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ARTICLE INFO ABSTRACT

Keywords: Wheat is an important food crop worldwide, providing substantial calories and nourishment.
Heritability Genetic variability in wheat germplasm is crucial for the development of cultivars with desirable
PCA

features. This two years study (2020-21 and 2021-22) was conducted to evaluate 13 diverse
wheat genotypes factorially combined with foliar-applied zinc sulphate (0, 0.4, 0.6%) arranged in
a triplicate randomized complete block design. Boxplot analysis revealed the significant (P <
0.01) phenotypic variation of wheat germplasm for all the studied traits, but maximum variation
was observed for yield and Zn biofortification-related traits. Correlation and path analysis
revealed a significant (P < 0.01) association among yield and biofortification-related traits. Zinc
uptake showed maximum strength of association (r = 0.96, p < 0.01) with grain Zn concentra-
tion. The Biplot analysis showed the graphical representation of wheat accessions based on
similar characteristics and then assort into distinct groups. Broadsense heritability (Hps) was
calculated to determine the proportion of variation transmitted to future generations. The high
value of Hy, for yield and Zn biofortification-related traits indicates that these traits are governed
by the additive type of gene action and can be fixed in early segregating generations. In crux, this
study validated the genetic variability in existing wheat genotypes for yield and Zn
biofortification-related traits and may be helpful to devise an efficient breeding program for
wheat Zn biofortification.

Correlation
Path analyses
Zn biofortification

1. Introduction

Wheat is an important cereal crop globally, feeding over a third of the world’s population [1]. Many countries rely on it as a staple
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food crop due to its richness in carbohydrates and dietary fiber [2,3]. In addition, it contains crucial nutrients such as vitamins B and E,
as well as phosphorus, which are necessary for human health [4,5]. Global wheat production in 2021-22 reached 778 million metric
tons, up by 4 million tons from 2020 to 21 [6]. In Pakistan, 9168 thousand hectares of wheat cultivation produced 27.63 million tons,
contributing 8.2% to agricultural value addition and 1.9% to GDP in 2022-23 [7]. Despite its significance, wheat production faces
several challenges, including low yields and deficiency in essential micronutrients. To meet the growing demands of wheat, it is
important to improve the per hectare yield of wheat [8]. As the global population continues to increase, the need for sustainable
measures to improve crop productivity becomes increasingly pressing. High-yielding wheat varieties have been developed over the
years, but there is still room for improvement. Various factors affect wheat yield, including climate change, soil quality, and pest and
disease outbreaks [9,10]. The wheat yield needs to be increased to meet the demands of the growing population. Additionally, wheat is
deficient in several micronutrients [11]. Zinc (Zn) is an essential mineral for human health. However, over two billion people, mainly
in developing countries, suffer from zinc deficiency due to a lack of Zn in their diet, leading to stunted growth, impaired immune
function, and an increased risk of infections [12,13]. Zn biofortification is a sustainable way to improve the Zn contents in wheat and
human diet.

Along-with being an important component of human being, Zn is also equally important for plant growth and development, where
it is required only in minute quantity, but its deficiency leads to reduced crop yields and poor-grain quality [14,15]. The impact of zinc
on crop yield and related attributes has been extensively researched, with multiple studies demonstrating significant improvements in
productivity with zinc fertilization [14,16]. Inadequate Zn supply affects plant metabolism, leading to stunted growth, delayed
maturity, and reduced grain yield [17,18]. Studies have shown that fertilizing with Zn can increase grain yield, as well as enhance
plant height, grain weight, and tiller count [15,16,18]. In addition to improving crop yields, Zn fertilization also improves grain Zn
contents and its uptake [19]. Several studies have shown that Zn fertilization increases the grain Zn content, improving nutritional
quality [14,19,20]. Zinc biofortification by fertilization is an important strategy for addressing zinc deficiency in human diet, espe-
cially in developing countries where most of the soils are Zn deficient [9]. Therefore, Zn fertilization can significantly improve the crop
productivity, nutritional quality of grains, and Zn availability in human diet.

