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Abstract
Malnutrition due to micronutrients and protein de�ciency is recognized among the major global health issues. Genetic
bioforti�cation of wheat varieties is both cost-effective and sustainable strategy to contain global micronutrient and
protein malnutrition. Genomic regions governing grain zinc concentration (GZnC), grain iron concentration (GFeC), grain
protein content (GPC), test weight (TW), and thousand kernel weight (TKW) were investigated in a set of 183 diverse
bread wheat genotypes through genome wide association study (GWAS). The RIL population was genotyped using
Breeders' 35K Axiom Array and phenotyped in three environments during 2019-2020. A total of 55 marker-trait
associations (MTAs) were identi�ed, of which four signi�cant MTAs for GFeC on chromosome 2B, 3A, 3B, 6A and two
for GZnC on chromosomes 1A and 7B. Further, a stable SNP was detected for TKW and also identi�ed pleiotropic
regions controlling GPC and TKW. In silico analysis revealed a few important putative candidate genes viz., F-box-like
domain superfamily, Zinc �nger CCCH-type proteins, Serine-threonine/tyrosine-protein kinase, Histone deacetylase
domain superfamily and SANT/Myb domain superfamily proteins, etc. The identi�ed novel MTAs will be validated to
estimate their effects on different genetic backgrounds for subsequent use in marker-assisted selection (MAS).

Introduction
Micronutrient de�ciency, also known as ‘hidden hunger’ is mainly caused by the intake of diets often dominated by
food staples with low in minerals and vitamins [1]. It affects two billion people worldwide and causes about 45% of
deaths annually of children below �ve years of age [2]. Around 155 million children suffer from stunting and 52 million
are wasted particularly in Asia and Africa [3]. The iron (Fe) and zinc (Zn) de�ciencies among the minerals caused due
to reduced dietary intake is a greater risk factor for human health [4-6] and affects about a one-third population of the
developing countries [7, 8]. The iron de�ciency is indicated by reduced haemoglobin content resulting in anaemia and
affects over 24.8% of the population worldwide and about 65% of the preschool-age children in South-East Asia and
Africa [9]. It can lead to several life-threatening diseases such as chronic kidney and heart failure, as well as
in�ammatory bowel disease [10]. The Zn de�ciency affecting 17.3% of the global population mostly in developing
countries of Asia and Africa [11] and is responsible for the death of over half a million children below the age of �ve
[12]. It induces a wide range of physiological problems, such as growth retardation, impaired brain development,
increased vulnerability to infectious diseases, diarrhea and pneumonia, as well as an increased risk of infant mortality,
pregnancy and childbirth complications, and a range of other chronic diseases [13-15]. The grain protein content (GPC)
along with nutritional importance, also determines the processing and end-product quality of wheat. One of the most
common causes of infection in humans is a lack of secondary immunity caused by protein-energy malnutrition (PEM).
Marasmus (chronic wasting) or kwashiorkor (edema and anemia) are the two clinical symptoms of acute PEM in
infants [16]. In children with chronic PEM, cognitive growth is hampered [17]. In developing countries, micronutrients
and protein-energy malnutrition are the leading causes of death, with pregnant women and young children being the
most vulnerable [18].

The cereals contribute to largest daily dietary intake in the regions greatly affected by micronutrient de�ciencies [5,19].
The staple grains such as wheat and rice contain suboptimal levels of micronutrients especially Fe and Zn and milling
further reduces their content. Genetic bioforti�cation of staple food crops employing conventional, molecular or
transgenic methods is considered as a sustainable cost-effective long-term strategy for addressing nutritional
de�ciency [20].The global wheat production for 2020-21 is 772.6 million metric tons (MMT), which is 117 MMThigher
than the 2012-13 production of 655 MMT and hence is su�cient to meet global consumption demand [21]. Wheat
production in India hit a new high of 109.5 million tonnes in crop year 2020-21 [21]. Wheat is consumed by 2.5 billion
people worldwide [22] and staple food for 30% of the population particularly from developing countries [23]. It also
accounts for one-�fth of the daily caloric intake and provides more than 20% of global dietary energy [24]. Wheat has
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greater accessibility, adaptability, and increased production to ful�l consumer demand. As a result, bioforti�cation of
this crop in developing countries is expected to effectively reduce micronutrient malnutrition.

The discovery of genes for quantitative traits such as grain Zn, Fe and protein content, as well as the development of
molecular markers has the potential to generate greater genetic advance in breeding programs. Currently, the most
popular approach for dissecting the genetic basis of complex traits is genome-wide association studies (GWAS)
[25,26]. The Increased QTL resolution, allele coverage, and the ability to use large sets of natural germplasm resources
such as landraces, elite cultivars, and advanced breeding lines are advantages of GWAS over conventional QTL
mapping. But it has only been used in a few studies to investigate the genetics of grain iron and zinc concentratiom [27
- 33].

Yield penalty and concentration effects are additional bottlenecks for wheat bioforti�cation [51]. Knowledge of the
genetic relation of grain micronutrients with thousand kernel weight (TKW) and test weight (TW) may provide insight
into improving micronutrient concentration without compromising for grain quality and yield.

Based on the above account, it is clear that more studies are needed on GWAS and identi�cation of candidate genes as
well as genomic regions that regulate the accumulation of grain micronutrients and protein concentration, so that the
introgression of these novel genomic regions as well as genomic selection could be carried out by breeders to develop
high-yielding and adaptable bioforti�ed cultivars. The present study was aimed to identify the genomic region(s)
associated with grain GZnC, GFeC, GPC, TW, and TKW in a set of the 183 diverse bread wheat genotypes though GWAS.

