
Abstract
Understanding the impact of genotype, environment and their interaction on the expression of quality attributes aids in precise 
selection for improving wheat quality in breeding programmes. The present study analyzed 41 diverse wheat genotypes grown at 
three different environments during rabi 2019-20 for 15 quality traits. Location Indore showed high genotypic performance for most 
of the traits, followed by Delhi, indicating favorable environments for quality trait expression. AMMI and pooled ANOVA analyses 
revealed significant E+GEI effects for Fe (89.14%), Zn (87.68%), test weight (76.97%), and grain protein content (75.43%). Polyphenol 
oxidase activity (87.42%) and sedimentation value (66.35%) showed strong genotypic effects, highlighting substantial genetic diversity 
influencing these traits. GGE biplot analysis identified C306 (G34), C273 (G38), C518 (G39), and C591 (G40) as the best-performing and 
stable genotypes across locations for grain protein content, gluten components traits, Fe, Zn, and grain hardness. AEC view of GGE 
biplot highlighted ideal genotypes C273 (G38) and C518 (G39) for falling number, GW322 (G35) and C518 (G39) for damaged starch, and 
C306 (G34), CS46 (G10), and C591 (G40) for total sugars. C273 (G38), C518 (G39), C591 (G40), and C306 (G34) were identified as highly 
desirable for multiple quality traits, showcasing their value as parents for simultaneous improvement in wheat breeding programme.
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end product quality (Reynolds and Braun 2022). Proteins 
are amongst the most studied components of wheat (Orth 
1972). The quantity of protein in grain is only moderately 
inherited and highly reliant on the environment, particularly 

Introduction
Wheat (Triticum spp.) is a most important leading cereal food 
grain crop produced, consumed and traded around the 
world, including India and it plays a vital role in food security 
and nutrition (Shiferaw et al. 2013). In recent decades, India’s 
wheat production has increased significantly, and this 
trend has continued in recent years. Wheat covers 30.54 
million hectares with a production of 112.18MT during the 
rabi 2022-23 and contributes roughly 34% of India’s total 
food grain basket (Indian statista. 2022-23). The ability to 
produce distinctive food products and the increasing intake 
of them as a result of industrialization and modernity are the 
main drivers of increased worldwide demand for wheat. In 
particular, the special qualities of the gluten protein fraction 
make it possible to process wheat to make bread, noodles, 
chapati, pasta and, biscuits etc. (Shewry and Hey 2015; 
Chaudhary et al. 2016).

Wheat end-use quality is determined by an array of 
physico-chemical parameters of grain, refined and whole 
wheat flour. Wheat grain primary components such as 
proteins, lipids and carbohydrates significantly define the 
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the amount of nitrogen in the soil and the amount of 
moisture during the crop growth stages (Bushuk 1997). 
Gluten constitutes the major portion of the wheat protein, 
responsible for the visco-elasticity properties of flour/
dough (Sapirstein and Fu, 1998; Shewry and Tatham 1990). 
The gluten strength is most important quality parameter 
of wheat flour measured by several methods including 
sedimentation test and it determines the wheat suitability 
for specific product making. 

The conventional parameters for determining grain 
physical quality are the grain component traits such as test 
weight, thousand kernel weight, and grain hardness. They 
play a significant role in the grading of wheat types and 
influence the flour recovery, potential processing quality and 
milling quality of grains (Wang and Fu 2020). Grain hardness 
determines the grain’s resistance to breaking, milling 
efficiency, water absorption, and baking quality (Pasha et al. 
2010; Kundu et al. 2017). Despite being a heritable feature, 
grain hardness can be significantly impacted by unusual 
weather, such as excessive amounts of rainfall during harvest 
(Bushuk 1997). Softer-textured wheat kernels are easier to 
break, resulting in finer flour with less starch damage. They 
are suitable for pastries and cookies due to their poor water 
absorption. Conversely, harder-textured grains are more 
difficult to crush, leading to coarser flour with more starch 
damage. They have greater water absorption capacity and 
are better suited for bread and chapati making (Guzmán 
et al. 2022). Ash content reflects the degree of separation 
between bran, germ, and endosperm during milling. Higher 
ash content indicates less refined flour, while lower ash 
content suggests higher refinement (Piironen et al. 2009). 
Polyphenol oxidase (PPO), an enzyme found in the wheat 
grain’s outer layers, contributes to undesirable browning and 
discoloration of end products (Hemalatha et al. 2007; Harisha 
et al. 2023). Factors such as wheat type, cultivar, milling 
fractions, growing region, and year contribute to variations 
in ash content and PPO activity (Park et al. 1997; Piironen et 
al. 2009; Harisha et al. 2023). The falling number measures 
alpha-amylase activity in flour and indicates sprout damage 