Grain yield and nutritional quality traits are important traits for the plant breeders [21]. It is often challenging to select multiple
traits together due to the variety of correlations. Therefore, it is essential to know the association among traits and their ultimate effect
on yield and nutrient content in a breeding program [22]. To figure out the association of various characteristics, path analysis and
principal component analyses (PCA) are most widely used because path analysis is used to determine the direct and indirect effects of
traits on a dependent variable [23]. It provides a better understanding of the relationships between traits and the importance of each
trait in determining the dependent variable. PCA is a multivariate technique that is used to reduce the dimensionality of data. It
identifies the principal components explaining the maximum variation in the data set [23,24]. It is also useful in identifying the
genotype group based on the association among different traits in a breeding program. Heritability of character is very important to be
measured because the associations of various traits in genotypes are changed owing to the breakage of association among genes (i.e.,
crossing over) under changes in environmental conditions. Heritability of the multiple characteristics of plants related to yield and
nutritional content is also determined to figure out better Zn biofortified wheat genotypes with improved yield [24-26].

The mentioned research focuses on developing strategies for enhancing the zinc (Zn) content in wheat grains, which can contribute
to the biofortification of wheat. However, several factors, such as climate fluctuations and soil conditions, can affect the performance
of different wheat genotypes regarding biofortification [26,27]. Thus, the primary objective of the study is to investigate the heri-
tability and phenotypic diversity of wheat genotypes for concentration and bioavailability of grain zinc content and yield. In addition,
the study also examines the effect of Zn fertilization on the relationship among yield and biofortification related traits of wheat. The
study aims to provide insights into the factors influencing Zn biofortification in wheat and identify potential breeding and agronomic
strategies for improving he grain Zn content in wheat.

2. Materials and methods
2.1. Experimental site and treatments

The experiment was conducted in the field area of the College of Agriculture at the University of Layyah, Pakistan during two
growing seasons (2020-2021 to 2021-2022). The field area experienced an average rainfall of 275 mm with a warm summers and cold
winters. The soil was categorized as aridisol, containing 65% sand, 22% silt, and 20% clay. The soil pH was 8.1 and the concentration
of primary nutrients (NPK) was recorded 438 mg/kg, 6.3 mg/kg and 120 mg/kg respectively and 675 pug/kg Zn (AB-DTPA-extractable).

The wheat’s seed was drilled with a 45 cm row to row and a 30 cm plant to plant spacing at mid of November in both years and was
harvested in last week of April. During crop life span, the recommended dose of NPK, irrigations and plant protection measures were
applied for the uniform growth and development of the crop.

The experimental treatments were arranged in a two-factorial randomized complete block design with three replications. Treat-
ment factors include 13 genotypes of wheat (Table S1) and three foliar applied Zn concentrations, i.e., 0, 0.4 and 0.6%, respectively.
For all treatments, aquas solution was prepared and was applied at the grain filling stage (275 Zadoks growth scale). The experiment
was repeated with the same experimental treatments in the next year.

2.2. Data collection

For all yield-related traits, data were collected for 10 randomly selected plants and average was calculated for further processing of
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the data. Plant height was measured from the soil surface to the top of the spike excluding awns. On each spike, the number of spikelets
were counted. The harvested plants were manually threshed and weighed at maturity to obtain grain yield.

To conduct the grain mineral analyses, a unique sample of 01 g was taken and baked at 65 °C until the weight was constant. This
was followed by the grinding of the samples to pass through a 1 mm sieve. To digest the ground materials, a solution of 2:1 perchloric
and nitric acid was used according to the approach developed by Jones and Case [28]. The concentration of Zn in the digested samples
was determined using an atomic absorption spectrophotometer (240FS AA, Agilent, Santa Clara, USA). Grain Zn uptake was calculated
by multiplying the Zn concentration with the grain yield. To extract the phytate from the same samples used for estimating Zn con-
centrations, 0.2 M HCL was used following the procedure outlined by Haug and Lantzsch [29].

