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genotypes based on MTSI and MGIDI indexes:
an illustration in upland cotton (Gossypium
hirsutum L.)
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Abstract

Background Globally, the cultivation of cotton is constrained by its tendency for extended periods of growth. Early
maturity plays a potential role in rainfed-based multiple cropping system especially in the current era of climate
change. In the current study, a set of 20 diverse Gossypium hirsutum genotypes were evaluated in two crop seasons
with three planting densities and assessed for 11 morphological traits related to early maturity. The study aimed

to identify genotype(s) that mature rapidly and accomplish well under diverse environmental conditions based

on the two robust multivariate techniques called multi-trait stability index (MTSI) and multi-trait genotype-ideotype
distance index (MGIDI).

Results MTSI analysis revealed that out of the 20 genotypes, three genotypes, viz, NNDC-30, A-2, and S-32 accom-
plished well in terms of early maturity traits in two seasons. Furthermore, three genotypes were selected using MGIDI
method for each planting densities with a selection intensity of 15%. The strengths and weaknesses of the genotypes
selected based on MGIDI method highlighted that the breeders could focus on developing early-maturing genotypes
with specific traits such as days to first flower and boll opening. The selected genotypes exhibited positive genetic
gains for traits related to earliness and a successful harvest during the first and second pickings. However, there were
negative gains for traits related to flowering and boll opening.

Conclusion The study identified three genotypes exhibiting early maturity and accomplished well under different
planting densities. The multivariate methods (MTSI and MGIDI) serve as novel approaches for selecting desired geno-
types in plant breeding programs, especially across various growing environments. These methods offer exclusive
benefits and can easily construe and minimize multicollinearity issues.
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Background

Cotton, the most extensively relied-upon crop for textile
fibers and one of the most lucrative cash crops, belongs
to the genus Gossypium. According to Ulloa et al. (2005),
Gossypium currently includes seven allotetraploid spe-
cies and approximately 45 diploid species. Two allotetra-
ploid species (Gossypium hirsutum L. and G. barbadense
L.) and two diploid species (G. herbaceum L. and G.
arboreum L.) were autonomously domesticated in the
New and the Old Worlds, respectively (Renny-Byfield
et al,, 2016; Wendel et al., 2003). With 95% global pro-
duction, upland cotton (G. hirsutum, 2n=4x=52) has
supplanted other categories and seized control as the pre-
ferred species (Tyagi et al., 2013). In India 33.723 million
bales (170 kg per bale) of cotton was produced on 13.049
million hectares, with the productivity of 439 kg-ha™*
[ICAR-AICRP (cotton) annual report (2022-23), 2023].

The decision to devote land to other certain crops is
driven by the more prolonged maturation time of cot-
ton (Li et al., 2013), which usually results in an appre-
ciation for cultivars with a short growing season. G.
hirsutum was first domesticated at least 5 000 years ago
(Smith et al., 1971). The whole growth period (WGP) of
wild G. hirsutum is typically more than 180 days; in addi-
tion, the presence of photoperiod sensitivity makes its
application in breeding programmes challenging (Zhu
et al., 2014). Thus, early maturity in crops is an invalu-
able breeding strategy, as it offers a reformed tillage sys-
tem and the improvement of multiple cropping indices,
meanwhile curbing yield loss caused by harsh ecological
circumstances. After thousands of years of direct selec-
tion, the early maturity of upland cotton has significantly
improved; in particular, the WGP has significantly short-
ened to approximately 140 days, especially over the last
ten years of directed breeding efforts.

The days to the first flower (DFF), days to the first boll
opening (DFBO), flower to boll opening period (FBOP),
the node number of the first fruiting branch (NNFFB),
and height of the first fruiting branch (HFFB) constitute
some of the scales used for determining early maturity
in cotton, along with others such as Bartlett’s index (BI),
the proportion of primary and secondary pickings to the
overall yield, earliness percentage (EP), mean maturity
date (MMD), and production rate index (PRI). The most
practical way to determine maturity is simply by juxta-
posing the yield of early harvests with the total seed cot-
ton yield harvested (Richmond et al., 1962). Notably, Ray
et al. (1966) preferred that NNFFB is the most precise
and advantageous over several morphological markers of
early maturity in cotton.

Early maturity in cotton is a complex quantitative
trait, characterized as being influenced by polygenes
and the environment. Accordingly, it becomes
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important to comprehend how the genotypes work
under a certain set of environmental conditions. This
understanding can be achieved by exploring genotype-
environment interactions (GEI) and stability analysis
of target traits. Multivariate selection indices, such as
the well-known Smith (1936) and Hazel (1943) indices,
can be utilized for the selection of genotypes. However,
Smith and Hazel indices were operated by inverting a
multicollinearity-problematic phenotypic covariance
matrix, which results in suboptimal selection of ben-
eficial genetic characteristics pursuant to diverse envi-
ronmental situations (Bizari et al.,, 2017; Rocha et al.,
2018; Burdon et al, 2019). The multi-trait stability
index (MTSI) (Olivoto et al., 2019b) and the multi-trait
genotype-ideotype distance index (MGIDI) (Olivoto
et al., 2021) were recently introduced indices that have
arisen as innovative tools for selecting superior geno-
types with enhanced performance under various envi-
ronmental conditions, while maintaining stability for
desirable traits. In light of this background, the cur-
rent work provides a framework for determining ideal
and early-maturing cotton genotypes under a range of
microclimate conditions by using the MTSI and MGIDI
indices for multi-trait stability analysis.

