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Editorial on the Research Topic
 Wheat biofortification to alleviate global malnutrition




According to the latest FAO report on the state of food security and nutrition in the world (1), more than 720 million people faced hunger, and around 3 billion people did not have access to a healthy diet. All these problematics, exacerbated by the current COVID-19 crisis, led to an increase in the number of people affected by the so-called hidden hunger, caused by an inadequate intake of essential micronutrients (MNs) such as iron (Fe), zinc (Zn), selenium (Se) and provitamin A. Biofortification, intended as the improvement of the nutritional quality of food crops through either conventional breeding, agronomic practices or modern biotechnologies, represents a sustainable, cost-effective and long-term approach to alleviate micronutrient-deficiency. Staple crops are typically the major target of most biofortification studies, given their central role in human diet. Wheat, specifically, contributes to around 20% of the total energy and protein intake and to around 30% of the Fe and Zn intake worldwide. However, the current level of MNs present in most wheat-derived food products is not enough to meet the minimum daily intake, especially in the poorest regions of the world. For these reasons, continuing to work on wheat biofortification is fundamental to ensure the production of nutritious and sustainable food and to contribute to the reduction of MNs deficiency.

This special issue of Frontiers in Nutrition presents some of the most recent discoveries on wheat biofortification with studies spanning from the development of genetic tools to speed up conventional breeding, genetic engineering and novel agronomic methods to increase the MNs content in wheat grain. In this issue, Wang Y. et al. report on the identification of different quantitative trait loci (QTL) associated with variation in the grain Fe and Zn content using a bread wheat recombinant inbred line (RIL) population grown across nine different environments. Results of this study revealed the presence of seven different genomic regions associated with grain Zn content (explaining 2.2 to 25.1% variation), and four genomic regions associated with grain Fe accumulation (explaining 2.3 to 30.4% variation). Interestingly, three of the QTL identified in this study appeared to be associated with the accumulation of both Fe and Zn content. These QTL were therefore transformed into high-throughput Kompetitive Allele Specific PCR (KASP) markers that could be readily used to speed-up biofortification within a conventional breeding program. Similarly, Krishnappa et al. also investigated the genetic control of Fe and Zn accumulation in wheat grains using a RIL population grown in several environments. In this case, however, additional traits associated with grain quality (grain protein content and thousand kernel weight) were also included. Thanks to the high marker density and to the high D-genome coverage, several QTL associated with either Fe, Zn and protein content and thousand kernel weight could be identified. Among them, several were located on the D genome, with the chromosome 7D harboring several QTL associated with all the analyzed traits. Putative candidate genes responsible for the observed phenotypic variation were also identified, paving the road for more detailed future studies which would likely allow the characterization of the specific gene(s) responsible for the variation of these essential traits.

Identification of the genes (and relative enzymes) directly responsible for the accumulation, bioavailability or degradation of anti-nutrients, is undoubtly the final goal of most genetic studies as it could greatly facilitate genetic biofortification though either conventional breeding or transgenic approaches. For this reason, Yu and Tian reported the role of the Carotenoid Cleavage Dioxygenase 4 (CCD4) gene on the wheat grain carotenoid accumulation using a set of Targeting Induced Local Lesions in Genomes (TILLING) durum wheat lines. Results revealed that the CCD4 homeolog genes do not appear to have a significant impact on grain carotenoid content even if changes in the carotenoid composition could be identified in both wheat grains and leaves.

The idneitification of genomic regions associated with higher MN contents and development of genetic tools for the fast transfer of the high MN traits, are not the only approaches used to facilitate the development of MN rich wheat. Several studies have indeed shown that agronomic biofortification is an efficient and effective method to increase wheat grain micronutrient content in the short-term, especially if combined with genetic biofortification (Gupta et al.). Here, Gupta et al. have comprehensively reviwed the recent progress made in utilizing natural genetic diversity, genome-wide association mapping, genomic selection, and genome editing technologies to improve the MN content and their bioavailability in wheat. Yu et al. studied the potential of Zn foliar application on the wheat grown in the Quzhou County of China, a region where more than 90% of the population is engaged in agriculture and where ~39% of the children suffer from Zn deficiency. The result indicated that compared to control, wheat with Zn foliar application had 97.7 and 68.2% higher Zn content in wheat grain and flour, respectively withoput a significant change in wheat yield. However, according to the author's prediction, implementing this practice could significantly increase the daily Zn intake, reduce the disability-adjusted life years (DALYs) for both infants and children, and increase the overall economic income of this Chinese region. Similar results were reported by Hafeez et al. who investifgated the effect of soil Fe, Zn or Fe and Zn application, on the overall grain MN accumulation, grain quality and plant performance on Zn-efficient wheat variety (Zincol-16) and Zn-inefficient variety (Anaj-17). As expected, the plants grown on the soil treated with either of the three applications, exhibited significantly higher MN content and yield compared with the controls. Also, the Zn-efficient variety was able to accumulate higher Zn and Fe content, confirming that the combination of genetic and agronomic biofortification is an effective strategy to improve MN intake.

Even if agronomic biofortification has been widely proven to be an efficient biofortification approach, the dynamics of absorption and translocation of the applied MNs are complex and influenced by several factors including the chemical form of the MNs, application rate and its method of application. Ramkissoon et al. reported on the time-dependent changes in the absorption, transformation and distribution of Se applied to wheat leaves at two growth stages with or without the inclusion of urea. Results revealed that, independent of the treatment, grain Se content increased to a level adequate for biofortification even if the time of application and the presence of nitrogen (N) in the formulation significantly influenced the assimilation of Se. More studies focused on the optimization of the formulation of Se and other MN fertilizers, and on the best methods and timing of application will be fundamental to refine current agronomic biofortification practices and to optimize the micronutrient accumulation in grain.

When considering agronomic biofortification, the possible detrimental effect that this practice could have on the environment should also be considered. Microbial-assisted biofortification could be a solution to combine the short-term effects of the classic agronomic biofortification while reducing the negative impact that the increased fertilizer application could have on both soils and waters. Using an endophytic strain of Bacillus altitudinis, Sun et al. confirm the potential of this technique for wheat Fe biofortification. In this innovative study, the authors test two different inoculation methods and proved that, especially after spraying the microbe inoculum in the soil, the grain Fe accumulation significantly increased and that this B. altitudinis strain could efficiently colonize and translocate within wheat. Even if more studies will enable to understand the benefits and effectiveness of this method, microbial-assisted biofortification is an exciting emerging area of investigation that could significantly help create more nutrient-rich and sustainable grains.