(Mathewson and Pomeranz, 1978). A high falling number 
indicates minimal enzyme activity and sound quality of 
wheat flour, while a low falling number indicates significant 
enzyme activity and sprout damage in wheat flour.

The wheat quality parameters are physiologically 
complex in nature and are governed by polygenes. Studies 
on environmental influences and the interaction of genotype 
with environment are limited for certain quality traits while 
others, like protein content, are well studied. Environmental 
effect is often greater than genetic effect for expressing 
quality traits (Daniel et al. 2000; Rharrabti et al. 2001). A few 
of these characteristics could be soil type, fertilizer content, 
particularly nitrogen (Abedi et al. 2011), rainfall distribution 
(Faridi et al. 1989), and late-season variables (Lookhart et 
al. 1984). Another main environmental factor influencing 
grain quality is temperature during grain filling (Randall and 
Moss 1990).Therefore, it is crucial to assess and determine 
the extent to which variables like the environment (E) and 
the genotype x environment interaction (GEI) contribute to 
phenotypic variance in the traits. The goal of the present 
investigation was to quantify the magnitude of environment 
and G×E interaction impact on the expression of various 
quality traits in diverse wheat genotypes, as well as to 
identify promising and stable genotypes by AMMI and GGE 
models to be employed as donors in the quality breeding 
programme to develop high-yielding wheat varieties with 
improved quality traits.

Materials and methods

Experimental material, field trials and test 
environments 
Forty-one diverse wheat genotypes, includes exotic lines, 
breeding lines, modern and traditional elite Indian varieties 
constitute the experimental materials (Table 1). The wheat 
genotypes were grown at three locations viz., IARI-Delhi, 
IARI-Indore and GBPUA&T-Pantnagar, during rabi 2019-
20. Table 2 provides information on location details, sites, 
weather conditions, sowing date, and harvesting date.
Sowing was done under optimal irrigated conditions in mid-
November at all locations, using a randomized complete 
block design (RCBD) with two replications and 5 row plots 
of 2.5m each. Standard agronomic practices were followed 
throughout the crop growth. Harvesting was done manually 
at physiological maturity when grains were thoroughly dry 
in the field. The grains were dried to a safe moisture level 
following manual threshing and cleaning before being 
stored. Each genotype’s seeds (2kg) were packed in airtight 
polythene covers and stored in a 4oC refrigerator for future 
use.

Quality analysis

Grain quality parameters  
The grain protein content (GPC) was measured using the 
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Infra-red transmittance-based instrument Infra-tec 1125 
and results were expressed as percentage. The hectoliter 
weight apparatus developed by ICAR-IIWBR, Karnal 
was used to determine test weight (TW). To measure 
thousand kernel weights (TKW),200 grains from a random 
batch of each genotype were counted and weighed in 
duplicate. The average weight obtained was multiplied 
by five and represented in grams. Grain hardness index 
(GHI) was measured using Perten Instruments’ Single 
Kernel Characterization System (SKCS 4100, Perten 
Australia). A bench-top energy-dispersive X-ray fluorescence 
spectrometer (ED-XRF) apparatus (model X-Supreme 8000; 
Oxford Instruments plc., Abingdon, UK) calibrated for high-
throughput screening of mineral concentration of whole-
grain wheat was used to determine the concentration of 
Zn and Fe content (Paltridge et al. 2012). Grain Fe and Zn 
contents were expressed as mg/Kg. Polyphenol oxidases 
(PPO) activity of whole grain wheat was estimated using 
the standard procedure outlined by Anderson and Morris 
in 2001. 