Materials and methods

Planting materials and field evaluation

The present investigation consisted of 20 G. hirsutum
genotypes of diverse origins with different plant statures.
The pedigree details, along with the special features of
the genotypes are presented in Table S1. These genotypes
were evaluated at the experimental fields of Agricultural
Research Station, Dharwad, Karnataka, India, which
aligns in the northern transitional zone (Zone 8) of Kar-
nataka (25°17’ N, 71°46’ E, and an altitude of 678 m above
mean sea level) during rainy season in 2021 (season 1)
and rainy season in 2022 (season 2) under three plant-
ing densities (Table 1). The experimental trial was carried
out by adopting a completely randomized block design
with two replications in each site. The seeds were hand
dibbled as per different planting densities with varying
plant-to-plant spacings of 15 cm, 30 c¢cm, and 60 cm as
described in Table 1. Each genotype was sown in 3 rows
with a row-to-row spacing of 60 cm in a 4.2 m long bed,
constituting a plot area of 7.56 m” The crop was raised
as per the recommended package of practices to attain a
good and healthy crop completely in rainfed conditions
with the fertilizer dose of 40 kg N, 20 kg P,O;, and 20 kg
K,O per hectare. Alongside, meteorological parameters
such as temperature, rainfall, and relative humidity were
noted during both crop seasons. The maximum and min-
imum temperatures were 35.40 °C and 13.20 °C, respec-
tively, and the average relative humidity was 66.40%
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Table 1 Description of the planting densities in 2021 and 2022

Row and plant spaces /cm Details of planting density Plants per hectare Designation
of planting
densities

60X 15 High density cultivation situation 11111 E1

60%30 Recommended cultivation situation 55555 E2,

60X 60 Sparse density cultivation situation, where hybrids are 27777 E3

grown in this geometry, usually

across crop seasons. The annual rainfall was 1 052.30 mm
and 1 101.64 mm during season 1 (2021) and season 2
(2022), respectively (Fig. S1).

Trait assessment

Various traits such as NNFFB and HFFB (cm) were
documented for five randomly selected uniform plants
at maturity. Phenological variables such as DFF, DFBO,
the percent of crop harvest at the first pick (PCH-1),
the percent of crop harvest at the first two picks (PCH-
2; percentage of the seed cotton yield harvested in com-
bined first and second pickings to total seed cotton yield
harvested), the percent of crop harvest at the last pick
(PCH-L; here indicated 5™ picking), BI (Bartlett, 1937),
EP (Attiea, 2020), MMD (Christidis et al., 1955), and PRI
(g-d™!) (Bilbro et al., 1973) were recorded on plot basis.

Statistical analysis

Pooled analysis and individual analysis for compo-
nents of variance were computed in each environment
using the “anova_joint” and “anova_ind” functions of
the “metan” package (Olivoto et al., 2020) in R studio
with R v.4.2.3 (R Core Team, 2021) to assess the sig-
nificance of random effects. A likelihood ratio test
(LRT) employing a two-tailed chi-square test with
four degrees of freedom was conducted. Levene’s test
of homogeneity of variance (Levene, 1960) was con-
ducted across planting densities using the ‘car’ pack-
age (Fox et al., 2019) in R studio with R v.4.2.3. Based
on the significance or non-significance of Levene’s test,
the decision to combine the data of individual environ-
ments from both crop seasons was made. Best linear
unbiased predictions (BLUP) were predicted to account
for random effects across years using “multi environ-
ment trial analysis with R” (META-R) v6.04 statistical
software (Alvarado et al., 2020). MTSI was employed
to categorize genotypes that matured early and were
stable for multiple traits. Within each test microcli-
mate, MGIDI was applied to find the genotypes with
early maturation under specific conditions, thereby
capitalizing on narrow adaptation. Further, the stability
analysis across three planting densities over two years

was accomplished using the “metan” package v.1.18.0
(Olivoto et al., 2020). The mean performance of geno-
types for various traits across seasons was depicted
through box plots, which were elucidated using the
“tidyverse v.2.0.0” package (Wickham et al., 2019) in R
studio with R v.4.2.3.

Following ideotype perception, the MTSI/MGIDI
involves rescaling of traits on a 0 to 100 scale. A value of
0 denotes the least valued trait, while 100 represents the
most valuable and desired trait. This rescaling facilitated
the definition of an ideotype, as proposed by Donald
(1968).

Mean performance and stability of multiple traits

The preliminary phase was to perform a stability analy-
sis and acquire the weighted average of absolute scores
(WAASB) from the singular value decomposition (SVD)
of the matrix of BLUP for the GEI effect (Olivoto et al.,
2019a) for the individual genotypes. Subsequently, both
the mean performance of early maturity indicators and
the WAASB index stability values were rescaled to the
range of 0 to 100, where 0 depicts the most undesirable
value (e.g., the genotype with the most days to first flow-
ering will have the lowest rescaled value of 0), and 100
for the most anticipated value (Olivoto et al., 2019a). The
rescaled value of a given trait for the i genotype and the
j trait for both mean performance (rY;) and stability
(rW)) is given by Olivoto et al. (2019a). The genotype with
a rescaling value of 100 for all the preferred traits repre-
sents the ideal genotype. For traits such as DFF, DFBO,
NNFEB, HFFB, PCH-L, and MMD where negative gains
are desired, we considered the original maximum and
minimum values to be 0 and 100, respectively. However,
for traits PCH-1, PCH-2, EP, BI, and PRI, where positive
gains are desired, the original maximum and minimum
values were considered to be 100 and 0, respectively.