Wheat biofortification however could not be enough if most of the micronutrients accumulated in the grains are lost during food processing. Before being consumed in fact, wheat grains are typically milled into refined flour and the bran, which is the part of the grain with the highest mineral content, is typically discarded as a by-product of the milling process. For this reason, Wang H. et al. investigated the effect of bran size and quantity on the quality of Chinese steamed bread, a staple food typically produced with refined flour. Results of this study revealed that addition of 5% wheat bran with medium particle size (D50 = 122.3 ± 7.1 μm) was able to significantly increase the Zn content present in the final product while maintaing an acceptable end-use quality. Nevertheless, independently from the utilization of refined or whole meal flour, regular adoption of biofortified wheat varieties is associated with an increased intake of zinc. As reported by Lowe et al. in fact, regular consumption of food products obtained from biofortified wheat, is associated with a 30% to 60% increased daily zinc intake. These results were obtained using an individually-randomized, double-blind, placebo-controlled cross over design and recruiting 50 households representative of a population with widespread zinc deficiency.

To conclude, development of nutrient-dense wheat has the potential to mitigate the micronutrient deficiency problems that affect a significant part of the world population, typically from developing or under-developed countries. Up to now, tremendous progresses have been made on wheat biofortification, but new knowledge and innovations must be generated to ensure a significant reduction in the incidence of hidden hunger. The studies presented in this issue well represent the latest discoveries and approaches proposed to increase the wheat micronutrient content, underlying the importance of addressing biofortification from different angles by combining both genetic and agronomic approaches.
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Deficiency of micronutrient elements, such as zinc (Zn) and iron (Fe), is called “hidden hunger,” and bio-fortification is the most effective way to overcome the problem. In this study, a high-density Affymetrix 50K single-nucleotide polymorphism (SNP) array was used to map quantitative trait loci (QTL) for grain Zn (GZn) and grain Fe (GFe) concentrations in 254 recombinant inbred lines (RILs) from a cross Jingdong 8/Bainong AK58 in nine environments. There was a wide range of variation in GZn and GFe concentrations among the RILs, with the largest effect contributed by the line × environment interaction, followed by line and environmental effects. The broad sense heritabilities of GZn and GFe were 0.36 ± 0.03 and 0.39 ± 0.03, respectively. Seven QTL for GZn on chromosomes 1DS, 2AS, 3BS, 4DS, 6AS, 6DL, and 7BL accounted for 2.2–25.1% of the phenotypic variances, and four QTL for GFe on chromosomes 3BL, 4DS, 6AS, and 7BL explained 2.3–30.4% of the phenotypic variances. QTL on chromosomes 4DS, 6AS, and 7BL might have pleiotropic effects on both GZn and GFe that were validated on a germplasm panel. Closely linked SNP markers were converted to high-throughput KASP markers, providing valuable tools for selection of improved Zn and Fe bio-fortification in breeding.

Keywords: Triticum aestivum, mineral biofortification, quantitative trait locus, 50K SNP array, KASP marker


INTRODUCTION

Wheat provides the starch, protein, and mineral nutrition needs for 35–40% of the world population (1). Mineral nutrition is crucial for a healthy diet. Over 17% of people suffer from malnutrition worldwide due to lack of mineral nutrition and more than 100,000 children under the age of five die from zinc (Zn) deficiency annually (2–4). The CIMMYT Harvest-Plus program initiated in the early 21st century aimed to address the “hidden hunger” issue by increasing micronutrient concentrations in staple food grains by plant breeding (5). Zn and Fe deficiency were identified as major causes of malnutrition, especially in underdeveloped regions where cereal grains make up most of the food (6).

Zn is a crucial cofactor in many enzymes and regulatory proteins, such as carbonic anhydrase, alkaline phosphatase, and DNA polymerase enzyme synthesis (7). Zn deficiency, first reported in 1961, affects the immune system, taste perception, site, and sexual function (4). Fe deficiency in humans most commonly leads to nutritional anemia in women and children (8). Therefore, it is very important to improve the nutritional quality of wheat by enhancing the Zn (GZn) and Fe (GFe) concentrations in grain (9, 10).

Bio-fortification in wheat breeding demands identification of genetic resources with high GZn and GFe (9). Wide ranges in variation in GZn and GFe have been reported in bread wheat (11–13) and its cultivated and wild relatives (12, 14, 15). Quantitative trait locus (QTL) mapping was used to identify genetic loci affecting GZn and GFe in biparental mapping populations, including recombinant inbred lines (RILs) (16–18). Genome-wide association studies (GWAS) with high-density single-nucleotide polymorphism (SNP) arrays were also used; for example, Alomari et al. (19) performed a GWAS for GZn concentration in 369 European wheats using the 90K and 35K SNP arrays and detected 40 marker–trait associations on chromosomes 2A, 3A, 3B, 4A, 4D, 5A, 5B, 5D, 6D, 7A, 7B, and 7D and 10 candidate genes on chromosomes 3B and 5A. With wide application of molecular markers, such as SSR, DArT, and SNPs, increasing numbers of QTLs for GZn and GFe were detected, including 35 and 32 QTL for GZn and GFe in the A genome, 37 and 30 in the B genome, and 15 and 12 in the D genome, respectively (Supplementary Table 1). The GZn QTL in homoeologous groups 1 to 7 were 9, 10, 13, 11, 13, 12, and 19, respectively, whereas the corresponding numbers of GFe QTL were 6, 17, 10, 8, 15, 7, and 11. QTL pleiotropic for GZn and GFe were identified in homoeologous group 3, 4, 5, and 7 chromosomes.

Cultivar Jingdong 8, with high yield and resistance to stripe rust, leaf rust, and powdery mildew, was released in the early 1990s in the China Northern Winter Wheat Region. It was used widely as a parent in breeding and was verified to have high GZn and GFe levels across environments (13). Bainong AK58, a high yielding cultivar in the Southern Yellow-Huai Valley Winter Wheat Region, has wide adaptability and good resistance to stripe rust, powdery mildew, and lodging, but has lower GZn and GFe. The main goals of the present study were to (1) identify QTL for GZn and GFe in the Jingdong 8/Bainong AK58 RIL population using inclusive composite interval mapping, and (2) develop and validate breeder-friendly markers for marker-assisted selection (MAS) for Zn and Fe biofortification in wheat breeding programs.



MATERIALS AND METHODS


Plant Materials

Two hundred fifty-four F6 RILs developed from Jingdong 8/Bainong AK58 cross were used for QTL mapping of GZn and GFe concentrations. A germplasm panel, including 145 cultivars/lines with a wide range of variation in GZn and GFe from the Chinese wheat germplasm bank (13), were used for validation of QTL for GZn and GFe identified in the RIL population.