Material And Method

Planting Material and conduct of experiment
A set of 183 diverse bread wheat genotypes consisting of old and new Indian elite varieties, landraces, and synthetic
derivatives were used for GWAS (Supplementary table 1). The GWAS panel were evaluated for GZnC, GFeC, GPC, TKW
and TW during 2019-20 crop season at three diverse locations viz., IARI-New Delhi (Indian Agricultural Research
Institute, Research Farm, New Delhi located 29.7008° N, 76.9839° E, 228.6 m AMSL), IARI-Indore (Indian Agricultural
Research Institute, Regional Station, Indore located 22.7196° N, 75.8577° E, 228.6 m AMSL) and GBPUA&T-Pantnagar
(Govind Ballabh Pant University of Agriculture and Technology, Research Farm, Uttarakhand, 29.0229° N, 79.4879° E,
243.8 m AMSL) IARI-New Delhi (E1), IARI-Indore (E2), GBPUA&T-Pantnagar (E3), India. Each genotype was grown on 5
rows plots of 2.5 m each, with a row to row distance of 0.25 m following aaugmented design with repeated checks
namely, HD 3086, C 306, HI 1544 and GW 322. The pests and diseases were controlled chemically, whereas weeds were
controlled both manually and chemically. Plant materials were harvested when the grains reached physiological
maturity at and were completely dry in the �eld.

Phenotyping
The plant materials were harvested after physiological maturity when grains were totally dry in the �eld. Grain samples
of about 20 g for each entry were carefully cleaned to discard broken grains and foreign material and then used for
micronutrient analysis. GZnC and GFeC were measured with a “bench-top” non-destructive, energy-dispersive X-ray
�uorescence spectrometry (ED-XRF) instrument (model X-Supreme 8000; Oxford Instruments plc, Abingdon, United
Kingdom) standardized for high-throughput screening of mineral concentration of whole grain wheat [34]. The GPC
was measured by Infra-red transmittance-based instrument Infra-tec 1125. TKW was measured by weighing a set of
randomly selected 250 grains representing the whole grain sample, and the obtained value was multiplied by four. The
TW was measured using an instrument developed by the ICAR-Indian Institute of Wheat and Barley Research, Karnal.
The thoroughly cleaned grain sample was poured into the metallic funnel of the hectoliter weight instrument keeping its
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outlet closed. After the grain was levelled well, the outlet was opened to allow the free �ow of the grain in the metallic
tubular container below till it is �lled. Then the shutter was slid to remove the excess grain and to level it. The grain
contained in the can was then weighed using an electronic balance.

Phenotypic data analyses
The phenotypic data analysis was done with ACBD-R (Augmented Complete Block Design with R) version 4.0 software
[35]. The range, mean, standard deviation, coe�cient of variation, least signi�cant difference, genotypic variance,
broad-sense heritability and Pearson's correlation coe�cients were estimated. In ACBD-R v4.0, the best linear unbiased
predictors (BLUP) of each genotype were calculated for each location and across locations with four checks namely,
HD 3086, C 306, HI 1544 and GW 322 and following augmented design.The calculated BLUPs were then employed in
the further GWAS analysis. Meta R was also used to calculate broad-sense heritability (h2) for traits studied in each
location and across locations. Past3 software was used to generate frequency distribution graphs of the recorded traits

Genotyping
The CTAB method by Murray and Thompson (1980) [36] was used to extract genomic DNA from the leaves of 21-day
old seedlings of the genotypes. The genotyping was done using the Breeders' 35K Axiom Array developed in wheat and
outsourced to Imperial life sciences, India. The array revealed a total of 35,153 SNP markers. The SNP markers with
minor allele frequency (MAF) less than 5% and greater than 95%, missing data greater than 30%, and heterozygosity
greater than 20% were removed from the analysis. The remaining set of 9,504 SNP markers was used in GWAS.

Linkage disequilibrium (LD) measurement and GWAS
The pairwise LD values (r2) were estimated and plotted against genetic distance using GAPIT version 3.0 [37]. A locally
weighted polynomial regression (LOESS) curve was �tted, and the pattern of LD decay was determined as the genetic
distance where the LOESS curve intercepts the r2 threshold of 0.1.

The BLUP values of 183 diverse genotypes along with corresponding genotyping data were used in GWAS. Signi�cant
marker trait associations (MTA) were identi�ed using the Fixed and random model Circulating Probability Uni�cation
(FarmCPU) model approach in GAPIT version 3.03 [37,38]. This algorithm selects the associated markers as cofactor to
control false positives using likelihood in MLM to avoid over�tting tests markers in iterative fashion. Population
structure (summarized by the principal components) was inferred by the Principal Component Analysis (PCA). The
suitability of the model to account for population structure was assessed using quantile–quantile (Q–Q) plots. The
allelic effects of the signi�cant MTAs was shown as box-plots. SNPs with p ≤ 0.0001 were considered signi�cantly
associated with individual traits. The R2 was used to describe the percentage variation explained (PVE) by signi�cant
MTAs.

In silico Analysis

The sequence information of the markers showing association with the traits in GWAS was used to conduct an in-silico
search of the candidate genes using Basic Local Alignment Search Tool (BLAST) in the Ensemble Plants database
(http://plants.ensembl.org/index.html) of the bread wheat genome (IWGSC (RefSeq v1.0)).