The bioavailability of Zn for human consumption was determined through trivariate model of Zn absorption as described by Miller
et al. [30]. The model assumes that an adult consumes 300 g of wheat flour daily as their sole source of zinc and calculates the
availability of zinc in milligrams per day (mg Zn d ).

2.3. Statistical analyses

The statistical software STATISTIX 8.1 was used to analyze the data for the analyses of variance and to calculate the mean squares.
Boxplot analyses were performed to estimate the presence of genetic variability of wheat genotypes under different levels of treatment.
Correlation analyses were also performed to determine the degree of association among the traits under study by using equation (1)
[31].

o TXY-$X(SY/n) W

EEE

where n represents the number of observations, and ‘X’ and ‘Y’ are variables which were counted across the replications.
Path coefficient analysis was used to investigate the direct and indirect relationships among traits, as per the method (Equation (2))
described by Dewey and Lu [32].

Y:b0+b]X1 +b2X2+...+bIle’l (2)

In the above formula, outcome variable is represented by ‘Y’, the intercept is represented by ‘by’ while ‘by’, ‘by’, ..., ‘b, are the path
coefficients and ‘X;’°, Xy, ..., ‘X’ are the independent variable.

PCA biplot analysis was employed to group the genotypes based on multivariate relationship among the traits. Likewise, broad
sense heritability was calculated separately for each Zn treatment, using equation (3) [33].

(Genotypic coefficient of variance)
(Phenotypic coefficient of variance)

Heritability (h’bs) = x 100 3

3. Results
3.1. Phenotypic variability for yield and zinc related traits

The studied genotypes have shown a range of phenotypic variability for plant height, number of spikelets per spike, grain yield,
grain zinc content and bioavailability and zinc uptake and the interaction of ZnSO4 and genotypes was also significant (p < 0.01) for
the all the traits except the number of spikelets per spike and grain zinc content (Table 1). Box plots were created to estimate the degree
of genotypic variation among wheat genotypes under different Zn fertilization treatments (Fig. 1). There was a less amount of variation
among genotypes for plant height, number of spikelets per spike and spike length under all Zn fertilization treatments (Fig. 1a, b, c).
Grain yield showed a greater amount genetic variation among genotypes under 0.6% ZnSO4 fertilization relative to control and 0.4%
(Fig. 1d). Zinc biofortification related traits demonstrated a maximum variation among genotypes across all three ZnSO4 levels.
Variation among the genotypes for the grain zinc content and grain Zn bioavailability was maximum at 0.4% and 0.6% respectively
(Fig. 1e and f). Phenotypic variation for the Zn uptake was nearly similar under all Zn fertilization treatments (Fig. 1g).

Table 1

Mean square of different yield and zinc related traits of wheat as affected by ZnSO, levels.
Source of Plant Number of Spikelets/ Spike Grain Yield/ Grain Zinc Grain Zinc Zinc
Variance Height Spike Length Plant Content Bioavailability Uptake
Genotype (G) 235.75%* 5.33** 2.78%* 1.57** 116.47** 1.74** 0.01**
ZnSOy4 266.84** 11.36** 0.12™ 5.31%* 716.68** 21.11%* 0.09**
ZnSO4 *G 64.31%* 1.80™ 1.50%* 0.60* 7.61™ 0.20** 0.00™
Error 8.73 1.23 0.53 0.31 4.97 0.01 0.00

*Significant at 5%, **Significant at 1%.
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Fig. 1. Box plot analyses for genetic variability of thirteen wheat genotypes for (a) plant height, (b) number of spikelets per spike, (c) spike length,
(d) grain yield per plant, (e) grain Zn contents, (f) grain Zn bioavailability and (g) Zn uptake under various foliar applied treatments of zinc sulphate.

3.2. Heritability

Heritability is the proportion of variance that is passed on to future generations. The highest broad sense heritability (98% and
94%) was recorded for grain zinc bioavailability and plant height, respectively, under 0.6% ZnSO, foliar application, whereas the
coefficient of broad sense heritability changed as the concentration of zinc sulphate application is changed. Under 0.4% ZnSO4 foliar
application, maximum broad sense heritability was recorded 97% for grain zinc bioavailability, followed by plant height (96%) and
grain zinc content (95%), while in the control condition, maximum broad sense heritability (92% and 81%) was recorded for grain zinc
bioavailability and plant height, respectively (Table 2).