Field Trials and Phenotyping

The field trials were conducted at the wheat breeding station of the Institute of Crop Sciences (ICS, CAAS) located at Gaoyi (37°33′N, 114°26′E) and Shijiazhuang (37°27′N, 113°30′E) in Hebei province and Beijing (39°56′N, 116°20′E) during 2016 to 2019 cropping seasons. The parents and RILs were planted in randomized complete blocks with two replications in each environment. Each plot comprised a 1-m row with an inter-row spacing of 20 cm, and a parental check was sown every 30 plots. Standard agronomic practices were applied at each location, along with a soil application of 25 kg/ha ZnSO4·7H2O in all fields except Beijing.

Grain samples were hand-harvested and cleaned to avoid potential contamination of mineral elements. Micronutrient analysis of grain samples collected from the 2016–2017 cropping season was performed at the Institute of Quality Standards and Testing Technology for Agro-products of CAAS using inductively coupled plasma atomic emission spectrometry (ICP-AES, OPTIMA 3300 DV) after samples were digested in a microwave system with HNO3-H2O2 solution (20). For grain samples from the 2017–2018 and 2018–2019 cropping seasons and the germplasm panel, a “bench-top,” nondestructive, energy-dispersive X-ray fluorescence spectrometry (EDXRF) instrument (model X-Supreme 8000, Oxford Instruments plc, Chengdu) was used to measure GZn and GFe, following the standard method for high-throughput screening of micronutrients in whole wheat grain (21).



Statistical Analysis

Analysis of variance (ANOVA) was performed by PROC MIXED with method type3 and all effects were treated as fixed in SAS 9.4 software (SAS Institute, Cary, NC). Variance and covariance components for genotype and genotype by environment interaction effects were estimated using PROC MIXED, assuming all effects as random. A similar model was also performed by PROC MIXED with genotype effect as fixed, while environment, replication nested in environment, and interactions involving environment as random, to estimate best linear unbiased estimate (BLUE). Broad-sense heritabilities (Hb2) on the basis of BLUE value were estimated using the following equation and standard errors were calculated following Holland et al. (22):

[image: image]

where [image: image] represents the variance of genotypes, [image: image] and [image: image]represent the variances of genotype × environment interaction and error, and e and r represent environments and number of replicates per environment, respectively. Phenotypic and genotypic correlations and their standard errors were estimated after Becker (23). Student's t test was performed by PROC TTEST.



SNP Genotyping and QTL Analysis

Genomic DNA extracted from fresh seedling leaves of RILs and parents by CTAB method (24) were used for genotyping by the wheat 50K SNP Array. The wheat 50K SNP Array was developed in collaboration by CAAS and Capital-Bio, Beijing, China (https://www.capitalbiotech.com/). Linkage analysis was performed with JoinMap v4.0 using the regression mapping algorithm (25). QTL analysis was performed by inclusive composite interval mapping with the ICIM-ADD function using QTL IciMapping v4.1 (http://www.isbreeding.net). Phenotypic values of RILs averaged from two replicates in each environment and BLUE value across nine environments were used for analyses. QTL detection was done using a logarithm of odds (LOD) threshold of 2.5. Pleiotropic QTL were analyzed using the module JZmapqtl of multi-trait composite interval mapping (MCIM) in Windows QTL Cartographer v2.5 (26). QTL pyramids were plotted using ggplot2 in R (27). Physical maps for the positional comparisons of GZn and GFe QTL with previous reports were exhibited using MapChart v2.3 (28).



Conversion of SNPs to KASP Markers

Kompetitive Allele Specific PCR (KASP) markers were developed from SNPs tightly linked with the targeted QTL, each including two competitive allele-specific forward primers and one common reverse primer. Each forward primer incorporated an additional tail sequence that corresponds to only one of the two universal fluorescence resonance energy transfers. Primers were designed from information in the PolyMarker website (http://polymaker.tgac.ac.uk/). PCR procedures and conditions followed Chandra et al. (29). Gel-free fluorescence signal scanning and allele separation were conducted by microplate reader (Multiscan Spectrum BioTek, Synegy/H1) with Klustercaller 2.24.0.11 software (LGC, Hoddesdon, UK) (30).




RESULTS


Phenotypic Evaluation

ANOVA showed that GZn and GFe were significantly influenced by lines, environments, and line by environment interaction effects, with line by environment interaction effects contributing the highest variation, followed by line and environment effects (Table 1). The broad-sense heritabilities of GZn and GFe were 0.36 ± 0.03 and 0.39 ± 0.03, respectively. Jingdong 8 accumulated significantly higher GZn and GFe than Bainong AK58. Wide-ranging continuous variation among the RILs suggests polygenic inheritance (Table 2, Figure 1). Significant and positive correlations of GZn (r = 0.25–0.67, P < 0.01) and GFe (r = 0.26–0.70, P < 0.01) were observed across the nine environments (Table 3). Additionally, positive phenotypic and genotypic correlations between GZn and GFe (r = 0.78 ± 0.01 and 0.81 ± 0.03, P < 0.001) (Figure 2), indicated that GZn and GFe were, to some degree, simultaneously accumulated.


Table 1. Analysis of variance of GZn and GFe in 254 RILs derived from the cross Jingdong 8/Bainong AK58 grown in nine environments.
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Table 2. Mean and range of GZn and GFe (mg/kg) in the Jingdong 8/Bainong AK58 RIL population among nine environments.

[image: Table 2]


[image: Figure 1]
FIGURE 1. Frequency distributions of GZn and GFe based on BLUE value across nine environments for 254 RILs in the Jingdong 8/Bainong AK58 population.



Table 3. Pearson correlation coefficients of GZn and GFe in the Jingdong 8/Bainong AK58 RIL population among nine environments.
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FIGURE 2. Phenotypic correlation of GZn with GFe based on BLUEs across nine environments in the Jingdong 8/Bainong AK58 RIL population.




Linkage Map Construction

Among 54,680 SNP markers in the 50K SNP array, 20,060 were polymorphic after removal of markers that were monomorphic, absent in more than 20% of assays, and minor allele frequency was <30%. A high-density linkage map spanning 3423 cM and including all 21 chromosomes was constructed using 3328 representative SNP markers of each bin. The average chromosome length was 163 cM, ranging from 116.72 cM (1B) to 237.40 cM (5A) (Supplementary Table 2).



QTL Mapping of GZn and GFe using ICIM and MCIM

Seven QTL for GZn were mapped on chromosomes 1DS, 2AS, 3BS, 4DS, 6AS, 6DL, and 7BL, explaining 2.2–25.1% of the phenotypic variances (Table 4, Supplementary Table 3, and Figure 3), with five favorable alleles coming from Jingdong 8, and with the other two, i.e., QZn.caas-1DS and QZn.caas-3BS, coming from Bainong AK58. Four QTL for GFe were detected on chromosomes 3BL, 4DS, 6AS, and 7BL, explaining 2.3–30.4% of the phenotypic variances (Table 4, Supplemenatry Table 3, and Figure 3), with all superior alleles coming from Jingdong 8. Among these QTL, three were identified for both GZn and GFe at the same or overlapping location on chromosomes 4DS, 6AS, and 7BL.