The WAASB index

To determine the mean performance and stability of each
trait, the WAASB index (Olivoto et al., 2019a) was calcu-
lated as per the formula.



D S Raj et al. Journal of Cotton Research (2024) 7:25

(rY; x 0y) + (W; x Ow)

WAASBY; = e
Y w

where, WAASBY, is the superiority index for the i geno-
type; rY; is the rescaled values (0 to 100) for the response
trait (Y); rW;, is the rescaled values (0 to 100) for stabil-
ity (WAASB); 0, is the weight of mean performance
(e.g., days to first flowering); 6y, is the weight of stability
(WAASB).

In the current analysis, we regarded higher weight for
mean performance at the expense of stability. A two-
way table comprising the WAASBY index of individual
genotypes studied for each trait (rX;) was acquired and
used to calculate the eigen values and vectors (Benakana-
halli et al., 2021). The initial loadings were attained con-
sidering only the factors with eigen values>1. Besides,
varimax rotation criteria (Kaiser, 1958) was applied for
determining the final loadings.

Ideotype prediction and MTSI index
The MTSI value (Olivoto et al., 2019b) was obtained
using the equation given below:

f 0.5

MTSI; = | Y (Fj — F)?
j=1

where, MTSI, is the multi-trait stability index of the i
genotype; F; is the j™ score of the i genotype; F;is the i
score of the ideotype; and fis the number of factors. The
genotype with the lowest MTSI value would be closer to
the ideotype and portray higher mean performance and
stability for the variables. The “waasb” and “mtsi” func-
tions in “metan” package (Olivoto et al., 2020) were uti-
lised to determine the MTSI index.

Multiple-trait mean performance within each planting
densities

The genotypes with superior performance for the major-
ity of the traits under each planting density were selected
using MGIDI (Olivoto et al., 2021). The rescaled matrix
used for factor analysis in the MGIDI was acquired with
the BLUP for the mean performance of the genotype, in
contrast to the WAASB (both mean performance and
stability) in the MTSI. However, MGIDI and MTSI share
the same mathematical foundations (trait rescaling, fac-
tor analysis computation, and the distance of each gen-
otype to the ideotype). The genotype representing the
desired values for all of the examined features within
each environment is thus closest to the genotype with the
minimal MGIDIL The MGIDI for the i genotype (MGIDI,)
was calculated as follows:

Page 4 of 13

S
MGIDI; = | > (v; —v))?
j=1

where, y;; is the score of the i genotype for the j™* fac-
tor (i=1,2, ..., & j=1,2, ..., f); ; is the /™ score of the
ideotype. The strengths and weaknesses of the genotypes
within each environment were calculated as follows,

2
Dij
wjj = 71[
2
> VP;
j=1
where, w; is the MGIDI index of the i genotype

explained by the j* factor; and Dzli is the distance
between the i genotype and ideotype for the /™ factor.

Traits approaching the ideotype were indicated by
factors with low contributions. To calculate the MGIDI
index, the “gamem” and “mgidi” functions in “metan”
package (Olivoto et al., 2020) were used. The broad-sense
heritability (k%) was estimated using the formula out-
lined by Allard et al. (1964). The broad-sense heritability
based on genotypic mean performance (42,) was deter-
mined as follows:

mg)

3
qga
o OQQN

o} + L+

i
e

o |Q
S™

where, 02g4 0%; and ¢, are the variances related to geno-
types, genotype—environment interaction, and error
terms, respectively; and e and b indicates the number of
environments and blocks per environment, respectively.
The selection differential (AS) was calculated based on the
mean of the selected parents (Xs) and the mean of the origi-
nal population before selection (X,) (Falconer et al., 1996).

AS(%) = [(Xs — Xo)/Xo] x 100

Results

Mean performance and analysis of variance

The ANOVA results revealed that DFF, DFBO, PCH-1,
PCH-2, PCH-L, BI, EP, and PRI were significantly dif-
ferent (P<0.05) across planting densities (Table S2).
The variation among the 20 genotypes for all traits
under study is shown in Fig. 1. Regardless of envi-
ronments and genotypes, DFF ranged from 65.33
to 83.67 days, and DFBO ranged from 120.00 to
137.67 days. The maximum variability was perceived
for PCH-2 and EP among the genotypes, while the least
variation was observed for BI and NNFFB. The highest
coefficient of variation (CV) was PCH-L (105.04%)
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Fig. 1 Box plot depicting the variation for different traits of 20 cotton genotypes under three environments used in this study. Bl: Bartlett's index,
DFBO: Days to first boll opening (days), DFF: Days to first flower (days), EP: Earliness percentage, HFFB: Height of the first fruiting branch (cm), MMD:
Mean maturity date, NNFFB: Node number of the first fruiting branch, PCH-1: Percent crop harvest at the first pick, PCH-2: Percent crop harvest

at the first two picks, PCH-L: Percent crop harvest at the last pick, PRI: Production rate index (g-d™")

with a range of 0.00 to 16.69%, followed by PCH-1
(55.38%), and EP (43.47%), while the least CV was evi-
dent in DFBO (3.01%) (Table 2). The results highlighted
sufficient variation among genotypes for the diverse
characters under the study. Further, the mean perfor-
mance of each genotype in each environment was rep-
resented in Table S3-S8.