3.3. Correlation and path analyses

The knowledge about the association among the traits is crucial for the selection of multiple traits simultaneously. The correlation
between the studied attributes changed under different levels of zinc sulphate application. Under control conditions, zinc uptake and
grain zinc content (r = 0.96) had a highly significant connection, followed by grain yield and zinc uptake (r = 0.88) (Table 3). In the
case of 0.4% ZnSOy fertilization, correlation values were relatively lower. A highly positive correlation was observed between grain
zinc content and zinc uptake (r = 0.91) followed by grain zinc bioavailability and zinc uptake (r = 0.70) (Table 3). In the case of 0.6%

Table 2
Heritability coefficient of different yield and zinc related traits of wheat as affected by ZnSO4 levels.
Plant Number of Spikelets/ Spike Grain Yield/ Grain Zinc Grain Zinc Zinc
Height Spike Length Plant Content Bioavailability Uptake
Control 0.81 0.46 0.60 0.29 0.61 0.92 0.50
0.4% 0.95 0.67 0.83 0.71 0.95 0.96 0.93
ZnSO4
0.6% 0.93 0.74 0.74 0.79 0.84 0.97 0.76
ZnS04
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ZnSO04 application, the correlation between grain zinc content and Zinc uptake (r = 0.85) decreased as compared to 0.4% ZnSO4
application and the control (Table 4).

For Grain Zn biofortification, Zn uptake efficiency of the genotypes is crucial. Path coefficient analysis was conducted to dissect the
association of different traits with Zn uptake into direct and indirect effects (Fig. 2a—c). Although strength of association (Between Zn
uptake and other trats) was different under different Zn fertilization treatments, but trend of strength of direct and indirect effects was
nearly similar under all three treatments. Direct effect of plant height, spike length and number of spikelets per spike was very small
compared to the correlation values, which showed that these attributes contribute indirectly via other traits mainly via grain Zn
contents (Fig. 2a—c). Whereas strong direct effects were observed grain yield, grain Zn contents and grain bioavailability which means
these attributes play a direct role in uptake of Zn to the grains.

3.4. Biplot analyses

Principal Component Analyses (PCA) was carried out to draw the biplot and for each fertilization treatment, a separate PCA was
conducted to check whether change in the grouping of the genotypes occur under different Zn fertilization treatments or not. Under
control conditions, the first two principal components (PCs) of the biplot manifested 61.26% and 17.42% variability, respectively
(Fig. 3a). Whereas, under 0.4% ZnSO; foliar application, the first two PCs’ respective contributions were 50.56% and 25.37% and
under 0.6% ZnSOy foliar application, the first two PCs’ contributions were 51.50% and 18.06%, respectively (Fig. 3b). Under the
control conditions, the biplot classified all genotypes into three distinct groups, each of which reflected a unique indication of different
attributes. However, the genotypes were classified into four groups under 0.4% and 0.6% ZnSO4 foliar application (Fig. 3c).