Table 4. QTL for GZn and GFe identified by inclusive composite interval mapping in the Jingdong 8/Bainong AK58 RIL population.
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FIGURE 3. Physical maps for the positional comparisons of GZn and GFe QTL reported on chromosomes 1DS, 2AS, 3BL, 4DS, 6AS, and 7BL with those identified in the present study. QTL linked markers are shown on the right, physical positions are shown on the left, and centromere is shown in the middle (black bar). KASP markers developed in the present study were shown in red. QTL for GZn and GFe in the present study were in red; QTL for GZn in previous studies were in blue; QTL for GFe in previous studies were in purple.


Three chromosomal intervals were detected using MCIM including 4DS, 6AS, and 7BL, corresponding to co-localized QTL for GZn and GFe by ICIM-ADD (Table 5). Two intervals on chromosomes 4DS and 6AS were detected in most environments for GZn and GFe, while the one on chromosome 7BL was found in most environments for GZn but only one environment for GFe.


Table 5. Chromosomal intervals for GZn and GFe identified by multi-trait composite interval mapping (MCIM).
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QTL Pyramids and Validation

It indicated that superior alleles of pleiotropic QTL on 4DS, 6AS, and 7BL were all from Jingdong 8. Accumulation effect of the three co-localization QTL for GZn and GFe was calculated based on the closely linked markers. The average concentration of GZn increased from 37.79 to 44.43 mg/kg and that of GFe increased from 41.02 to 50.37 mg/kg, with lines containing zero to three favorable alleles (Supplementary Figure 1).

Flanking SNPs closely linked to the QTL on chromosomes 4DS and 7BL and a SNP near QTL region of 6AS were converted to KASP markers and validated in the germplasm panel (Tables 6, 7). Cultivars with the same superior allele as Jingdong 8 had significantly higher GZn and GFe than those with the inferior allele from Bainong AK58 for all QTL, except for QFe.caas-6AS. The difference between the superior and inferior allele of the QTL on chromosomes 4DS, 6AS, and 7BL was 1.7, 2.8, and 3.5 mg/kg for GZn and 1.4, 1.0, and 4.7 mg/kg for GFe, respectively (Table 7).


Table 6. Kompetitive allele specific PCR (KASP) markers converted from single-nucleotide polymorphisms (SNPs) tightly linked to identified QTL on three chromosomes.
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Table 7. Mean values of GZn and GFe for genotype classes in the germplasm panel.
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DISCUSSION


Comparisons With Previous Reports

In this study, QTL for GZn and GFe were mapped on chromosomes 1D, 2A, 3B, 4D, 6A, 6D, and 7B, and on chromosomes 3B, 4D, 6A, and 7B, respectively. Previously identified QTL are summarized in Supplementary Table 1 and partly shown in Figure 3. In addition to consensus maps, the IWGSC RefSeq v1.0 Chinese Spring reference sequence (31) was used for comparisons of QTL identified in different studies.


QZn.caas-1DS

QZn.caas-1DS, flanked by SNP markers AX-95235028 and AX-94939596 at 32.5–38.8 Mb, was detected in three environments. Velu et al. (18) identified QGZn.ada-1D linked with a DArT marker wPt-6979 at 303.4 Mb. Gorafi et al. (32) detected a QTL linked with SSR marker Xcfd63 at physical position 440 Mb. The present QTL appears to be new.



QZn.caas-2AS

QZn.caas-2AS, flanked by AX-94592263 and AX-108732889 at physical positions of 46.1 and 48.4 Mb, was identified in two environments. Peleg et al. (33) identified QZn-2A.1 and QZn-2A.2 linked with wPt-8216 and Xgwm445 at 6.6 and 682.6 Mb, respectively. Krishnappa et al. (34) mapped QGZn.iari-2A flanking by Xwmc407 and Xgwm249 at physical position 28.2 and 159.9 Mb, respectively. QZn.caas-2AS detected in the present study was located within the region of QGZn.iari-2A; therefore, these two QTL may be the same.



QZn.caas-3BS

QZn.caas-3BS, flanked by AX-110975262 and AX-109911679 at physical positions of 42.5 and 59.1 Mb, was detected in two environments. Crespo-Herrera et al. (17) identified two QTL for GZn on this chromosome. QGZn.cimmyt-3B_2P2 was at the physical position 32.6 Mb linked with DArT markers 4394657, and QGZn.cimmyt-3B_1P2 flanked by 3533713 and 1007339 is much more near the distal end of 3BS than QGZn.cimmyt-3B_2P2 on the basis of the genetic map, although both markers were not on chromosome 3B with the result of blast. Furthermore, Liu et al. (35) mapped QGZn.co-3B flanked by DArT markers 1002594|F|0 and 1103633 at physical positions of 104.5 and 128.6 Mb, respectively. Alomari et al. (19) identified a locus for GZn on chromosome 3BL, linked with AX-89420098 at 723.5 Mb. Thus, the previous QTL were around 10 Mb from QZn.caas-3BS, indicating that QZn.caas-3BS is likely a new QTL.



QFe.caas-3BL

QFe.caas-3BL, flanked by AX-111016352 and AX-94835626 at physical positions of 764.7 and 822.9 Mb, was detected in two environments. Crespo-Herrera et al. (17) identified two QTL for GFe that were at the similar position as QTL for GZn as mentioned previously, both of which were on the short arm of chromosome 3B. Peleg et al. (33) mapped a QTL on chromosome 3B, closely linked with Xgwm1266 at physical position 150 Mb. Liu et al. (35) identified QGFe.co-3B.1 and QGFe.co-3B.2 flanked by DArT markers 1089107 and 1127875|F|0, 1233878-4262223|F|0 at physical positions 37.2–754.8 and 12.3–536.6 Mb, respectively. These five QTL were at least 10 Mb distant from QFe.caas-3BL. Therefore, QFe.caas-3BL is likely a new QTL for GFe.