Results
Phenotypic Evaluations

The phenotypic evaluation of 183 diverse GWAS panel was done in three locations viz., IARI-New Delhi (E1), IARI-Indore
(E2), GBPUAT-Pantnagar (E3) and across environments (E4) for nutritional and other grain quality traits. A wide range
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of variations was observed among the traits and across the environments. The descriptive statistics are provided in
Table 1. The analysis of variance (ANOVA) revealed a signi�cant contribution of genotype to the total variance for all
the traits (Table 1)

A wide range of variation was observed for all the �ve traits in the GWAS panel in all the three different locations of the
year 2019–2020 (Table 1, Figure 1). The variation for GZnC, GFeC, GPC, TKW and TW ranged from 17.56 to 56.93
mg/kg, 25.47 to 52.09 mg/kg, 8.6 to 15.81%, 24.33g to 57.18g and 64.48g to 83.77g, respectively.The broad-sense
heritability (h2) estimates for GZnC ranged from 0.50 in E4 to 0.88 in E1 whereas for GFeC, it ranged from 0.39 in E4 to
0.80 in E3. The h2 for GPC ranged from 0.56 in E4 to 0.82 in E2 and for TKW and TW, it ranged from 0.75 in E4 to 0.92
in E1 and 0.73 in E3 to 0.92 in E2, respectively.

The highest performing top ten lines based on pooled mean over the locations for the �ve traits studied in the GWAS
panel are provided in Table 2. The GFeC and GZnC ranged from 37.74 – 40.05 mg/kg and 34.98 – 37.72 mg/kg
respectively, across environments. The GPC ranged from 11.98 to 13%, while TKW and TW ranged from 43.51 – 49.8g
and 78.59 – 79.05g, respectively. In general, the landrace Navrattan and synthetic derivative 2.38 were among the
highest performing ten genotypes for GZnC, GFeC and GPC.

The Pearson correlation coe�cients (r) were estimated for all the traits studied in each environment (Figure 2 and Table
3). A positive signi�cant association (p < 0.01 to 0.001) was found among GZnC, GFeC and GPC in each environment
and across environments except E3 where the correlation between GZnC and GPC is slightly negative but non-
signi�cant. The GFeC was found to have a consistently signi�cant positive correlation with TW and TKW at p < 0.05 to
0.01 in E1, E2, and E4, but interestingly GZnC did not show any correlation with either TW or TKW in any of the
environments. The association of GPC with TW and TKW showednegativesigni�cant associations in E2, E3, and E4 (p <
0.05 to 0.01). The TKW showed a strong positive correlation with TW in all the environments at p < 0.01 to 0.001.

Table 1: Descriptive statistics, variance and heritability estimates of the traits in GWAS panel evaluated in IARI-New
Delhi (E1), IARI-Indore (E2), GBPUAT-Pantnagar (E3), and across environments (E4).
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Trait Env GWAS panel

    Range Mean ± SD CV (%) LSD h2 Genotype Variance

GZnC (mg/kg) E1 31.86 - 56.93 44.64 ± 5.16 11.55 5.58 0.88 30.78***

  E2 22.31 - 36.91 28.83 ± 2.37 8.22 3.86 0.75 7.61***

  E3 17.56  - 32.90 23.56 ± 2.80 11.90 4.95 0.72 11.16***

  E4 28.65 - 37.72 32.30 ± 1.70 5.26 4.73 0.50 5.77***

GFeC (mg/kg) E1 31.87 - 39.74 35.17 ± 1.58 4.48 4.21 0.53 4.81*

  E2 36.71 - 51.38 41.42 ± 2.29 5.53 4.85 0.64 8.37**

  E3 25.47 - 52.09 31.28 ± 3.31 10.59 4.71 0.80 13.96***

  E4 34.12 - 40.05 35.94 ± 0.99 2.76 3.45 0.40 2.53***

GPC (%) E1 11.56 - 15.81 12.96 ± 0.70 5.39 1.14 0.75 0.66***

  E2 8.77 - 12.39 10.31 ± 0.67 6.46 0.90 0.82 0.55***

  E3 8.63 - 13.24 10.33 ± 0.83 8.07 1.31 0.77 0.92***

  E4 10.38 - 13.00 11.23 ± 0.44 3.93 1.09 0.56 0.35***

TKW (g) E1 27.79 - 52.69 38.75 ± 4.09 10.56 3.52 0.92 18.39***

  E2 31.23 - 57.18 41.92 ± 3.59 8.57 4.04 0.87 15.12***

  E3 24.33 - 51.53 36.49 ± 4.38 11.99 6.11 0.81 24.20***

  E4 29.54 - 49.80 38.99 ± 3.01 7.71 4.83 0.75 12.05***

TW (g) E1 71.32 - 81.45 77.64 ± 1.88 2.43 2.61 0.81 4.47***

  E2 74.10 - 83.77 80.26 ± 1.66 2.07 1.42 0.92 3.04***

  E3 64.48 - 75.43 71.99 ± 1.74 2.42 3.01 0.73 4.26***

  E4 71.76 - 79.05 76.50 ± 1.31 1.71 2.22 0.73 2.34***

E1 – IARI, New Delhi, E2 – IARI, Indore, E3 – GBPUAT, Pantnagar, E4 – Across environments  *signi�cant at p < 0.05, **
signi�cant at p < 0.01, ***signi�cant at p<0.001.