Refined wheat flour (RWF) quality parameters
Wheat grain samples (500g) were ground with the 
Quadrumat Senior mill (Brabender, Germany) to produce 
refined wheat flour (Maida). The damaged starch (DaS) 
content was determined following the American Association 
of Cereal Chemists method (AACC 2000) using the starch 
damage analyzer (Erkaya apparatus), and the results were 
expressed as a percentage. Gluten components, including 
gluten index (GI), wet gluten (WG), and dry gluten (DG) were 
assessed using the Glutomatic 2200 (Perten Instruments) 
and the falling number (FN) was determined using the falling 
number tester apparatus following the standard AACC 
(2000) procedures. The SDS-Sedimentation value (SV) of 
the refined flour samples was evaluated using the standard 
method described by Axford et al. in 1979.

Whole wheat flour (WWF) quality parameters
Cleaned wheat grain samples weighing 500g were ground 
with an electric Atta maker (Atta chakki,Natraj) equipped 
with grinding stones to obtain whole wheat flour (Atta). 
A 1mm sieve was used with the machine to achieve 98% 
extraction rate. The total sugar (TS) content of the RWF 
samples was analyzed using the Phenol-sulphuric acid 
method as outlined by Dubois et al. in 1956. The ash content 
(AC) of the whole wheat flour samples was determined 
following the standard AACC (2000) method utilizing a 
Muffle furnace.

Statistical analysis
Variance and pooled ANOVA were analyzed for data of all 
quality parameters of test environments using the PB tools 
software developed at IRRI Philippines. The Additive main 
effects and multiplicative interaction (AMMI) was used to 
quantify the effects of G, E and G×E interactions on quality 

attributes and GGE biplot analysis was performed using 
the R software to identify the highly responsive and stable 
genotypes. 

Results and discussion  

ANOVA and genetic variations
Analysis of variance conducted on 15 quality traits revealed 
highly significant differences (p <0.01) among the genotypes, 
environments and their interactions across the locations. The 
large range of variation was observed for GHI (15.5–93), SV 
(35.5–64.5 mL), DaS (2.84–6.78%) and FN (238.5–859sec). The 
high pooled coefficient of variation (CV) was recorded for 
Zn content (6.21%), followed by GPC (6.02%) and SV (5.99%), 
suggesting that presence of substantial genetic variation 
among the genotypes. The lowest CV was observed in GI 
(1.75%) and WG (1.79%) among the quality traits. Gluten 
component traits (WG, DG, GI), FN, DaS, PPO activity and 
GHI had high heritability of >0.90% across environments, 
while GPC, TW, and Fe were showed low heritability of 0.11 
to 0.56% (Table 3). Selection of traits with high heritability 
is very effective since involvement of genetic components 
in the expression of phenotype.

Mean performance across the environment
Genotypic performance for quality traits varied significantly 
across locations. Delhi and Indore exhibited the highest 
means for most traits, suggesting favorable environments 
for full genetic expression (Table 3). Traits GPC (13.1%), WG 
(29.29%), DG (10.42%), and SV (52.30ml) were had the highest 
mean values in Delhi, while Pantnagar recorded the lowest 
at 10.4, 20.63, 6.89%, and 49 mL, respectively. This is may 
be due to high irrigation and soil application of N fertilizers. 
Water management and nitrogen application are critical 
factors in wheat grain yield and protein quality (Zhang et 
al. 2017). Krishnappa et al. (2019) have earlier reported the 
lowest mean for GPC and SV in Pantnagar, with the highest 
value observed in Pusa Bihar in RIL population. Regarding 
grain micronutrients, Delhi had the highest mean for Zn 
(42.80 mg/kg), and Indore had the highest mean for Fe 
(42.90 mg/kg). This indicates that these locations are ideal 
for implementing effective wheat bio-fortified breeding 
programs to enhance Zn and Fe grain concentrations.

For PPO activity (19.10 min g-1 10-3), AC (1.80%), and GI 
(93N), Pantnagar had the highest site mean value however, 
lower genotypic performance for these traits is preferable 
due to their adverse effects on wheat end products 
(Hemalatha et al. 2007; Harisha et al. 2023). Indore had 
the highest site mean values for DaS (5.59%), FN (721sec), 
TW (81.05gm), and TKW (43.03gm), followed by Delhi and 
Pantnagar. This suggests that Indore produced exceptionally 
hard, lustrous, sound, and bold grains. However, for GHI, 
mean value did not vary significantly between Delhi 
(77.54) and Indore (76.02), while lowest mean was found 
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Table 1. A list of genotypes with their pedigree and source of origin used in the present study