QZn.caas-4DS and QFe.caas-4DS

QZn.caas-4DS and QFe.caas-4DS, flanked by AX-89593703 and AX-89445201 at physical positions of 16.0 and 19.5 Mb were detected in eight and nine environments, respectively. Pu et al. (36) identified a QTL for GZn at the same position, flanked by wPt-671648 and wPt-667352 located between 17.1 and 20.1 Mb on chromosome 4D, with reduced height gene Rht2 (Rht-D1b) located in this region. Using a limited number of isogenic lines, Graham et al. (37) found that lower GZn and GFe in wheat was associated with reduced height genes. Velu et al. (38) verified this association using nine bread wheat (Triticum aestivum) and six durum (T. turgidum) isogenic line pairs differing at the Rht1 (Rht-B1) locus and one bread wheat pair differing at the Rht2 locus, indicating that the presence of reduced height genes decreased GZn by 1.9 to 10.0 ppm and GFe by 1.0 to 14.4 ppm. In this study, Bainong AK58 carried Rht2 (Rht-D1b), while Jingdong 8 had rht2 (Rht-D1a) (39). A gene-specific KASP marker K-AX-86170701 was identified for Rht2 (40), and lines with allele from Bainong AK58 had significantly lower GZn and GFe than that with allele from Jingdong 8 (Supplementary Figure 2). Therefore, it was possible that the lower concentrations of Zn and Fe in Bainong AK58 was associated with the Rht2 allele.



QZn.caas-6AS and QFe.caas-6AS

QZn.caas-6AS and QFe.caas-6AS, flanked by AX-108951317 and AX-110968221 at physical positions of 77.1 and 106.9 Mb, were detected in four environments. No QTL for GFe was detected on chromosome 6AS previously, while two QTL for GZn were reported. Crespo-Herrera et al. (17) identified QGZn.cimmyt-6A_P1, linked with 1238392 and 4990410 at physical positions of 49.1 and 88.2 Mb. Hao et al. (16) mapped QGZn.cimmyt-6AL at 204.8 Mb with nearest marker wPt-667817. The present QTL was somewhat near the QGZn.cimmyt-6A_P1, indicating that they might be the same.



QZn.caas-6DL

QZn.caas-6DL, flanked by AX-109058428 and AX-11184112 at physical positions of 454.1 and 459.4 Mb, was detected in two environments. It is likely a new one since no previous QTL for GZn was mapped on this chromosome.



QZn.caas-7BL and QFe.caas-7BL

Markers AX-95631535 and AX-89745787 at positions 718.5 and 725.4 Mb flanking QZn.caas-7BL and QFe.caas-7BL are distally located on chromosome 7BL. Several QTL were previously identified on this chromosome. Krishnappa et al. (34) mapped QGZn.iari-7B with closest marker Xgwm537 at 26.8 Mb. Peleg et al. (33) detected QZn-7B linked with wPt-2305 at 586.3 Mb. Crespo-Herrera et al. (17) identified five QTL, including QGZn.cimmyt-7B_2P1, QGZn.cimmyt-7B_1P1, QGZn.cimmyt-7B_1P2, QGZn.cimmyt-7B_2P2, and QGZn.cimmyt-7B_3P2 at physical positions of 139.4–160.6, 158.3–159.2, 485.8–506.4, 590.1, and 633.6–637.3 Mb, respectively. Velu et al. (18) reported QGZn.ada-7B, which was located at around 618.7 Mb with closely linked marker wPt-733112. All these eight QTL were well proximal (>80 Mb) from the QTL in this study, indicating that QZn.caas-7BL was reported for the first time. In addition, four QTL for GFe were mapped on chromosome 7B, among which two of them were at the same physical position of 34.3 Mb (QFe-7B.1 and QFe-7B.2), and the other two were at 672.6 Mb (QGFe.ada-7B) and 711.2 Mb (QGFe.iari-7B), respectively (18, 28, 29, 41). QGFe.iari-7B and QFe.caas-7BL might be the same, since their distance is <10 Mb.




Pleiotropic Effects of QTL

The co-localization QTL for GZn and GFe on chromosomes 4DS, 6AS, and 7BL might be pleiotropic QTL based on the same or overlapping region detected using MCIM, in agreement with the significant positive phenotypic and genotypic correlations (r = 0.78 ± 0.01 and 0.81 ± 0.03, P <0.01) between GZn and GFe. Gorafi et al. (32) identified a significant and positive phenotypic correlation between GZn and GFe (r = 0.78) and a pleiotropic QTL on chromosome 5D; significant and positive correlations between GZn and GFe were also found in other studies (11, 42). It has been reported that some transporters, chelators, and genes regulated GZn and GFe simultaneously in a high frequency (10, 43). These findings indicated that Zn and Fe could be improved simultaneously in breeding programs targeting mineral biofortification.



Potential Implication in Wheat Breeding

MAS has been applied in crop breeding for more than two decades. Therefore, it would be effective for traits that were controlled by low numbers of major QTL (37). The phenotypic analysis on GZn and GFe was time-consuming and laborious, indicating that identification of molecular markers linked to GZn and GFe would be of interest for improvement of nutritional quality in wheat. In the present study, pleiotropic QTL on chromosomes 4D, 6A, and 7B were detected in multiple environments. SNP markers linked to some of these QTL were converted to KASP markers, and the QTL were verified in a germplasm panel, indicating potential application in wheat breeding programs.
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Micronutrient and protein malnutrition is recognized among the major global health issues. Genetic biofortification is a cost-effective and sustainable strategy to tackle malnutrition. Genomic regions governing grain iron concentration (GFeC), grain zinc concentration (GZnC), grain protein content (GPC), and thousand kernel weight (TKW) were investigated in a set of 163 recombinant inbred lines (RILs) derived from a cross between cultivated wheat variety WH542 and a synthetic derivative (Triticum dicoccon PI94624/Aegilops tauschii [409]//BCN). The RIL population was genotyped using 100 simple-sequence repeat (SSR) and 736 single nucleotide polymorphism (SNP) markers and phenotyped in six environments. The constructed genetic map had a total genetic length of 7,057 cM. A total of 21 novel quantitative trait loci (QTL) were identified in 13 chromosomes representing all three genomes of wheat. The trait-wise highest number of QTL was identified for GPC (10 QTL), followed by GZnC (six QTL), GFeC (three QTL), and TKW (two QTL). Four novel stable QTL (QGFe.iari-7D.1, QGFe.iari-7D.2, QGPC.iari-7D.2, and QTkw.iari-7D) were identified in two or more environments. Two novel pleiotropic genomic regions falling between Xgwm350–AX-94958668 and Xwmc550–Xgwm350 in chromosome 7D harboring co-localized QTL governing two or more traits were also identified. The identified novel QTL, particularly stable and co-localized QTL, will be validated to estimate their effects on different genetic backgrounds for subsequent use in marker-assisted selection (MAS). Best QTL combinations were identified by the estimation of additive effects of the stable QTL for GFeC, GZnC, and GPC. A total of 11 RILs (eight for GZnC and three for GPC) having favorable QTL combinations identified in this study can be used as potential donors to develop bread wheat varieties with enhanced micronutrients and protein.
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INTRODUCTION

Wheat (Triticum spp.) is a major staple cereal crop contributing about 20% calories to the diet and at least 30% of Fe and Zn intake worldwide. Even though it has the highest levels of micronutrients among the three major cereals viz., wheat, rice, and maize, most wheat-based diets fail to deliver the required quantity of essential nutrients, such as iron and zinc. Malnutrition due to insufficient intake of micronutrients, such as iron and zinc, has been recognized as one of the major global health issues affecting nearly three billion people across the globe. The intensity of the risk is high in nations dominated by cereal-based diets (1). Around 25% of the global population is affected by anemia because of Fe deficiency (2), and the leading risk groups for this global public health concern are children 0–5 years of age, and pregnant and lactating women. Anemic complex due to severe iron deficiency leads to several life-threatening diseases, namely, chronic kidney and heart failure, and inflammatory bowel disease (3).