Under control condition, 1st group under consisted of ‘Fakher-e-Bhakar’, ‘Anaj-17, ‘Galaxy-13', and ‘Borlaug’ genotypes which had
higher plant height, spike length, number of spikelets per spike and grain zinc bioavailability. The 2nd group comprised of genotypes’
Johar’, ‘Markez’, ‘Punjab-11’, and ‘Faisalabad-08’, which had lower grain yield and zinc content and number of spikelets per spike
relative to the 1st group genotypes. The 3rd group consisted of genotypes’ Akbar-19', ‘Zincol’ and ‘AARI-11’ which had higher grain
yield, grain zinc content and zinc uptake compared to both 1st and 2nd group. The genotypes’ SH-2002', and ‘Ujala’ were outliers
representing extreme cases that displayed different patterns compared to all three groups under control conditions (Fig. 3a). Under
0.4% ZnSO4 fertilization, four distinct groups of the genotypes were created. The 1st group consisted of ‘Fakher-e-Bhakar’, ‘Akbar-19’,
‘Galaxy-13/, and ‘Zincol’ genotypes which had higher plant height, grain zinc content, grain zinc bioavailability and zinc uptake. The
2nd group comprised of only two genotypes i.e., ‘Markez’ and ‘Borlaug’, which had low grain yield, grain zinc content, number of
spikelets per spike, grain zinc bioavailability and zinc uptake as compared to rest of genotypes’. The 3rd group consisted of genotypes’
Faisalabad-08', ‘Punjab-11/, ‘Ujala’ and ‘SH-2002, which had higher grain yield, grain zinc content and zinc uptake than the genotypes
in other groups. The 4th group consisted of genotypes’ Anaj-17', ‘Johar’, and ‘AARI-11’, which had higher grain yield, number of
spikelets per spike and spike length than other groups but had low plant height, grain zinc content, grain zinc bioavailability and zinc
uptake as compared to the 1st group (Fig. 3b). Under 0.6% ZnSO4 foliar application, four distinct groups of the genotypes had been
created. The 1st group contained only a single genotype, ‘Fakher-e-Bhakar’ which manifested more spikelets per spike, grain zinc
bioavailability and zinc uptake than other genotypes. The 2nd group comprised Galaxy-13’, Johar’ and ‘Punjab-11’, which had higher
plant height and grain yield than the rest of the genotypes. The 3rd group consisted of genotypes’ Markez’, ‘Anaj-17', ‘Ujala’, ‘Borlaug’
and ‘SH-2002', which had lower grain yield, grain zinc content and zinc uptake than the genotypes in other groups. The 4th group
consisted of genotypes’ Akbar-19/, ‘Faisalabad-08', ‘Zincol’, and ‘AARI-11’, which had comparatively higher grain zinc content and
spike length than the genotypes present in other groups (Fig. 3c).

4. Discussion

Genetic diversity is crucial for any breeding program in order to improve yield and quality. In current study genetic diversity among
wheat genotypes was estimated separately for different Zn fertilization treatments to estimate that how the Zn fertilization affects
genetic variation in the genotypes. Variation on the rage of genotypic variability for different studied traits under different Zn might be

Table 3
Correlation among different yield and zinc related traits of wheat under control and 0.4% ZnSO foliar application. In table values over diagonal are
from control condition and lower are 0.4% ZnSO4 application.

Traits Plant Number of Spikelets/ Spike Grain Yield/ Grain Zinc Grain Zinc Zinc
Height Spike Length Plant Content Bioavailability Uptake

Plant Height 1 0.26" 0.29" 0.01™ —0.03™ 0.32* -0.01™

Number of Spikelets/ —-0.07™ 1 0.82%* 0.45%* 0.48%* 0.36* 0.50%*
Spike

Spike Length —0.10™ 0.63** 1 0.45%* 0.33* 0.24™ 0.41%*

Grain Yield/Plant 0.03" 0.29" 0.30™ 1 0.70%** 0.54%* 0.88**

Grain Zinc Content 0.42%* 0.24" 0.23™ 0.11™ 1 0.58%* 0.95%*

Grain Zinc 0.44* 0.32* 0.28" 0.30™ 0.66%* 1 0.61%*
Bioavailability

Zinc Uptake 0.36* 0.34* 0.33* 0.51%* 0.91%* 0.69%* 1

*Significant at 5%, **Significant at 1%.
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Table 4
Correlation among different yield and zinc related traits of wheat under control and 0.6% ZnSO, foliar application. In table values over diagonal are
from control condition and lower are 0.6% ZnSO4 application.