Code Genotypes Pedigree information Release

G1 PBW752 BW621/4/PBW343//.YR10/6*AVOCET/3/3*PBW343/5/PBW621 PAU, Ludhiana, Punjab

G2 PBW725 PBW621//Glupro/3*PBW 568/3/ PBW 621 PAU, Ludhiana, Punjab

G3 PBW771 PBW550//YR15/6*AVOCET/3/2*PBW550) PAU, Ludhiana, Punjab

G4 DBW16 RAJ 3765/WR 484//HUW 468 IIWBR, Karnal, Haryana

G5 DBW173 KAUZ/AA//KAUZ/P BW602 IIWBR, Karnal, Haryana

G6 DBW187 NAC/TH/AC//3*PVN/3/MIRLO/BUC/4/2*PASTOR/5/KACHU/6/KACHU IIWBR, Karnal, Haryana

G7 DBW222 SAUAL*ATTILA*2/PBW65/6/PVN//CAR422/ANA/5/BOW/CROW//BUC/PVN/3/YR/4/
TRAP#1/7/ATTILA/2*PASTOR IIWBR, Karnal, Haryana

G8 CS5 PUB94.15.1.12/WBLL1 CIMMYT, Mexico

G9 CS28 W15.92/4/PASTOR//HXL7573/2*BAU/3/WBLL1 CIMMYT, Mexico

G10 CS46 BAV92/SERI CIMMYT, Mexico

G11 CS86 SB187 CIMMYT, Mexico

G12 CS110 NORD-DESPREZ/VG9144//KALYANSONA/BLUEBIRD/3/YAC
O/4VRY-5 CIMMYT, Mexico

G13 DBW51 SITELLA/MILAN IIWBR, Karnal, Haryana

G14 QBP13-9
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA(213)//PGO/4/HUITES/5/T.SPELTA
PI348599/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA(213)//PGO/4/HUITES/7/
QUAIU

Breeding line

G15 QBP19-1 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA
(372)//3*PASTOR/4/QUAIU #2*2/5/SUP152/BECARD Breeding line

G16 QBP19-4 FRANCOLIN #1/3/IWA 8600211//2*PBW343*2/KUKUNA/4/MUCUY Breeding line

G17 QBP19-5 QUAIU #1/SOLALA//QUAIU #2/3/MANKU/4/KACHU #1/KIRITATI//KACHU Breeding line

G18 BOB WHITE AVRORA//KALYANSONA/BLUEBIRD/3/(SIB)WOODPECKER CIMMYT, Mexico

G19 SEMMONG2 NA Breeding line

G20 K1006 PBW343/HP1731 CSAUA &T, Kanpur, Uttar Pradesh

G21 YANG MAI-6 DAFENG-1087/ZAO-5 Breeding lines

G22 VL907 DYBR 1982- 83/842 ABVD 50/VW9365//P BW 343 VPKAS, Almora, Uttarkhand

G23 4HPAN61 KINDE/4/CMH75A.66//H567.71/5*PVN/3/SERI Breeding line, CIMMYT, Mexico

G24 4HPAN84 KINDE/4/CMH75A.66//H567.71/5*PVN/3/SERI Breeding line, CIMMYT, Mexico