 

Table 2: The highest-performing ten lines for �ve traits in the GWAS panel based on combined BLUPs across the three
locations
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Genotypes GFeC Genotypes GZnC Genotypes GPC Genotypes TW Genotypes TKW

Kundan 40.05 Synthetic
derivative
(2.38)

37.72 Local
collection
1c01

13.00 C273 79.05 Lokbold 49.8

UP2672 39.62 C591 36.41 IITR26 12.67 HD3118 78.93 DL1532 47.23

NW1014 39.36 NP852 36.06 NP852 12.50 HD3354 78.81 Kundan 46.2

Synthetic
derivative
(2.38)

38.27 Navrattan 36.05 Navrattan 12.32 HD2982 78.81 CS5 45.94

HINDI62 38.09 QBP128 35.95 VL829 12.29 HI617RF 78.69 Asocmap260 44.83

Westonia 38.04 Kharchia65 35.88 Synthetic
derivative
(2.38)

12.22 HI1563 78.69 UP2425 44.65

Navrattan 37.87 C273RF 35.63 NP770 12.11 RAJ4120 78.69 DBW187 44.52

HD2932 37.81 NP770 35.46 DBW14 12.00 K68 78.56 PBW752 44.24

Lokbold 37.76 Lokbold 35.26 HD2189 11.99 QBP1210 78.56 PBW689 43.91

HD2189 37.74 K68 34.98 HI1605 11.98 K1317RF 78.56 DBW43 43.51

  

Table 3: Pairwise correlation coe�cients among traits in GWAS panel evaluated in 3environments and across
environments.
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IARI-New Delhi (E1) Traits GZnC GPC TW TKW

GFeC 0.60*** 0.28*** 0.18* 0.20**

GZnC   0.46*** -0.03 0.01

GPC     0.03 0.03

TW       0.50***

IARI-Indore (E2) Traits GZnC GPC TW TKW

GFeC 0.37*** 0.22** 0.12 0.17*

GZnC   0.30*** 0.09 -0.01

GPC     -0.19** -0.23**

TW       0.23**

GBPUAT-Pantnagar (E3) Traits GZnC GPC TW TKW

GFeC 0.25*** 0.23** 0.06 0

GZnC   -0.14 0.1 -0.04

GPC     -0.16* -0.15*

TW       0.50***

Across Env (E4) Traits GZnC GPC TW TKW

GFeC 0.41*** 0.39*** 0.23** 0.15*

GZnC   0.30*** 0.14 -0.04

GPC     0 -0.18*

TW       0.34***

*signi�cant at p < 0.05, ** signi�cant at p < 0.01, ***signi�cant at p<0.001. 

Marker distribution, linkage disequilibrium (LD) decay and population structure

A set of 9,504 SNP markers distributed across the genome were used in GWAS with 183 lines. 2,979 markers were
found on A genome, 3,646 on B genome and 2,878 markers on D genome. The highest number of markers mapped on
chromosome 1B (675) followed by chromosome 2B (653) and 1D (610), chromosome 4D (170) followed by 4B (266)
had least number of markers (Table 4).

Table 4: The genome-wise distribution of markers in the GWAS panel.
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  GWAS Panel

Genome↓ /Chromosome→ 1 2 3 4 5 6 7 Total

A 496 498 402 315 466 336 466 2979

B 675 653 478 266 588 540 446 3646

D 610 597 391 170 436 320 354 2878

 

Linkage disequilibrium (LD) was estimated by calculating the squared correlation coe�cient (r2) for all 9504 markers.
Genome-wide LD decayed with genetic distance, the LOESS curve intercepts the r2 threshold of 0.1 at around 6 Mb
(Figure 3). 

 

Population structure inferred by Principal Component Analysis (PCA) revealed the three subpopulations in the GWAS
panel. The �rst subpopulation consists of 45 genotypes (G1), the second subpopulation consists of 20 genotypes (G2),
and the third subpopulation consists of 54 genotypes (G3) (Figure 4). The principal components were used as
covariates in GWAS to reduce the false positives.

Genome-wide association studies (GWAS)

The genetic basis of the accumulation of GZnC, GFeC, GPC, TKW and TW in bread wheat was studied using genome-
wide association mapping. The GWAS analysis was performed with GAPIT using a multi-locus mixed linear model
implemented in the FarmCPU algorithm using 183 diverse bread wheat genotypes with 9504 SNP markers.

There were a total of 55 MTAs above the threshold -log(P) score of 4, distributed across the genome. The number of
MTAs detected for GFeC, GZnC, GPC, TKW and TW were 4, 2, 23, 15, and 11 respectively. The details of these MTAs are
summarized in Table 5 and depicted as Manhattan plots in Figures 5. The Q-Q plots illustrating observed associations
between SNPs and grain micronutrient concentrations compared to expected associations after accounting for
population structure are presented in Figures 5. The allelic difference of signi�cant MTAs for GZnC and GFeC is
represented in box plots (Figure 6).