Variance components and likelihood ratio test

The LRT revealed significant effects due to GEI for DFF,
PCH-1, PCH-L, BI, EP, and PRI. Across the traits, nearly
32% of the phenotypic variance was due to the geno-
typic variance. For traits such as DFF, DFBO, PCH-1,
PCH-2, HFFB, and EP, the contribution from genotypic
variance was higher than the GEI variance. Most traits
exhibited medium heritability (4*,>0.30) except for
NNFFB, HFFB, MMD, and PRI. The genotypic selection
accuracy (AS) values ranged from 0.72 (HFFB) to 0.94
(DFE, DFBO, PCH-1, PCH-2, and EP). PCH-L recorded
the highest genotypic coefficient of variation (CV,). The
GEI effects (Rzge) were relatively higher for DFF, PCH-
1, PCH-L, and PRI, indicating the GEI as an important
component of the phenotypic variance (Table 2).

Genotype selection across the test environments using
MTSI

Correlation among traits

PCH-2, EP, and PCH-1 showed significant negative cor-
relations with DFF, DFBO, PCH-L, and MMD. BI, PRI,
DFBO, and NNFFB were negatively correlated with
PCH-L and MMD. PCH-1, PCH-2, BI, EP, and PRI were
positively correlated with each other. MMD and PCH-L
displayed significant positive correlation (r=0.61)
(Fig. 2). The associations among the morphological traits
in each environment were provided in Fig. S2.

Loadings, factor delineation, and selection gain

Factors with eigenvalues>1 were retained. Eleven
traits in this study with significant variation under
each planting density were grouped into three factors,
accounting for 72.48% of the total variation (Table 3).
After proper varimax rotation, the mean communality
was 0.72, indicating that the greater ratio of each trait
variance was influenced by the three factors. FA1 clus-
tered DFF, DFBO, PCH-2, PCH-L, BI, and MMD; FA2
grouped HFFB, NNFFB, and PRI; and FA3 grouped
PCH-1 and EP (Tables 3 and 4). Three early maturing
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Table 2 Likelihood ratio test, deviance analysis, genetic parameters, and variance components for 11 morphological traits evaluated
in 20 cotton genotypes

Parameter DFF DFBO PCH-1 PCH-2  PCH-L BI HFFB NNFFB  EP MMD PRI
SE 021 0.25 021 067 021 0.00 020 006 038 038 0.11
CV/% 424 301 5538 2643 105.04 9.02 16.73 1643 4347 398 19.30
o, 763 509 9.14 7116 503 0.00 536 052 30.16 1939 157
o, 357 226 457 29.12 166 0.001 0.50 008 1357 315 039
e 141 0.52 042 203 587 269 00002 072 001 348 0.50
%, 047 044 0.50 041 033 041 009 015 045 0.16 025
GEIR? 0.19 0.10 0.22 008 054 0.12 0.14 003 012 003 036
g 089 089 089 088 077 087 052 068 089 0.69 073
AS 094 094 094 094 088 093 0.72 082 094 083 085
R 035 0.19 044 0.14 080 020 0.15 003 021 003 049
v, 248 117 36.81 13.77 4174 399 384 524 2754 121 6.96
v, 214 118 27.49 1535 2665 432 1099 1210 27.07 2.70 861
v /Cv, 116 099 134 090 157 092 035 043 102 045 081
LRT,, 1371 367 2334 206 11145 410 236 0.10 473 0.10 28.79

P-value 21%x10% 555%x1072 136x10° 151x107 471x107%° 428x1072 1.24x107" 756x107" 296x1072 7.53x107" 807x1078

SE Standard error, CV Coefficient of variation, 02p Phenotypic variance, 02g Genotypic variance, azge GEl variance, h%,; Broad sense heritability, GE/ R? GEI coefficient of
determination, hzmg Heritability of genotypic mean, AS Accuracy of genotype selection, Rzge Association among genotypic values across environments, CV,; Genotypic
coefficient of variation, CV, Residual coefficient of variation, LRT,, Likelihood ratio test for GE interaction, P-value Probability value, DFF Days to first flower, DFBO

Days to first boll opening, PCH-1 Percent crop harvest at the first pick, PCH-2 Percent crop harvest at the first two picks, PCH-L Percent crop harvest at the last pick,

Bl Bartlett’s index, HFFB Height of the first fruiting branch, NNFFB Node number of the first fruiting branch, EP Earliness percentage, MMD Mean maturity date, PR/
Production rate index

Table 3 Factor loadings obtained using varimax rotation and
communalities resulting from the factor analysis

Factor FA1 FA2 FA3 Communality Uniqueness
Pearson's . PCH-L components
Correlation
-0.01 0.01 HFEB Eigenvalues 492 173 132 - -
n - 0 O”ZS 0”:3 Variance/% 4471 1576 1201 - -
1.0 05 00 05 1.0 wew wew we DFBO Cumulativevari- 4471 6047 7248 - -
.-0.21 0.15 015 pEF ance/%
i I DFF 064 000 047 063 037
030 051 0.03-021-019 NNFFB  DFBO 053 013 051 055 045
015 -0.24 0.16 0.06 067 g PCH-1 034 -024 080 081 0.19
Yo ns PCH-2 094 -002 -0.11 089 0.11
.-On-; 1 R0 S0R02TREEREE PCH-2 PCH-L 071 008 047 074 026
0.50 0.06 -0.31 0.12 0.10 -053 0.57 pR| BI -087 004 020 080 0.20
ns ™t ns ns [EEE HFFB 002 -085 -002 072 0.28
0.17 0.43 0.42 -0.05 -0.51 -0.38 -0.05 -0.28 -0.30
wo' [kn wes | | wem wee s s s EP NNFFB 005 -075 017 060 040
. 0.37 .'-0.05 -0.58 0.36 0.12 043 -045 pCH.1 EP -006 -002 093 086 0.14
ns [T ons o MMD 066 -025 046 071 0.29
LR R KL O L >® PRI 029 056 052 066 034
< < QOQ\ %Q(( 3 0(<Q7 Qg‘( QOQ ®®
< DFF Days to first flower, DFBO Days to first boll opening, PCH-1 Percent crop
Fig. 2 Pearson’s correlation between eleven early maturity related harvest at the first pick, PCH-2 Percent crop harvest at the first two picks, PCH-L
traits. DFF: Days to first flower, DFBO: Days to first boll opening, PCH-1: Percent crop harvest at the last pick, Bl Bartlett’s index, HFFB Height of the first