G25 ASOCMAP173 NA Breeding line, CIMMYT, Mexico

G26 HUW666 HUW206/ALTAR84//VEE/MILAN BHU, Varanasi, Uttar Pradesh

G27 HI1531 HI 1182/ CPAN 1990 IARI RS, Indore, Madhya Pradesh

G28 HD2851 CPAN 3004/WR426//HW 2007 IARI, New Delhi

G29 HD2982 PBW175/PRIVIA//HW2006/LOK1 IARI, New Delhi

G30 HD2985 PBW 343/ PASTOR IARI, New Delhi

G31 HD3059 KAUZ//ALTAR84/ AOS/3/MILAN/KA UZ/4/HUITES IARI, New Delhi

G32 HD3226 GRACKLE/HD2894 IARI, New Delhi

G33 HD3249 PBW343*2/KUKUNA//SRTU/3/PBW343*2/KHVAKI IARI, New Delhi

G34 C306 RGN/CSK3//2*C5 91/3/C217/N14 //C281 CCS HAU, Hisar, Haryana

G35 GW322 GW 173/GW 196 RARS, Vijapur, Gujarath

G36 HD3086 DBW14/HD2733//HUW468 IARI, New Delhi

G37 HI1544 HINDI62/BOBWHI TE/CPAN 2099 IARI RS, Indore, Madhya Pradesh

G38 C273 C591/C209 Department of Agriculture, Punjab

G39 C518 ENJAB-TYPE-8-A/PENJAB-TYPE-9 Department of Agriculture, Punjab

G40 C591 ENJAB-TYPE-8-B/PENJAB-TYPE-9 Department of Agriculture, Punjab

G41 HD2967 ALD/COC//URES/HD216 0M/HD2278 IARI, New Delhi

NA- Not available
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in Pantnagar (53.07). Similarlyfor TS, site mean value did 
not vary significantly among the environments. Nadaf 
and Uppinal (2017) was recorded significantly higher total 
carbohydrates content in the Dharwad location (74.17%) 
compared to Arabhavi location (70.47%) in the studied T. 
aestivum varieties. Fig. 1 displaying boxplots of 15 quality 
traits, illustrates the distribution of mean values among the  
environments. 

G, E and G × E effects on the quality attributes 
AMMI analysis of variance reveals that genotype, environment 
and G×E interactions were significantly influence the 
expression of quality attributes (Table 4). However, for some 
traits,greater environmental influences were seen than 
genetic and their interaction effects. The IPCA1 and IPCA2, 
representing the first and second principal component 
analysis axis, and were found significant (p <0.05) for the 
studied quality traits. The environment had the highest 
contribution to total variance in Fe content (E-82.84%), 
followed by Zn content (E-79.45%), TW (E-70.43%), and GPC 
(E-65.0%). The environmental factors such as soil fertility, 
soil type, climate, irrigation and nitrogen application 
were significantly influences the grain nutritional quality 
parameters (Thavarajah et al. 2009; Zhang et al. 2017). 
IPCA1 explained 86.5 and 65% of the total variations in Zn 
and Fe content, while IPCA2 explained 13.5 and 35% of the 
variations, respectively. TKW (31%) and DG (30.59%) were 
exhibited the substantial G×E interactions. The significant 
G×E interactions for quality attributes indicated diverse 
genotypic responses across different test environments. 
These pronounced interactions make it challenging to 
accurately estimate trait heritability, potentially resulting 
in reduced genetic gain through selection (Ceccarelli, 
1989). Kumar et al. (2018) identified this as a major obstacle 
in cultivar development for improved quality. Significant 
genotypic effects were observed in PPO activity (87.42%), SV 
(66.35%), GI (60.03%), and AC (52.71%), indicating a substantial 
additive contribution to the total variation. This suggests 
that selecting appropriate wheat genotypes for direct 
quality breeding or production is viable. IPCA1 accounted 

for approximately 60-70% of the total variation, while IPCA2 
accounted for around 30 to 40% for these traits. For traits 
GHI and DaS, the G, E, and G×E interactions contributed 
53.92 to 54.69%, 29 to 35.08%, and 5.39 to 15.67% to the 
total variation, respectively. These findings indicate that 
both genotypes and environment significantly contribute 
to the expression of GHI and DaS. However, Krishnappa et 
al. (2019) noted that the environment minimally influences 
kernel hardness compared to other quality traits in their 
evaluation of RIL populations. IPCA1 and IPCA2 explained 
61.1 and 38.9% of the variations for GHI, and 56.2 and 43.8% 
for DaS. Regarding FN and WG quality criteria, E and G×E 
interaction together accounted for approximately 50% of 
the phenotypic variance, with genotype accounting for the 
remaining variance. In contrast, high E (89.1%) and low G 
(4.83%) and G×E interaction (4.65%) effects was observed in 
glutenin content and quality attributes (Thungo et al. 2020). 

Identification of best performing genotypes using 
GGE biplot
GGE which-won-where biplot gives a graphical representa-
tion for identify the best and highly responsive genotypes 
for specific environment as well as mega environment 
differentiation (Yan and Tinker 2006). In GGE biplot, vertex 
genotypes were connected to establish a polygon (Fig. 
2(A-O), further subdivided into sectors by rays originating 
from the biplot’s origin and extending perpendicular to 
the polygon’s sides. This segmentation facilitates genotype 
recommendations for specific sectors (Gauch 2013). The 
genotype at the polygon’s vertex performs exceptionally 
well or poorly in one or more environments (Yan and Tinker 
2006).