Marker trait associations (MTAs) for GFeC and GZnC

A total of four signi�cant MTAs were identi�ed for GFeC in E1, E3 and E4 on chromosomes viz., 2B, 3A, 3B, 6A (Table 5;
Figure 5). The SNPs explained 8.82–12.62% of phenotypic variation. A major SNP on chromosome 3A (AX-95002032)
located at 637.9 Mb explained 12.62% of the phenotypic variation, while another SNP on chromosome 6A (AX-
94715803) located at 585.4 Mb explained 11.14% phenotypic variation, both were detected in E2. The other SNPs, AX-
94761251 on 2B and AX-94850629 on 3B explained the respective PV of 9.26, 8.82%. The SNP AX-95002032 had A and
C alleles with a phenotypic average of 30.68 and 36.14 mg/Kg respectively. The SNP AX-94715803, had A and G allele
with a phenotypic average of 30.6 and 34.76 mg/Kg respectively (Figure 6).

A total of two signi�cant MTAs identi�ed for GZnC in E2 and E3 on chromosomes 1A and 7B (Table 5; Figure 5). A SNP
on chromosome 7B (AX-94422893) located at 488.4 Mb explained 7.6% of the phenotypic variation, while another SNP
on chromosome 1A (AX-94651424) located at 544.7 Mb explained 6.37% phenotypic variation. The SNP AX-94422893,
had C and T allele with a phenotypic average of 29.03 and 28.13 mg/kg respectively. The SNP AX-94651424, had C and
T allele with a phenotypic average of 24.04 and 22.51 mg/kg respectively (Figure 6).
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MTAs for GPC

A total of 23 signi�cant MTAs were identi�ed for GPC across all environments (E1, E2, E3, and E4). The identi�ed SNPs
were located on 13 different chromosomes viz., 1A, 1B, 1D, 2A, 2B, 2D, 3B, 3D, 4D, 5B, 6A, 7A and 7D (Table 5; Figure 5).
The SNPs explained 1.91–18.19% of phenotypic variation.  A major SNP detected in E1 on chromosome 4D (AX-
95233137) located at 482.9 Mb explained 18.19% of the phenotypic variation, while the SNPs on chromosome 1A, AX-
94508066 located at 398.1 Mb, AX-95195514 located at 354.9 Mb explained 13.71% and 12.91% phenotypic variation
respectively. The SNP detected in E4 on chromosome 5B (AX-94838908) located at 689.2Mb explained 13.87% of the
phenotypic variation.

MTAs for TKW

A total of 15 signi�cant MTAs were identi�ed for TKW in all the environments (E1, E2, E3, and E4). The corresponding
SNPs were assigned to 12 different chromosomes viz., 1A, 1B, 1D, 2A, 2B, 2D, 3A, 3B, 4D, 5D, 7A and 7B (Table 5; Figure
5) The SNPs explained 1.17–12.07% of phenotypic variation. The SNPAX-94939463 on chromosome 7A located at
731.8 Mb, was identi�ed in the three environments namely, E1, E3 and E4, and explained the phenotypic variation of
12.07, 10.13, and 8.09% respectively. The other major SNPs identi�ed were AX-94680946 on chromosome 2B at
position 156.8 Mb explained a phenotypic variation of 10.83% followed by AX-94665811on chromosome 3B at position
694.3 Mb explained a phenotypic variation of 9.49%. Both the SNPs were identi�ed in E1. The stable SNP AX-
94939463, had an A and G allele with a phenotypic average of 36.22 and 39.45g, 32.86 and 37.95g, 36.50 and 39.81g
at E1, E3, and E4 respectively.

MTAs for TW

A total of 11 signi�cant MTAs were identi�ed for TW in E2, E3, and E4 on chromosomes 1B, 3A, 4B, 5A, 5B, 5D, 6A, 6D,
and 7B (Table 5; Figure 5). The SNPs explained 1.65–13.79% of phenotypic variation. A major SNP detected in E3 on
chromosome 6A (AX-95197534) located at 3.8 Mb explained 13.79% of the phenotypic variation.

Table 5: Marker trait associations (MTAs) detected for GFeC, GZnC, GPC, TKW and TW from IARI-New Delhi (E1), IARI-
Indore (E2), GBPUAT-Pantnagar (E3) and across the locations (E4).
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Env Marker Chr Position (bp) P.value PVE (%)

Grain Iron Concentration (GFeC)

E1 AX-94761251 2B 458622067 0.0001 9.26

E3 AX-94715803 6A 585439024 1.25E-05 11.14

  AX-95002032 3A 637962272 0.0001 12.62

E4 AX-94850629 3B 473694803 2.26E-05 8.82

Grain Zinc Concentration (GZnC)

E2 AX-94422893 7B 488410704 9.81E-05 7.60

E3 AX-94651424 1A 544723357 9.94E-05 6.35

Grain Protein Content (GPC)

E1 AX-95233137 4D 482944373 1.23E-06 18.19

  AX-94520117 3B 745289825 1.70E-06 2.67

  AX-94508066 1A 398138141 2.16E-06 13.71

  AX-95176802 1D 492534106 3.42E-06 4.63

  AX-94882514 2B 790751851 1.94E-05 6.51

  AX-95195514 1A 354950241 4.57E-05 12.91

  AX-95143788 1B 302518719 5.34E-05 6.69

  AX-94406025 2B 9731087 7.80E-05 5.63

E2 AX-95205856 5B 536516629 0.0001 6.59

E3 AX-94925607 3B 377864897 7.14E-08 3.27

  AX-95245523 1D 10720570 6.06E-07 3.82

  AX-95126447 2A 24060452 6.93E-07 5.26

  AX-94961243 1D 58575112 9.85E-07 2.60

  AX-94508535 2D 640213277 1.27E-05 1.91

  AX-94634646 7D 6696023 1.71E-05 7.07

  AX-94904784 2D 620510699 5.02E-05 4.65

E4 AX-94838908 5B 689223068 5.04E-08 13.87

  AX-94855510 3D 22767467 1.33E-06 4.08

  AX-95237023 6A 307984014 2.00E-06 2.65

  AX-95104691 3D 130928915 3.72E-06 5.01

  AX-94834634 1B 137447851 6.01E-05 3.01

  AX-94424536 7A 21353471 7.77E-05 7.20

  AX-94649651 1D 315034709 7.77E-05 6.26
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Thousand Kernal Weight (TKW)