Zinc is an essential element for a wide range of biochemical and immunological functions, and acute zinc deficiency leads to major health difficulties, such as altered growth and development, immunity, pregnancy, and neurobehavioral adversities (4). Estimates indicate that around 17% of the global population suffers from zinc deficiency-related diseases (5). Grain protein quantity and quality determine both the nutritional and end-product quality of wheat. Lack of secondary immunity due to protein energy malnutrition (PEM) is one of the common causes of several infections in humans. Acute PEM in children is clinically defined as marasmus (chronic wasting) or kwashiorkor (edema and anemia) (6). Chronic PEM in children results in impaired cognitive development (7). Micronutrient malnutrition and PEM are leading risk factors for health loss in developing countries, with pregnant women and young children forming the most vulnerable groups (8).

Micronutrient and protein malnutrition can be overcome by consuming nutrient-rich diverse diet and/or by supplementation and fortification. However, the majority of populations in which the malnutrition problem is alarming may not be able to afford either of the two options, particularly the remote rural poor (9). Moreover, these interventions are not sustainable. Enhancing the nutritive levels of crop plants by conventional and molecular breeding approaches, termed as “biofortification,” has been recognized as a cost-effective and sustainable approach to reduce global protein and micronutrient malnutrition. Currently, the development of biofortified crop varieties in many countries has gained momentum, particularly after reaching self-sufficiency in food grains.

Grain mineral density depends on a plethora of physiological and biochemical processes, such as mineral absorption, translocation, redistribution, and remobilization to the sink, which makes micronutrient accumulation in grain a complex trait (10). Therefore, breeding programs need to be re-oriented to broaden the genetic base using wild relatives and landraces, and dissecting the genetic basis of these nutritional quality traits (11). Landraces are one of the most important sources of wheat biofortification with high levels of micronutrients (12). Conventional breeding approaches have been successfully used to incorporate higher grain zinc content into elite breeding materials by crossing high-yielding elite wheat lines with A tauschii-based synthetic hexaploid wheats or Triticum spelta accessions (13). Substitution lines of the 6B chromosome obtained from Triticum dicoccoides are one of the most common genetic resources to improve zinc concentration in wheat (14). The Gpc-B1 locus mapped on the short arm of the 6B chromosome, derived from T dicoccoides, has a pleiotropic effect on zinc and iron in addition to grain protein (15). An NAC transcription factor (NAM-B1) encoded by Gpc-B1 is responsible for the increase in zinc as well as iron levels, possibly by stimulating leaf senescence, and thus remobilization of zinc and iron from flag leaves into seeds (16). Synthetic wheat derived from Ae. tauschii contains higher grain zinc and can act as a valuable genetic resource to increase the grain zinc levels of cultivated wheat (17).

Genetic dissection of complex nutritional traits is important for their improvement through marker-assisted selection (MAS). Identification of tightly linked molecular markers to the genomic regions governing the traits would help in the improvement of otherwise difficult to breed complex traits like protein and micronutrients. Reports have indicated significant effects of the environment and genotype-by-environment interaction (GEI) in the expression of PC and TKW (18–23), iron, and zinc (19, 24, 25). Molecular mapping of polygenic traits by identifying quantitative trait loci (QTL) harboring genes for protein, micronutrient, and TKW would allow plant breeders to more efficiently develop biofortified cultivars.

QTL have been identified for grain iron (19, 26–38), grain zinc (13, 19, 27–33, 35–41), grain protein content (19, 27, 31, 35, 36, 42–50), and thousand kernel weight (19, 27, 29, 45, 51–54). However, most investigations on mapping nutritional quality have exploited low-density maps, which have resulted in large interval QTL that have rarely been exploited in breeding.

Previous mapping of the same RIL population was carried out with 136 polymorphic SSR markers, which led to the identification of 16 QTL for four traits (55). The linkage map was coarse because of low marker frequency per chromosome ranging from 6 (1A and 2A) to 11 markers per chromosome (7B). Also, no QTL were mapped on the D genome because of low marker coverage. In this study, a 35K SNP chip was used for genotyping the RIL population, and a combined dataset of SSR and SNP markers was used to identify QTL for nutritional traits.



MATERIALS AND METHODS


Plant Material

A set of 286 RILs from a cross between Indian bread wheat variety WH 542 and a synthetic derivative (T. dicoccon PI94624/Ae. tauschii [409]//BCN) received from CIMMYT (International Maize and Wheat Improvement Center), Mexico, was used in the earlier mapping study with SSR markers (55). A subset of 163 randomly selected RILs from this population was used for this investigation.



Field Trials and Phenotyping

The details of field experimentation, sample collection, and phenotyping have been described in detail in the earlier study (55). The phenotypic data for GFeC, GZnC, GPC, and TKW recorded for the earlier study were converted into the best linear unbiased predictors (BLUPs) and used in this study. Phenotypic correlations among traits, heritability, and ANOVA were conducted using the MetaRv6.0 (Multi Environment Trial Analysis with R) software. BLUPs of each RIL obtained for an individual year and combined across years were used further in QTL analysis. Phenotypic data of all the six environments are presented as Supplementary Table 1.



Genotyping

RILs and parental genomic DNA were extracted from the leaves of 21-day-old seedlings by following the CTAB method of Murray and Thompson (56).


Genotyping With Single Nucleotide Polymorphism Markers

The 163 RILs and parental lines were genotyped using Axiom Wheat Breeder's Genotyping Array (Affymetrix, Santa Clara, CA, United States) with 35,143 SNPs (https://www.cerealsdb.uk.net).



Genotyping With Simple-Sequence Repeat Markers

A total of 714 SSR markers (57, 58) were used for the parental polymorphism survey. These selected 714 SSRs cover all the chromosome arms of the bread wheat genome. Polymorphic markers and genotypic data are presented as Supplementary Table 2.