fruiting branch, NNFFB Node number of the first fruiting branch, EP Earliness

Percent crop harvest at the first pick, PCH-2: Percent crop harvest - ! °
percentage, MMD Mean maturity date, PRI Production rate index

at the first two picks, Bl: Bartlett's index, HFFB: Height of the first
fruiting branch, NNFFB: Node number of the first fruiting branch,

MMD: Mean maturity date, EP: Earliness percentage, PRI: Production cotton genotypes, namely, NNDC-30 (MTSI-2.20),
rate index, PCH-L: Percent crop harvest at the last pick, *: P<0.05, **: A-2 (MTSI-2.31), and S-32 (MTSI-2.66) were selected
P<0.01,** P<0.001, ns: P=0.05 o B ’ .

) ) s based on the MTSI ranking (Table S13), presuming
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Table 4 Traits measured and selection differential for the WAASBY index of 20 cotton genotypes using MTSI approach

Character Factor X, X SD PSD/% SG PSG/% Indicators
DFF FA'1 76.12 7437 -1.75 -2.30 -1.55 -2.04 Decrease
DFBO FA 1 128.95 127.39 -1.56 -1.21 -1.39 -1.08 Decrease
PCH-2 FA 1 39.18 4442 5.24 13.38 461 .77 Increase
PCH-L FA1 3.09 217 -0.91 -29.59 -0.70 -22.69 Decrease
BI FA 1 0.66 0.69 0.03 4.60 0.03 4.02 Increase
MMD FA 1 147.05 144.85 -2.20 -1.50 -1.53 -1.04 Decrease
HFFB FA 2 18.49 18.26 -0.22 -1.20 -0.12 -0.63 Decrease
NNFFB FA 2 541 517 -0.24 -4.45 -0.16 -2.98 Decrease
PRI FA 2 9.02 9.31 0.29 3.22 0.21 2.35 Increase
PCH-1 FA 3 5.81 8.12 232 39.91 2.07 3561 Increase
EP FA 3 13.38 16.83 3.46 25.84 3.08 23.00 Increase

X, Mean of the original population, X; Mean of the selected genotypes, SD Selection differential, PSD Percent selection differential, SG Selection gain, PSG Percent
selection gain, DFF Days to first flower, DFBO Days to first boll opening, PCH-2 Percent crop harvest at the first two picks, PCH-L Percent crop harvest at the last pick, B/
Bartlett’s index, MMD: Mean maturity date, HFFB Height of the first fruiting branch, NNFFB Node number of the first fruiting branch, PRI Production rate index, PCH-1
Percent crop harvest at the first pick, EP Earliness percentage
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Fig. 3 A Genotype ranking based on the MTSI. Selected genotypes are highlighted in red. The scale in the radar plot represents the MTSI

score. The red circle represents the threshold MTSI score, and inner circle next to the threshold circle represents the smallest value of the scale,
and the innermost circle represents the highest value of the scale. B The strengths and weaknesses of genotypes are presented as the proportion
of each factor on the computed MTSI. Scale represented in the strength and weaknesses plot depicts the contribution of factors. Immediate inner
circle of the low contributing factor edge corresponds to the smallest scale value, and innermost circle corresponds to the highest scale value

. Nonselected . Selected

15% selection intensity (Fig. 3). The MTSI value of
2.66 represented the cut-off point (Fig. 3A, red circle).
Hence, in the forthcoming research, it would be desir-
able to explore the performance of these three geno-
types nearer or closer to the basepoint. The percent
selection differential (PSD) for the eleven traits ranged

from —29.59% (PCH-L) to 39.91% (PCH-1). The traits
such as DFF, DFBO, PCH-1, and EP exhibited the
highest heritability (89%), followed by PCH-2 (88%)
(Table 2). The negative selection gains were displayed
by DFF, DFBO, PCH-L, MMD, HFFB, and NNFFB
(Table 4).
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Interpretation of the strengths and weaknesses of the chosen
genotypes

The radar plot (Fig. 3B) illustrated the strengths and
weaknesses of the stable early maturing accessions pre-
dicted across the three planting densities. The factors
that contributed the most were placed toward the centre,
while those that contributed less were drawn near the
plot edge. The strengths and weaknesses of the accessions
showed that the first factor (FA1) had the highest contri-
bution to accession NNDC-30, while FA2 had the highest
contribution to accession S-32, and FA3 had the highest
contribution to S-32 and NNDC-30. The weakness of
S-32, however, was related to FA1.