E1 AX-94939463 7A 731882551 3.86E-07 12.07

  AX-94680946 2B 15684332 8.25E-07 10.83

  AX-94471749 7B 652928863 7.09E-06 4.84

  AX-94691823 2A 16066165 2.54E-05 3.71

  AX-94466632 1A 403028587 2.97E-05 1.82

  AX-94871220 1B 455211699 0.0001 2.10

  AX-94665811 3B 694325462 0.0001 9.49

  AX-94936235 4D 12599553 0.0001 7.48

E2 AX-95082269 2B 779856091 8.21E-05 1.17

E3 AX-94939463 7A 731882551 2.68E-06 10.13

  AX-94442811 2D 590677321 3.93E-05 3.72

  AX-94731421 5D 546679712 6.22E-05 2.90

  AX-94857979 1D 138208001 6.95E-05 5.27

  AX-94406738 3A 21223605 0.0001 5.60

E4 AX-94939463 7A 731882551 7.25E-05 8.09

Test Weight (TW)

E2 AX-95222115 6A 425861645 2.14E-09 7.98

  AX-94480810 5B 444085704 4.68E-07 2.05

  AX-95008379 5D 84317542 1.80E-06 7.39

  AX-95076851 6D 458362043 5.99E-06 7.65

  AX-94916640 7B 435815231 9.48E-06 7.23

  AX-95071409 5A 440264163 2.84E-05 2.98

  AX-94623317 4B 527009135 6.14E-05 2.20

  AX-94795774 3A 147285088 7.58E-05 1.65

  AX-95166792 1B 667825172 9.84E-05 2.81

E3 AX-95197534 6A 3851364 1.05E-05 13.79

E4 AX-94519472 5D 46312169 0.0001 4.21

 

 

Pleiotropic regions and stable MTA’s
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The present study identi�ed stable MTA only for TKW on chromosome 7A in three environments viz., E1, E3 and E4
(details in MTAs for TKW paragraph). The pleiotropic regions found for GPC and TKW on chromosome 1A, 2A and 2B
between 398 - 403.1 Mb, 16 - 24.1 Mb and 777.8 - 790.8 Mb respectively. They explained the considerable PV for GPC
(13.71, 5.26, and 6.51 %) and small PV for TKW (1.82, 3.71, and 1.17 %).

In silico Analysis

The signi�cant SNPs associated with GFeC and GZnC were used to identify the putative candidate genes using the
annotated wheat reference sequence (RefSeq V1.0) (Table 6). The SNPs associated with GFeC found to encode
Domain of unknown function DUF3475 and Domain of unknown function DUF668 (TraesCS2B02G321500), Serine-
threonine/tyrosine-protein kinase (TraesCS3B02G295000), Zinc �nger CCCH-type proteins (TraesCS6A02G353900) and
F-box-like domain superfamily (TraesCS3A02G389000). The two signi�cant SNPs associated with GZnC namely, AX-
94422893 and AX-94651424 on chromosome 7B and 1A respectively lie in the region codes for Histone deacetylase
domain superfamily or Ureohydrolase domain superfamily (TraesCS7B02G266000) and SANT/Myb domain or
Homeobox-like domain superfamily (TraesCS1A02G365900).

 

Table 6. Putative candidate genes for GZnC and GFeC using signi�cant MTA’s

Trait SNP ID TraesID Chr Position (bp) Putative candidate genes

          Overlapping Nearby
(<0.1Mb)

GFeC AX-
94761251

TraesCS2B02G321500 2B 458,621,788-
458,626,611

Domain of unknown
function DUF3475,
Domain of unknown
function DUF668

-

AX-
94850629

TraesCS3B02G295000 3B 473,694,773-
473,709,342

Serine-
threonine/tyrosine-
protein kinase

-

AX-
94715803

TraesCS6A02G353900 6A 585,438,429-
585,442,114

Zinc �nger CCCH-type, 
G-patch domain

-

AX-
95002032

TraesCS3A02G389000 3A 638,015,190-
638,016,595

- F-box-like
domain
superfamily

GZnC AX-
94422893

TraesCS7B02G266000 7B 488,410,536-
488,414,496

Histone deacetylase
domain superfamily,
Ureohydrolase domain
superfamily

-

AX-
94651424

TraesCS1A02G365900 1A 544,747,971-
544,749,566

SANT/Myb domain,
Homeobox-like domain
superfamily

-

TKW AX-
94939463

TraesCS7A02G560100 7A 731,962,146-
731,966,195

  Polysaccharide
biosynthesis
domain

Discussion
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In the present study, genetics of micronutrient concentration, grain protein and other quality traits such as TKW and TW
has been studied using GWAS and the phenotypic data for GZnC and GFeC generated using ED-XRF,protein with NIR
and TW with hectolitre machine, while TKW calculated manually.