The biplot showed that G38 (C273) was the high protein 
genotype for Delhi and Indore locations, while G31 (HD3059) 
high protein content vertex genotypes for Pantnagar (Fig. 
2A). With regards to gluten content (WG and DG), G38(C273) 
and G39(C518) were found to be most appropriate genotype 
for all the locations (Fig. 2 B and C). The protein quantity 
and quality are the important grain quality parameter that 
significantly influences the dough properties (Sharma et 

Table 2. Locations and description of environmental conditions of test locations

Location/Environments site ICAR-IARI, New Delhi IARI-Regional Station Indore GBPAU&T, Pantnagar

Altitude (AMSL) 228.61 553 243.84

Longitude (E, o.’) 77.12 75.50 79.30

Latitude(N, o.’) 28.08 22.44 29

Sowing date 17/11/2019 14/11/2019 19/11/2019

Harvesting date 22/4/2020 17/4/2020 20/4/2020

Rainfall (mm) 233.1 184 257.33

Mean 
temperature (oC)

Min 1.6 5.5 1.5

Max 40.2 36.4 35.3

Zone NWPZ CZ NWPZ
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Fig. 1. Box plot for the quality traits of diverse wheat genotypes evaluated across three locations during rabi  2019-20; GPC = Grain protein 
content; TW = Test weight; TKW = Thousand kernel weight; GHI = Grain hardness index; Fe = Iron content; Zn = Zinc content; PPO = Poly 
phenol oxidases activity; SDS = SV-Sedimentation value; GI = Gluten index; WG = Wet gluten, DG = Dry gluten; FN = Falling number;  DaS = 
Damaged starch;AC = Ash content; TS = Total sugar

Fig. 2. The ‘which-where-won’ view of GGE biplot showing which genotypes performed best in which environment for (A) Grain protein 
content, (B) Wet gluten, (C) Dry gluten, (D) Sedimentation value, (E) Gluten index, (F) Test weight, (G) Thousand kernel weight, (H) Grain 
hardness index, (I) Damaged starch, (J) Zn content, (K) Fe content, (L) PPO activity, (M) Ash content, (N) Total sugar, (O) Falling number
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al. 2020), and it is highly influenced soil fertility, particularly 
nitrogen availability, and favourable climate conditions 
during grain filling stages, optimal temperature and 
moisture levels (Bushuk 1997; Araus et al. 2008)

The gluten quality and strength of the flour and their 
potential utility in specific product-making was determined 
by GI and SV (Cubadda et al. 1992; Krishnappa et al. 2019). 
Genotype G33(HD3249) performed well in Delhi, while 
G1(PBW752), G12(CS110) and G27(HI1531) were specifically 
adapted to Indore and Pantnagar environments for 
SV respectively (Fig. 2D). Further genotypes including 
G2(PBW725), G6(DBW187), G8(CS5),  G28(HD2851), 
G31(HD3059), and G32(HD3226) were located at the vertex of 
the polygon and performed exceptionally well for GI across 
locations(Fig. 2(E). The genotypes with high gluten quality 
and strength were more suitable for making of breads.On the 
other hand, genotypes G38(C273), G30(HD2985), G40(C591), 
G34(C306), and G14(QBP13-9) showed low performance 
for GI, while genotypes G4(DBW16), G20(K1006), G9(CS28), 
G34(C306) and G13(DBW51) showed low performance for SV, 
as they were located at the vertex of the polygon without any 
corresponding environment falling within that sector (Fig. 
2 D and E). These genotypes are most suitable for making 
chapatti and biscuit since they have low gluten quality and 
strength. Similarly, few researchers employed the GGE biplot 
method to analyze and rank wheat genotypes for quality 
traits based on their performance in different environments 
(Kendal and Sener 2015).