Linkage Analysis and Quantitative Trait Locus Mapping

Monomorphic markers between the two parents and markers with more than 30% missing data and minor allele frequency ≤ 5 and ≥95% were eliminated. Furthermore, markers that showed significant segregation distortion (p < 0.0001) from the expected 1:1 ratio and redundant markers were discarded using bin function in QTL ICIM Mapping v4.2. Finally, a high-quality filtered set of 836 informative markers (736 SNPs + 100 SSRs) was utilized for the QTL analysis.

Both linkage and QTL analysis were conducted with the IciMapping v4.2 software (http://www.isbreeding.net). The chromosome location of SNP inferred by BLAST of the sequences and previously mapped SSR markers (55) was used as the anchoring information. A LOD threshold of 3 was specified for grouping the markers. After all the markers were correctly grouped, they were ordered using the k-Optimality algorithm. Then, Rippling was done to fine-tune the ordered chromosomes in the linkage groups using a 5 cM window size. ICIM-ADD method was employed, which conducts inclusive composite interval mapping for identifying QTL. Missing phenotypic data were considered as deletion during QTL mapping and a relaxed threshold LOD score of 2.5 was specified for declaring significant QTL.



In silico Analysis of Quantitative Trait Loci

An in silico search of candidate genes was performed in the Ensemble Plants database (http://plants.ensembl.org/index.html) of the bread wheat genome with the Basic Local Alignment Search Tool (BLAST) using default parameters. The sequences of the markers present within the peak of the QTL and the flanking markers were used to conduct the search.




RESULTS


Variability, Heritability, and Trait Correlations

The heritability and variance components of GFeC, GZnC, GPC, and TKW in a RIL population are presented in Table 1. Parents were contrasting for all the studied traits and P2 was superior over P1 with 43, 31, 26, and 23%, respectively, for GFeC, GZnC, GPC, and TKW. Environment-wise heritability ranged from 0.54 (GFeC at GBPUA&T_Y1) to 0.96 (TKW at ICAR-IARI_Y2 and GBPUA&T_Y2) across the traits. The lowest pooled heritability was observed for GZnC (0.77), whereas, highest pooled heritability was recorded for TKW (0.91). Trait heritability corroborates the variance components; GZnC (6.87%) and TKW (4.57%) recorded the highest and lowest CV, respectively. The genotypic variance was highly significant for all the studied traits across the environments. The environment-wise pooled mean is also represented graphically in Figure 1. All the studied traits exhibited a near-normal distribution (Figure 2). Genetic correlation coefficients among GFeC, GZnC, GPC, and TKW are presented in Table 2. All the associations among the studied traits are positive and significant, except, between TKW and GPC in the Pusa Bihar_Y1 (rg = −0.03) and Pusa Bihar_Y2 environments (0.1) (Table 2).


Table 1. Heritability and variance components of grain iron, zinc, protein, and thousand kernel weight in RIL population grown across three locations for 2 years.
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FIGURE 1. Boxplots for grain iron, zinc, protein, and thousand kernel weight in RIL population grown across three locations for 2 years. 1: ICAR-IARI_Y1; 2: ICAR-IARI_Y2; 3: GBPUA&T_Y1; 4: GBPUA&T_Y2: 5: Pusa Bihar_Y1; 6: Pusa Bihar_Y2; 7: Pooled mean.
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FIGURE 2. Frequency distributions for grain iron, zinc, protein, and thousand kernel weight in RIL population grown across three locations for 2 years. 1: ICAR-IARI_2012–13; 2: ICAR-IARI_2013–14; 3: GBPUA&T_2012–13; 4: GBPUA&T_2013–14: 5: Pusa Bihar_2012–13; 6: Pusa Bihar_2013–14.



Table 2. Genetic correlation coefficients among grain iron, zinc, protein, and thousand kernel weight in RIL population grown across three locations for 2 years.
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Quantitative Trait Locus Mapping

The total genetic length of the linkage map was 7,057 cM, and it contained 736 SNPs and 100 SSRs. The chromosome and genome-wise distribution of markers is presented in Table 3. The B genome had the highest number of mapped markers (361) followed by the A (265) and D genomes (210). Chromosome-wise distribution of the markers ranged between 17 (6A chromosome) to 81 (7A chromosome).


Table 3. Number of markers grouped by each wheat chromosome and genome in the RIL mapping population.
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The mapped QTL across the locations and years are presented in Table 4, and the linkage map with the identified QTL position is depicted in Figure 3. A total of 21 QTL were identified in 13 chromosomes representing all three genomes of wheat. Two, five, and 14 QTL were mapped on the A, B, and D genomes, respectively. Chromosome 7D represented the maximum number of seven QTL. A total of 21 QTL were mapped between 16 flanked regions (Table 4); the maximum number of four QTL was identified between flanking markers Xgwm350–AX-94958668, followed by three QTL between Xwmc550–Xgwm350 in the7D chromosome. Trait-wise highest QTL were identified for GPC (10 QTL), followed by GZnC (six QTL), GFeC (three QTL), and TKW (two QTL). QTL for GFeC were mapped in chromosomes 6D and 7D; for GZnC in chromosomes 3B, 1D, 2D, and 7D; for GPC in chromosomes 1A,7A, 5B, 6B, 3D, 4D, 5D, and 7D and for TKW in chromosomes 1B and 7D.


Table 4. QTL identified for grain iron, zinc, protein, and thousand kernel weight in RIL population grown across three locations for 2 years.
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FIGURE 3. Genetic linkage map and QTL positions identified in A, B, and D genomes of RILs derived from WH 542 × synthetic derivative cross. Red color indicates QTLs for GFeC; Blue color indicates QTLs for GZnC; Yellow color indicates QTLs for grain GPC; Green color indicates QTLs for TKW.