The GZnC ranged from 17.56 to 56.93 mg/kg and GFeC ranged from 25.47 to 52.09 mg/kg, similar variations have
been reported in earlier studies [39 - 45]. The heritability estimates for three different locations was moderate (>0.40 and
<0.60) to high (h2 ≥ 0.60) for all the traits (Table 1). Higher heritability indicates the greater contribution of genetic
variance to the total variance and indicates the possibility of genetic improvement of traits through marker-assisted
selection. Comparable heritability estimates were reported in some previous studies [29, 32, 45, 46, 47, 48].

The landrace Navrattan and a synthetic derivative 2.38 were among the highest performing genotypes for GZnC (36.05
and 37.72 mg/kg), GFeC (37.87 and 38.27 mg/kg) and GPC (12.32 and 12.22%) based on the pooled mean across
locations and hence can be e�ciently utilized in breeding programs as donors. The genotype Lokbold was identi�ed to
be another good performer for GFeC (37.76 mg/kg), GZnC (35.26 mg/kg) and TKW (49.8g) and therefore can also be
given due consideration in breeding programs (Table 2).

The signi�cant positive correlations among GZnC, GFeC and GPC indicate the possibility of simultaneous improvement
of these traits (Table 3). This �nding is in line with few earlier reports [40,45-47]. Additionally, many studies suggested a
common genetic basis of these traits through GWAS and QTL studies [49,50]. Surprisingly, GFeC showed a positive
signi�cant association with TKW and TW, however, GZnC did not exhibit any signi�cant association with TKW. The
negative signi�cant association of GPC with TW and TKW found in E2, E3 and E4 may be due to the dilution effect [51].

Population structure inferred by Principal Component Analysis (PCA) revealed the three subpopulations in the GWAS
panel (Figure 4). In previous studies, the structure was mainly due to pedigree, geographical origin, and evolutionary
origin [29, 31-33]. In current study, the genotypes were selected based on low, medium and high iron and zinc
concentrations in IARI-Delhi, but the basis of population structure is unknown; similar was the case in the studies by
[30]. The integration of PCA in GWAS identi�es and excludes the differences that might be due to the structure of
populations, rather than the trait of interest, hence helpful in elimination of spurious MTAs caused by population
structure (Bioinformatics (2019).

The linkage disequilibrium (LD) decay over genetic distance in a population determines the density of marker coverage
needed to perform GWAS. A faster LD decay indicates that a higher marker density is required to capture the markers
close enough to the causal loci [52]. In the present study, the Genome-wide LD decayed at the genetic distance of
around 6 Mb (Figure 3). Similar LD pattern was reported by [53] (5.98 Mb) in a set of Chinese wheat landraces. In
contrast, [54] reported that the whole genome LD decay was faster and it was at the distance of 2 Mb in a set of
CIMMYT spring bread wheat lines. In addition, [67] found that the whole genome LD decay distance was about 3 Mb. In
contrast to faster LD decay, [55,56] obtained the slower LD decay distance of 22 Mb and 23 Mb respectively in a set of
hexaploid wheat collection from Kazakhstan and in Mexican bread wheat landraces.

Overall, 55 MTAs were identi�ed for the �ve traits studied. The number of MTAs detected for GFeC, GZnC, GPC, TKW
and TW were 4, 2, 23, 15, and 11 respectively.

The four MTAs were identi�ed for GFeC on chromosomes 2B, 3A, 3B and 6A with PVE ranging from 8.82 – 12.62%
(Table 5; Figure 5). Previously, [28] reported MTAs on chromosome 3A, [57] on chromosome 3B, further QTL were
reported on 2B and 6A by [58], and chromosome 3B by [1]. The major SNP on chromosome 3A (AX-95002032) located
at 637.9 Mb explained 12.62% of the phenotypic variation, and the putative candidate gene linked with this marker is
TraesCS3A02G389000 (F-box-like domain superfamily). The cellular iron homeostasis in mammals is regulated by iron
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regulatory proteins IRP1 and IRP2. Interestingly, the E3 ubiquitin ligase complex containing the FBXL5 (F-box and
leucine-rich repeats protein 5) protein targets IRP2 for proteasomal degradation. The stability of FBXL5 itself was
regulated, accumulating under iron- and oxygen-replete conditions and degraded upon iron depletion [59,60]. These
observations also hint at the possible role of FBXL5 in iron sensing in plant systems. The SNP AX-94715803 on
chromosome 6A located at 585.4 Mb explained 11.14% phenotypic variation. The putative candidate gene linked with
this marker is TraesCS6A02G353900 (Zinc �nger CCCH-type, G-patch domain). It should be noted that the zinc �nger
proteins are transcription factors having DNA binding domain, require zinc or iron ions for structural and functional
stability and get activated with the availability of Zn or Fe ions, and affect the function of various other genes [61]. [31]
also reported the possible role of zinc �nger protein in wheat grain zinc accumulation while working with HarvestPlus
Association Mapping (HPAM) panel of CIMMYT wheat lines. The other two MTAs, AX-94761251, AX-94850629 found
on chromosome 2B at 458.6 Mb and on chromosome 3B at 473.7 Mb explained a respective phenotypic variation of
9.26 and 8.82%, respectively. Insilico analysis predicted the probable candidate genes TraesCS2B02G321500 (Domain
of unknown function DUF3475, DUF668) for AX-94761251 and TraesCS3B02G295000 (Serine-threonine/tyrosine-
protein kinase) for AX-94850629. The protein kinases are responsible for Fe and Zn protein phosphorylations and are
found to show greater interactions with Fe and Zn transporter proteins [62], hence may have a potential role in grain
micronutrients accumulation. The possible role of protein kinases in grain iron and zinc accumulation in wheat was
indicated by [1,28,46,57,63].