The G5(DBW173), G18(Bobwhite) and G29(HD2982) were 
the most appropriate genotypes in Delhi and Pantnagar 
locations, whereas G40(C591) in Indore location for TW 
(Fig. 2 (F). All three locations fell in a single mega environment 
for TKW, indicating that genotypes located within this sector 
viz., G8(CS5), G12(CS110), G15(QBP19-1) and G7(DBW222) 
performed equally well in all locations (Fig. 2G). Similarly, 
for GHI genotypesG38(C273) and G34(C306) were found 
to performwell across the locations (Fig. 2H).Genotype 
G35(G322) showed high performance and specific adoption 
for DaS at Indore and Pantnagar locations, while, genotype 
G9(CS28) was the winning genotype in Delhi (Fig. 2I). 
Despite being one of the important quality parameters of 
wheat, significantly influences the water absorption during 
the end-product making; however, there are no reported 
studies on this trait.

GGE biplot showed that G20(K1006) had narrow 
adoption in Delhi whereas G38(C273) and G39(C518)were 
showed specific adoption and high performance for grain 
Zn content in both Indore and Pantnagar (Fig. 2J). For grain 
Fe content, genotype G13(DBW51) in Indore, G38(C273) 
and G40(C591) in Pantnagar, G41(HD2967) and G34(C306) 
in Delhi, were the winning genotypes (Fig. 2K).

Wheat type, cultivar, milling fractions, growing region 
and seasons were significantly influences the AC and PPO 
activity (Park et al. 1997; Piironen et al. 2009; Harisha et al. 
2023). Due to the detrimental effects of high PPO activity 
and AC on the quality attributes, genotypes with low 
performance for these traits are strongly recommended 
(Fuerst et al. 2006; Panghal et al. 2019). The GGE biplot 
illustrates that genotypes like G12 (CS110), G18(Bobwhite), 
and G19(Semmong2) had low performance for PPO activity 
(Fig. 2L), while G34(C306), G38(C273) and G39(C518) had 
low performance for ash content across locations (Fig. 2M), 
as they were located on the outer part of the polygon in a 
single sector without any corresponding environment falling 
within that sector. The genotypes G9(CS28), G40(C591), 
G34(C306), G18(Bobwhite) and G21(Yangmai6) were 
identified as highly responsive and adaptive genotypes 
across all three locations for TS (Fig. 2N). With regards to 
FN, genotype G33(HD3249) showed a specific performance 
to the Delhi and Indore locations, whereas G32(HD3226) 
showed a specific performance to Pantnagar (Fig. 2O). 

Selection of ideal genotypes 
Quality traits for determining an end-use of a wheat 
genotype are many and bringing them together in a 
single genotype is challenging for breeders. However, it is 
essential to develop wheat varieties with superior quality 
traits for both market value and human nutrition (Li et al. 
2013; Guzmán et al. 2017). Fig. 3(A-O) depicts the GGE-biplot. 
Average-Environment Coordination (AEC) view to rank 
wheat genotypes in relation to ideal genotypes for quality 
attributes. The arrowhead in the centre of the concentric 
circle denotes the ideal genotype and genotypes located 
closer to ideal genotypes are considered as highly desirable 
(Yan and Tinker, 2006). High mean performance and stability 
across the environments are the features of ideal genotypes 
(Yan and Tinker, 2006). GGE biplot showed that, G13(DBW51) 
and G32(HD3226) were the most ideal genotypes for GPC (Fig. 
3A). In addition, G39(C518), G34(C306) and G38(C273) were 
some of most highly desirable genotypes, since they located 
near ideal genotype for GPC. Further, genotype G39(C518) 
was found to be ideal for both WG and DG (Figs. 3B and C). 
Genotypes G9(CS28) and G3(PBW771) were among the non-
ideal genotypes for GPC, WG and DG, situated farthest from 
the centric circle. Genotypes G1(PBW752), G28 (HD2851) and 
G32(HD3226) were found most ideal genotypes for both SV 
and GI (Figs. 2 D and E). These genotypes have high mean 
value and stability for both GI and SV, indicating the high 
gluten quality and strength and these were highly suitable 
for bread making (Rai et al. 2019). Similarly, G4 (DBW16), 
G20 (K1006), G34 (C306), G37 (HI1544) and G39 (C518) are 
the non-ideal genotypes situated farthest from the centric 
circle, indicating the low mean performance for GI and SV 
and these genotypes expected to have low gluten strength 
and were suitable for cookies and chapati making (Kundu 
et al. 2017). 
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Fig. 3. Average –environment coordination (AEC) view of GGE biplot to rank wheat genotypes relative to the ideal genotypes (the center of 
the concentric circle) for (A) Grain protein content, (B) Wet gluten, (C) Dry gluten, (D) Sedimentation value, (E) Gluten index, (F) Test weight, 
(G) Thousand kernel weight, (H) Grain hardness index, (I) Damaged starch, (J) Zn content, (K) Fe content, (L) PPO activity, (M) Ash content, 
(N) Total sugar, (O) Falling number

