSI serves as an effective tool for identifying the strengths
and weaknesses of genotypes and selecting those with desired
mean performance and stability (Olivoto et al., 2021). This ap-
proach enabled the identification of genotypes that combine the
desired mean performance and stability (MPE) for important
traits such as grain yield (GY), hundred-grain weight (HGW),
fertility percentage (FP), and tiller number (TN) (Fig. 5).

Conclusion

The significant effect of genotype indicated that the mutation
process has successfully created a reasonable level of diversity
in the genetic material. The first three principal components
accounted for 92.35 % of the GEI variation with respect to
grain yield, and the WAASB index was used to evaluate the
stability of the genotypes. Biplot type I1I analysis revealed that
genotypes G18, G1, G3, G5, and G12 were both high-yielding
and stable across the tested environments. The heatmap visu-
alization of yield performance and WAASB stability scores
indicated that genotypes G3, G9, G6, G12, and G5 were highly
productive and stable. The MTSI (multi-trait stability index)
identified genotypes G7, G5, and G1 as the selected genotypes
based on the overall stability and performance across all mea-
sured traits. According to the HMRPGYV index, G5, G12, G7,
G2, and G1 were identified as the top-performing genotypes.
In conclusion, two genotypes, G12 and G5, exhibited a sig-
nificant advantage over all other genotypes; however, only G5
was selected based on all traits in the MTSI index and could
therefore undergo selection or cultivar introduction processes.
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