Selection within the environment using MGIDI

Given that Levene’s test of homogeneity revealed the
non-significance for the majority of the studied traits in
similar environments over two seasons (Table S9), fur-
ther interpretations were proceeded using BLUP values.
The genotype had a highly significant effect (P<0.05) for
some of the studied traits under E1, E2, and E3 (Table 5).
The proportions of total variation explained by genotype,
replication, and residuals under individual environments
were shown in Table S10. The accuracy of genotype
selection for the studied traits ranged from 0.20 (HFFB)
to 0.93 (EP) in E1; 0.14 (HFFB) to 0.90 (DFF, DFBO, and
PCH-1) in E2, and 0.22 (HFFB) to 0.91 (NNFFB) in E3.
Several traits (DFF, DFBO, PCH-1, and EP) showed high
heritability on a genetic mean basis (h2mg>0.50) in the
three planting densities.

Loadings and factor descriptions for MGIDI

According to the final loadings obtained from principal
component analysis followed by exploratory factor anal-
ysis, two factors contributing 82.15% and 77.46% of the
total variability were retained at 60 cm x30 cm (E2) and
60 cm X 60 cm (E3) spacings, respectively. However, three
factors with 84.80% of the total variability were retained
under 60 cmXx 15 cm spacing (E1) (Table S11). Among
three factors retained in E1, FA1 included DFBO, PCH-1,
PCH-2, PCH-L, BI, EP, and MMD; FA2 included NNFFB
and HFFB; and FA3 included DFF and PRI. Under E2, all
the traits were retained in FA1l except for NNFFB and
PRI which belonged to FA2. Under E3, HFFB and NNFFB
belonged to FA2, and the remaining nine traits belonged
to FA1 (Table S12).

MGIDI and selection gains

Three genotypes were selected in each environment
according to the MGIDI by assuming a selection index
of 15%. ESS-20 (MGIDI=1.67), ESS-3 (MGIDI=1.69),
and Sahana (MGIDI=1.92) genotypes were selected in
E1 (Fig. 4A); ESS-3 (MGIDI=1.57), S-32 (MGIDI=1.65),
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and DSC-1651 (MGIDI=1.68) genotypes were selected
in E2 (Fig. 4B); NNDC-30 (0.67), Sahana (0.87), and
ESS-20 (0.95) genotypes were selected in E3 (Fig. 4C,
Table S13).

The selected genotypes in each studied environment
resulted in desired selection gains (SGs) for the mean
performance of all the included traits, i.e., negative SGs
for DFF, DFBO, PCH-L, NNFFB, HFFB, and MMD,
and positive gains for PCH-1, PCH-2, BI, EP, and PRI
(Table S12). The contribution of each factor to the dis-
tance from MGIDI to the ideotype (ID) in all the environ-
ments was shown in Table S13.

Strength and weakness view of selected early maturing
genotypes under each test environment

A view of strength and weakness under E1 revealed that
FA1 had the highest contribution to Sahana, while FA2
had the highest contribution to ESS-20, and FA3 had the
highest contribution to ESS-3 (Fig. 4D). In E2, the con-
tribution of FA1 was the highest towards DSC-1651, and
FA2 was the greatest towards S-32 (Fig. 4E). The selected
genotype NNDC-30 in E3 had the highest contribution
from FA1l. FA2 had a greater contribution towards the
selection of Sahana (Fig. 4F).

Discussion

This study focused on evaluating the performance of 20
upland cotton genotypes at various planting densities
across two years in relation to 11 traits associated with
early maturity. Specifically, this study focused on traits
such as the number of days it took for the first flower and
boll opening, the percentage of primary and secondary
crop harvests, and other characteristics that contribute to
early maturity. These assessments are crucial for identify-
ing genotypes that exhibit early maturation and possess
a favourable combination of traits suitable for various
target environments. Such genotypes can be valuable for
future cotton breeding programs. To develop cotton gen-
otypes that consistently mature early in different environ-
mental conditions (created by varied spacings here), it is
important to thoroughly grasp how a genotype interacts
with the environment. This understanding was empha-
sized by GEI (Comstock et al., 1963). In light of this, this
study employed advanced multivariate techniques, spe-
cifically the MTSI and MGIDI.

Our findings indicated that both environment and
GEI had significant effects on traits such as DFF, DFBO,
PCH-1, PCH-L, EP, BI, and PRI. This variability in
genotype mean performance across different environ-
ments can be attributed mainly to the diversity among
genotypes. Such diversity offers a substantial amount
of variation, which makes the selection process more
manageable and effective. A non-significant interaction
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Table 5 Likelihood ratio test and genetic parameters for eleven traits
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using 20 cotton genotypes studied in three environments