With respect to grain physical traits, G29(HD2982) 
and G8(CS5) were the ideal genotypes for TW and TKW, 
respectively (Fig. 2 F and G). For GHI, genotypes G34(C306) 
and G38(C273) were found to be ideal (Fig. 2 H). Genotypes 
G35(G322) G36 (HD3086) and G39(C518), was found to be 
ideal, across the locations for DaS (Fig. 2I). These identified 
genotypes were very useful for breeding for high DaS. The 
wheat genotype such as, G38(C273), G18(Bobwhite) and 
G20(K1006) were found to be ideal for grain Fe concentration 
(Fig. 3K), While, G40(C591), G39(C518), G38(C273) and 
G34(C306) genotypes were an ideal grain Zn concentration 
(Fig. 3J). Identified genotypes can serves as valuable sources 
for wheat bio-fortification program. Due to the negative 
effects of PPO activity and ash on wheat end-products 
quality (Fuerst et al. 2006; Harisha et al. 2023), the genotypes 
G27(HI1531), G28(HD2851), G29(HD2982), G18(Bobwhite) 
and G12(CS110) were regarded as most desirable ones 
(Fig. 3L), for PPO activity, while G38(C273), G39(C518), and 
G34(C306) were considered as ideal genotypes for AC (Fig. 
2M), since they located farthest from origin and had low 
mean performance consistently across the environments. 
In the GGE biplot, G10(CS46), G34(C306) and G40(C591) 
genotypes were found to be ideal genotypes for the TS 
(Fig. 2N), while Genotypes G38(C273) and G39(C518) were 
the most desirable for FN (Fig. 2O).

Genotypes with multiple desirable traits and stability 
in performance across environments
Genotype with multiple desirable quality traits is a dream for 
breeder. However, their availability is very scare, but highly 
suitable for selective breeding intended to increase genetic 
gains for wheat quality parameters (Thungo et al. 2020). In 
our study, we found that genotypes G38(C273), G39(C518), 
G40 (C591) and G34(C306) were the most desirable and 
stable across the locations for multiple traits such as GPC, 
DG, WG, WB, GHI, FN and TS, as well as grain micronutrient 
content (Fe and Zn). In addition, these genotypes had the 
optimum DaS and low PPO activity and AC, which is highly 
desirable in quality perspective. Genotypes G1(PBW752), 
G28(HD2851), G12(CS110), G41(HD2967), G27(HI1531) and 
G6(DBW187) were the best performing, highly stable 
and most desirable across the locations for SV and GI. In 
addition these genotypes have optimum GPC, GHI and 
DaS. These identified genotypes have high value in quality 
improvement breeding programs and can act as potential 
donors in breeding for simultaneous improvement of 
multiple quality traits in wheat.

Breeding for elite genotypes combining yield, disease 
resistance, and quality is challenging. Breeders often 
hesitate to use crop wild relatives and other germplasm 
such as landraces due to issues like linkage drag in resulting 
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populations. Therefore, understanding the quality aspects 
of elite germplasm, including both old and new varieties, 
can aid hybridization programs to incorporate desirable 
quality traits into mainstream breeding efforts. Additionally, 
assessing the influence of genotypes, environment, and 
genotype-environment interaction on the expression 
of wheat quality attributes helps in precise selection 
for quality improvement in breeding programs. The 
present study has shown that environmental factors and 
genotype-environment interaction have a greater impact 
on the expression of most quality parameters compared 
to genotypes alone. Ideal genotypes with high mean 
performance and stability across environments for quality 
parameters have been identified and selected for future 
breeding to enhance quality. As most of these genotypes 
are already released varieties and possess high yield 
potential, breeders can use them as parents in their varietal 
development programs.
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