The two SNPs associated with GZnC found on chromosomes 1A and 7B with PVE ranged from 6.35-7.60% (Table 5;
Figure 5). Previously [28,31,33] reported the MTAs on these chromosomes. An SNP on chromosome 7B (AX-94422893)
located at 488.4 Mb explained 7.60% of PVE, this region encodes TraesCS7B02G266000 (Histone deacetylase domain
superfamily, Ureohydrolase domain superfamily). Remarkably, the Histone deacetylases remove the acetyl group from
histone lysine and hence involve in gene regulation, zinc ion acts as a cofactor and regulates the catalytic function of
the classical HDAC family of enzymes (Class I, II, IV) [68]. Another SNP on chromosome 1A (AX-94651424) located at
544.7 Mb explained 6.37% PV and codes for TraesCS1A02G365900 (SANT/Myb domain, Homeobox-like domain
superfamily). Interestingly, Arabidopsis Myb transcription factors positively regulate the biosynthesis of glucosinolates
[64] which in turn is involved in trade-off with Zn. This is evident from the studies by [65] on Thlaspicaerulescens, where
Zn hyper accumulation decreased sinalbin (p-hydroxybenzylglucosinolate) concentrations in shoots.

The signi�cant MTAs found for GPC in all the environments. Overall, 23 signi�cant MTAs identi�ed for GPC on 13
different chromosomes viz., 1A, 1B, 1D, 2A, 2B, 2D, 3B, 3D, 4D, 5B, 6A, 7A and 7D with PVE ranged from 1.91–18.19%
(Table 5; Figure 5). The SNPs detected in E1, AX-95233137 on4D at 482.9 Mb, AX-94508066 and AX-95195514 on 1A
with respective position of 398.1 Mb and 354.9 Mb explained 18.19%, 13.71% and 12.91% phenotypic variation
respectively. Another important SNP found in E4, AX-94838908 on 5B at 689.2Mb explained 13.87% of the phenotypic
variation.

Fifteen SNPs governing TKW were assigned to 12 different chromosomes viz., 1A, 1B, 1D, 2A, 2B, 2D, 3A, 3B, 4D, 5D, 7A
and 7B. The PVE of these SNPs is in the range of 1.17–12.07% (Table 5; Figure 5). Interestingly, a major SNP AX-
94939463 identi�ed on chromosome 7A at 731.8 Mb, stably found in three environments namely, E1, E3 and E4, and
explained the phenotypic variation of 12.07, 10.13, and 8.09% in the respective environments. This SNP was found in
the region codes for TraesCS7A02G560100 (Polysaccharide biosynthesis domain). Interestingly, the polysaccharide
synthesizing glycosyltransferases are the enzymes generally organized on Golgi bodies that catalyze the synthesis of
more complex andhighly branched polysaccharides [66].

Eleven SNPs governing TW were assigned to chromosome 1B, 3A, 4B, 5A, 5B, 5D, 6A, 6D, and 7B with PVE ranged from
1.65– 13.79% (Table 5; Figure 5). A major SNP detected in E3 on chromosome 6A (AX-95197534) located at 3.8 Mb
explained the highest PVE of 13.79%.
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The highly signi�cant positive correlation between GFeC, GZnC and GPC (P<0.001) in all the environments suggest the
possibility of simultaneous improvement of these traits. The best performing lines can be utilized as sources in the
breeding pipeline and for developing mapping populations to discover QTLs for grain Zn and Fe concentration and
protein content. Further, the promising SNPs on chromosome 1A, 7B for GZnC and 2B, 3A, 3B and 6A for GFeC could be
converted into breeder’s friendly Kompetitive Allele Speci�c PCR (KASP) markers to use inmarker-assisted selection
(MAS) and targeted introgression to develop bioforti�ed cultivars. The putative candidate genes identi�ed need to be
validated further to shed light on their functional role in grain Fe and Zn concentration.
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Figures

Figure 1

Frequency distribution of GZnC, GFeC, GPC in the GWAS panel evaluated in the three environments and across
environments.

E1 – IARI, New Delhi, E2 – IARI, Indore, E3 – GBPUAT, Pantnagar, E4 – AcrossEnv
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Figure 2

Scatter plots showing the correlation of grain zinc (GZnC) and iron (GFeC) concentration in GWAS panel evaluated in
the three environments and across environments.

E1 – IARI, New Delhi, E2 – IARI, Indore, E3 – GBPUAT, Pantnagar, E4 – AcrossEnvi

Figure 3

Scatterplot showing linkage disequilibrium (LD) decay estimated by (r2) against genetic distance (bp) in 183 diverse
bread wheat accessions.

The black line indicates the cut-off (r2 = 0.1) of LD decay.
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Figure 4

Principal component analysis (PCA) plot with three principal axes showing three distinct groups.

Figure 5

Manhattan and QQ plots for GFeC, GZnC, GPC, TKW and TW from IARI-New Delhi (E1), IARI-Indore (E2), GBPUAT-
Pantnagar (E3) and across the locations (E4)

Figure 6

Boxplots for signi�cant common SNPs identi�ed for GFeC and GZnC in three locations and across the locations.
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