Trait Genetic parameters
0%, a2, 7, %y, h g AS v, v, Cvy/ v, LRT,
E1
DFF 344 1.67 5.12 0.67 0.80 0.90 243 1.69 143 145"
DFBO 1.39 0.85 2.23 0.62 0.77 0.88 0.91 0.71 1.28 9.24"
PCH-1 2.71 118 3.89 0.70 0.82 091 33.33 22.05 1.51 1256"
PCH-2 748 2241 29.89 0.25 0.40 0.63 6.71 11.61 0.58 123
PCH-L 0.76 4.30 5.05 0.15 0.26 0.51 28.89 68.84 042 043
BI 0.00 0.00 0.00 0.54 0.70 0.84 3.69 342 1.08 648"
HFFB 0.01 045 0.46 0.02 0.04 0.20 048 336 0.14 0.01
NNFFB 0.01 0.02 0.03 0.41 0.58 0.76 1.94 2.34 0.83 347
EP 851 2.55 11.06 0.77 0.87 0.93 27.20 14.90 1.83 17017
MMD 0.70 1.69 240 0.29 045 0.67 0.58 0.89 0.64 1.71
PRI 049 0.52 1.01 048 0.65 0.81 7.28 7.51 0.97 509"
E2
DFF 2.70 132 4.02 0.67 0.80 0.90 219 1.54 143 11377
DFBO 1.14 0.51 1.65 0.69 0.82 0.90 0.83 0.56 1.50 1238
PCH-1 571 2.83 8.55 0.67 0.80 0.90 34.66 2441 142 11.24"
PCH-2 1091 17.49 2840 0.38 0.55 0.74 7.62 9.65 0.79 3.03
PCH-L 0.22 0.88 1.10 0.20 033 0.58 2440 48.74 0.50 0.78
BI 0.00 0.00 0.00 0.62 0.77 0.88 261 2.04 1.28 925"
HFFB 0.00 0.10 0.10 0.01 0.02 0.14 0.16 1.64 0.10 0.00
NNFFB 0.00 0.09 0.09 0.01 0.03 0.16 0.64 559 0.12 0.00
EP 3.39 453 7.92 043 0.60 0.77 12.74 14.71 0.87 386
MMD 0.17 1.53 1.71 0.10 0.18 043 0.28 0.84 033 0.19
PRI 0.18 0.71 0.89 0.20 0.34 0.58 4.38 871 0.50 0.79
E3
DFF 112 1.76 2.87 0.39 0.56 0.75 1.37 1.72 0.80 3.1
DFBO 1.14 0.99 213 0.54 0.70 0.84 0.83 0.77 1.07 642"
PCH-1 2.04 245 449 0.45 0.63 0.79 25.60 28.03 091 440"
PCH-2 6.89 14.63 21.52 032 048 0.70 7.85 11.45 0.69 2.05
PCH-L 0.77 530 6.08 0.13 0.23 048 2033 53.18 038 0.31
BI 0.00 0.01 0.01 0.09 0.17 042 046 142 032 017
HFFB 0.03 1.34 137 0.02 0.05 0.22 1.12 7.03 0.16 0.01
NNFFB 0.00 0.00 0.00 0.72 0.84 091 2.21 1.38 1.59 13737
EP 9.29 10.84 2013 0.46 0.63 0.79 2040 2203 093 455"
MMD 0.51 1.28 1.79 0.29 044 0.67 048 0.76 0.63 161
PRI 0.07 0.27 0.34 0.21 0.35 0.59 343 6.64 0.52 0.86

0%, Genotypic variance, 0%, Residual variance, 6, Phenotypic variance, h%,; Broad sens

e heritability, hz,,,g Heritability of genotypic mean, AS Accuracy of genotype

selection, CV, Genotypic coefficient of variation, CV, Residual coefficient of variation, LRT, Likelihood ratio test for genotypes, DFF Days to first flower, DFBO Days to
first boll opening, PCH-1 Percent crop harvest at the first pick, PCH-2 Percent crop harvest at the first two picks, PCH-L Percent crop harvest at the last pick, B/ Bartlett’s
index, HFFB Height of the first fruiting branch, NNFFB Node number of the first fruiting branch, EP Earliness percentage, MMD Mean maturity date, PRI Production rate

index
"P<0.01,*P<0.05

effect on the earliness index under various environ-
ments has also been reported by earlier research-
ers (Dewdar, 2013; Stoilova et al.,, 2002; Mukoyi et al,,
2015). We found a significant GEI for PCH-1 in this
study, which was consistent with the results of Shah
et al. (2005), Gibely et al. (2015), and Al-Obaidi et al.

(2023). Further, Shah et al. (2005) evaluated cotton gen-
otypes in 12 environments through three planting spac-
ings (45, 30 and 15 cm between plants) and two sowing
dates over two years to assess phenotypic stability for
the earliness index based on the research of Eberhart
et al. (1966).
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Fig. 4 Genotype ranking in ascending order for the MGIDI index tested under E1 (A)1, E2 (B) E2, and E3 (C), with selection intensity of 15% (red
circle). Selected genotypes are highlighted in red. The scale in the radar plot represents the MGIDI score. The red circle represents the threshold
MGIDI score, and inner circle next to the threshold circle represents the smallest value of the scale, and the innermost circle represents the highest
value of the scale. Strength and weakness view of the stable genotypes identified across three environments, shown as the proportion of each
factor on the computed MGIDI index under E1 (D), E2 (E), and E3 (F). Scale represented in the strength and weakness plot depicts the contribution
of factors. Immediate inner circle of the low contributing factor edge corresponds to the smallest scale value, and innermost circle corresponds

to the highest scale value

The influence of planting density on the expression of
traits was evident from the average performance of these
traits under various environments. Some of the outliers
observed in the box plots representing the recorded traits
were likely a result of interactions between genotypes
and the microclimate conditions created. By compre-
hending the strength and direction of correlations among
the traits studied and how these correlations change
in conjunction with a variability parameter, breeders
can enhance specific traits that lead to simultaneous
improvement in other characteristics. Positive relation-
ships among PCH-1, PCH-2, BI, EP, and PRI and their
negative associations with DFF and DFBO were previ-
ously reported by Godoy et al. (1999), Imran et al. (2011),
Song et al. (2012), Amna et al. (2013), and Valu (2021).
Therefore, these traits can serve as key indicators for
selecting genotypes with early maturity.