Traits Plant Number of Spikelets/ Spike Grain Yield/ Grain Zinc Grain Zinc Zinc
Height Spike Length Plant Content Bioavailability Uptake

Plant Height 1 0.267™ 0.29"™ 0.01™ —0.03"™ 0.32* —-0.01™

Number of Spikelets/ 0.07" 1 0.82%* 0.45** 0.48** 0.36* 0.50%**
Spike

Spike Length 0.32* 0.50%* 1 0.45** 0.33* 0.24" 0.41**

Grain Yield/Plant 0.05™ —0.06" 0.00" 1 0.70%* 0.54** 0.88**

Grain Zinc Content —-0.13" 0.50%* 0.30™ —0.22" 1 0.58%** 0.95**

Grain Zinc —-0.13™ 0.64** 0.44** 0.14" 0.63** 1 0.61**
Bioavailability

Zinc Uptake —0.09"™ 0.46** 0.29" 0.32* 0.84** 0.67** 1

*Significant at 5%, **Significant at 1%.

Fig. 2. Path diagram showing direct and indirect effect (association) of different traits on zinc uptake of wheat grain under control (a), 0.4% (b) and
0.6% (c) foliar applied zinc sulphate.
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zinc sulphate.



A. Azeem et al. Heliyon 9 (2023) e19643

attributed to the differential response of wheat genotypes to the foliar applied zinc sulphate [34,35]. A broad range of variation among
genotypes for grain yield and zinc-related traits such as Zn concentration, bioavailability and Zn uptake under variable Zn application
(Fig. 1), depicts the potential of the studied genotypes to be used in a breeding program aimed at Zn biofortification. A smallest amount
of variation for plant height, number of spikelets per plant, and spike length indicates the selective breeding for these attributes which
has narrowed the genetic diversity [35,36].

A plant breeder often selects a number of traits in any breeding program, therefore information about relationship of these traits
plays a crucial role in a successful selection [37]. In current study, strong association of Zn biofortification traits with grain yield
depicts potential of simultaneous improvement in both traits. Simultaneous improvement in grain Zn traits and yield has also been
reported by the other researchers [37,38]. Thapa et al. [37] demonstrated that improvement in grain Zn contents does not compromise
the grain yield in wheat. The change in correlation values under different fertilization conditions may be attributed to differential
response of the genotypes for specific traits under different fertilization conditions [14,20]. The PCA analysis partitioned the studied
wheat germplasm into 3-4 groups across all three ZnSO4 levels, indicating the performance of different genotypes for a variety of yield
and zinc-related traits. The performance of genotypes changed under different environmental conditions due to the change in the
association of functional genes and some specific transcription factors [39-41] which has caused a change in the grouping of the
genotypes under different Zn fertilization treatments. Change in the grouping pattern of the genotypes has also been reported by
Sharma et al. [41] who reported change in the grouping pattern under different irrigation conditions. Better performing genotypes
from different groups like Zincole, Fakhr-e-Bhakkr, Akbar-19 and Punjab-11 can be used in the breeding programs aimed at grain yield
and Zn biofortification. Maximum genotypic variability among genotypes for zinc uptake was shown under 0.6% ZnSO4 foliar
application which represents high variability in the tested genotypes for their performance under high Zn fertilization [42]. This
variability may be attributed to presence or absence of transporter genes in different genotypes which might led a variable uptake in
different genotypes [43,44].

Heritability is essential to study for the degree of transmission of traits to future generations in any breeding program [45,46].
Although high broad-sense heritability for almost all the traits were observed under all fertilization conditions, there were some
differences which might be due to variation in the variability under different fertilization conditions. Velu et al. [46] demonstrated that
high heritability across environments might be due to non-cross over type of interaction. Strong correlation along-with higher heri-
tability among the yield and Zn biofortification related traits manifested that these traits are beneficial and valuable for breeding and
can prove helpful in substantial genetic advance for wheat germplasm.

5. Conclusion

The study depicted the high genotypic diversity among the genotypes for grain yield and Zn biofortification related traits. The
Studied traits manifested strong correlation and high heritabilites which depicts that the selection for these traits can be done in early
segregating generations. Due to high genotypic variation in Znicol, Fakhar-e-Bhakkar, and Akbar-19 (as depicted by PCA biplot), these

genotypes can be utilized in a breeding program aimed at high yield and Zn biofortification. Higher Broadsense heritability for yield
and Zn biofortification related traits suggests selection in early segregating generations.
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