The majority of plant breeders have applied classic
stability indices such as mean, regression, and deviation

from regression parameters to choose stable genotypes.
However, these statistical tools were insufficient for
identifying strengths and weaknesses of genotypes and
selecting those with the desired mean performance and
stability (Bhering et al., 2012). Multiple trait selection
indices, such as the MTSI and MGIDI evaluation sys-
tems, were found to be novel and unique techniques that
have many practical applications in plant breeding prac-
tices (Abdelghany et al., 2021; Benakanahalli et al., 2021;
Hadou el hadj et al., 2022; Yue et al., 2022a, b; Mezzomo
et al., 2023; Singamsetti et al., 2023). Thus, the MTSI and
MGIDI methods have proven to be robust tools for iden-
tifying genotypes with favoured average performance
and desired specific traits, as well as for evaluating the
strengths and weaknesses of selected and unselected gen-
otypes without the issue of multicollinearity. This process
maintains the original correlation structure of the data,
while simultaneously identifying superior genotypes
based on multiple traits (Olivoto et al., 2019b).
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To carry out this rescaling technique, a specific selec-
tion direction is needed. All agronomic traits were
adjusted to a scale ranging from 0 to 100. In this analysis,
eleven traits were condensed into a few final latent vari-
ables (factors), with each variable having maximum trait
loadings. This approach was used separately for different
conditions, such as MTSI across three planting densities,
and MGIDI in E1, E2, and E3. Based on the MTSI results,
cotton genotypes NNDC-30, A-2, and S-32 were selected
as early maturing ones because they exhibited the desired
combination of mean performance and stability across
several traits, including DFF, PCH-1, BI, PCH-2, MMD,
and EP across three planting densities. According to
MGIDI analysis, the chosen genotypes were ESS-20, ESS-
3, and Sahana in E1; ESS-3, S-32, and DSC-1651 in E2;
NNDC-30, ESS-20, and Sahana in E3, indicating their
suitability for the respective planting conditions. Nota-
bly, NNDC-30 occupied a pivotal position with note-
worthy characteristics that could be beneficial in future
breeding programs with its wide adaptability to varied
planting densities. Similarly, MTSI analysis has been suc-
cessfully employed to identify sixteen stable lines with
lower shoot fly damage in barnyard millet (Padmaja et al.,
2022), drought tolerant wheat (Nardino et al., 2022; Pour-
Aboughadareh et al., 2021) and chickpea lines (Hussain
et al., 2021), drought- and salinity-tolerant soybean gen-
otypes (Zuffo et al,, 2020), and determination of quality
traits in Brassica spp. (Bocianowski et al., 2019).

MGIDI, which offers a perspective on strengths and
weaknesses, serves as a valuable graphical tool for dis-
cerning how tested genotypes perform in terms of traits
that need improvement. For instance, under high-density
planting conditions, the lower contribution of FA1l to
Sahana indicated its high performance in terms of DFBO,
PCH-1, PCH-2, and other traits retained in FA1l. This
inference can also be attributed to the greater contribu-
tion of FA1 to NNDC-30 in MTSI A similar approach
was used by Gabriel et al. (2019) and Olivoto et al. (2021)
who studied the strength of 13 strawberry cultivars. In
another study, Benakanahalli et al. (2021) proposed a
framework to identify promising guar genotypes with
productive traits such as gum and seed yield across
three seasons, employing MGIDI. Similarly, Singamsetti
et al. (2023) and Mezzomo et al. (2023) also proposed
MGIDI as a powerful tool in developing better selection
strategies for the development of climate-resilient maize
hybrids and lines, respectively, by evaluating under vari-
ous moisture and drought conditions. Notably, MGIDI-
based analysis with varying plant spacings has already
been demonstrated in quinoa by Ahmed et al. (2023).
Our study represents an example of using MGIDI in
upland cotton, providing a framework for identifying
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early-maturing ideotypes suitable for various planting
densities.

Conclusion

The results from the present investigation suggested that
the selection of early maturing cotton genotypes based on
multi-factorial analysis is effective and that most poten-
tial and wide adaptive cotton genotypes are influenced by
planting density, genetic factors, and their interactions
(GEI). The multi-trait framework provided by MTSI sug-
gested that three genotypes, namely NNDC-30, A-2, and
S-32, exhibited good and stable performance with early
maturation. The evaluation of a genotype’s strengths
and weaknesses within each environment using MGIDI
identified genotypes suitable for a particular planting
density. This technique highlights the significance of an
ideal genotype characterized by enhanced morphologi-
cal quantitative traits, such as days to the first flower and
boll opening, crop yield harvested at the first, second,
and last pick, Bartlett’s index, earliness percentage, and
production rate index. This approach not only optimizes
the utilization of resources and time, but also contributes
significantly to the sustainability of cotton breeding pro-
grams on a global scale.

Abbreviations
B Bartlett's index

DFBO Days to first boll opening

DFF Days to first flower

EP Earliness percentage

GEl Genotype-environment interaction

HFFB Height of the first fruiting branch

LRT Likelihood ratio test

MGIDI  Multi-trait genotype-ideotype distance index

MMD Mean maturity date
MTSI Multi-trait stability index

NNFFB  Node number of the first fruiting branch
PCH-1 Percent crop harvest at the first pick
PCH-2  Percent crop harvest at the first two picks
PCH-L  Percent crop harvest at the last pick

PRI Production rate index
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