Quantitative Trait Loci for Micronutrients

Three QTL governing GFeC were identified and are presented in Table 4. QTL governing GFeC explained 16–42.13% of the phenotypic variance. QGFe.iari-7D.2, flanked between Xgwm350–AX-94958668, was mapped in three environments (GBPUAT_Y1, PusaBihar_Y1, and PusaBihar_Y2) as well as in pooled mean, and contributed 20.19% to the phenotypic variance, followed by QGFe.iari-7D.1 in three environments (ICAR-IARI_Y1, ICAR-IARI_Y2, and GBPUAT_Y2) and flanked between Xwmc550–Xgwm350. QGFe.iari-7D.1 explained 42.13% of the phenotypic variance. Another QTL, QGFe.iari-6D, flanked between Xgwm325–Xbarc202, was mapped for pooled mean although it explained only 5.61% of the phenotypic variance. A total of six QTL were identified for GZnC and are presented in Table 4. QTL governing GZnC explained 5.01–13.07% of phenotypic variance. QGZn.iari-7D.2, flanked between Xgwm350–AX-94958668, was identified in GBPUAT_Y1 along with pooled mean and explained 13.07% of the phenotypic variance. QGZn.iari-3B, flanked between AX-94405870–AX-94940814, was identified at ICAR-IARI_Y2 and explained 5.01% of the phenotypic variance. QGZn.iari-1D, flanked between AX-95628763–AX-94385394, was mapped at Pusa Bihar_Y1 and explained 5.28% of the phenotypic variance. QGZn.iari-2D.1 was identified in ICAR-IARI_Y1 with an explained phenotypic variance of 8.11% and flanked between Xgwm349–Xwmc309. QGZn.iari-2D.2, flanked between Xbarc11–Xgwm349, was mapped for pooled mean and explained only 5.05% of the phenotypic variance. QGZn.iari-7D.1, flanked between Xwmc550–Xgwm350, was mapped in ICAR-IARI_Y2 with 6.05% of the phenotypic variance.



Quantitative Trait Loci for Grain Protein Content and Thousand Kernel Weight

Ten QTL governing GPC were identified and are presented in Table 4. QTL governing GPC explained 4.67% (QGPC.iari-7D.2 at GBPUAT_Y2) to 11.39% (QGPC.iari-5B.1 at ICAR-IARI_Y1). QGPC.iari-7D.2, flanked between Xgwm350–AX-94958668, was mapped in two environments (GBPUAT_Y2, Pusa Bihar_Y2) as well as pooled mean with 9.57% of the phenotypic variance, followed by QGPC.iari-5B.1 at ICAR-IARI_Y1 and pooled mean with 11.39% of the phenotypic variance and flanked between Xcfd7–Xbarc109. The remaining eight QTL, i.e., QGPC.iari-1A, QGPC.iari-7A, QGPC.iari-5B.2, QGPC.iari-6B, QGPC.iari-3D, QGPC.iari-4D, QGPC.iari-5D, and QGPC.iari-7D.1 were mapped in one environment each with an explained phenotypic variance of 4.73, 10.53, 9.19, 9.05, 6.33, 6.71, 8.06, and 6.15%, respectively. Two QTL governing the expression of TKW were identified in chromosomes 1B and 7D (Table 4). QTkw.iari-7D was identified at all the six tested environments and pooled means. It was flanked between Xgwm350–AX-94958668 and explained 26.53% of the phenotypic variance. Another QTL, QTkw.iari-1B, was mapped at Pusa Bihar_Y2 and flanked between Xbarc137–Xwmc626. This QTL explained 4.22% of the phenotypic variance.



Quantitative Trait Locus Additive Effects

The additive effects of the stable QTL were investigated for GFeC, GZnC, and GPC (Table 5). For the estimation of additive effects, we used all the novel and stable QTL identified in this study along with a stable genomic region identified in chromosome 2A in the previous study. For GFeC, QGFe.iari-7D.2 had the largest effect individually, and there is no significant increase by combining the additional QTL and this QTL was identified in 31RILs. For GZnC, the two QTL combinations, viz., QGZn.iari-2D.1 and QGZn.iari-7D.1, showed the highest average GZnC across the environments, and this combination was identified in eight RILs. For GPC, the four QTL combinations viz., QGPC.iari-2A, QGPC.iari-5B, QGPC.iari-7D.1, and QGPC.iari-7D.2 showed the highest average GPC across the environments, and this combination was identified in three RILs.


Table 5. RILs with best combination of QTL for biofortification traits in wheat.
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In silico Analysis

The in silico analysis identified many important candidate genes underlying 10 QTL, with the highest PVE and pleiotropic for GFeC, GZnC, GPC, and TKW (Table 6). A pleotropic genomic region on chromosome 2A in our previous study (55) was also considered. Most significantly, QTL QGZn.iari-2A, QGFe.iari-2A, QGpc.iari-2A, QGFe.iari-7D.2, QGZn.iari-7D.2, QGGpc.iari-7D.2, QTkw.iari-7D, QGFe.iari-7D.1, QGZn.iari-7D.1, and QGpc.iari-7D.1 were located in regions where genes coding for various transcription factors (TraesCS2A02G063800, TraesCS7D02G521500), transporters (TraesCS7D02G338100, TraesCS7D02G521400, and TraesCS7D02G338100), and signaling and catalytic molecules were present (TraesCS2A02G192400, TraesCS2A02G063900, TraesCS7D02G521700, TraesCS7D02G338400, and TraesCS7D02G521200) (Table 6).


Table 6. Putative candidate genes for grain iron (GFeC), zinc (GZnC), protein (GPC), and thousand kernel weight in the RIL population.
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DISCUSSION

Genetic biofortification is the most cost-effective and sustainable strategy to control malnutrition. Understanding the genetic basis of complex traits like micronutrients, protein, and thousand kernel weight by QTL mapping will help in devising appropriate breeding strategies through MAS. The expression of all the studied traits in this study is greatly affected by the environment and GEI. Similar results of greater magnitude of the environment and GEI have been reported in previous studies for PC and TKW (18–20) and also for iron and zinc (13, 19, 59). Among the studied traits, GZnC was the most variable, whereas, TKW was the most stable. The lowest and highest pooled heritability was observed for GZnC and TKW, respectively, and a reverse trend was observed for CV (GZnC: 6.87; TKW: 4.57). Although both location and year effects were visible for all the traits, the magnitude of the location effect was found to be more pronounced than the year effect (Figure 1). The positive and significant associations among GFeC, GZnC, GPC, and TKW found in this study have also been reported in earlier studies (27, 29). In most of the earlier studies, the associations between GPC and TKW were negative. In this study, the associations between GPC and TKW were significantly positive in four out of six studied environments and non-significant negative in the Pusa Bihar_Y1 environment (rg = −0.03), and non-significant positive in the Pusa Bihar_Y2 environment (rg = 0.1). Similar results of both positive and negative associations between GPC and TKW have also been reported in some earlier studies (19, 27, 45, 60). The lowest and highest pooled heritability of GZnC and TKW, respectively, is also congruent with earlier studies (28, 44).

The linkage map was constructed with 836 high-quality informative markers (736 SNPs + 100 SSRs) and utilized for the QTL analysis. In the previous study conducted on the same population, the SSR-based genetic map had a very low frequency of markers in the D genome (55). As a result, none of the QTL is localized in the D genome. The addition of SNPs improved D genome marker density and distribution, particularly in the 7D chromosome. Enrichment of genetic linkage map with SNPs greatly helped in the mining of novel genomic regions in the D genome. As a result, a maximum number of novel QTL were also identified in the D genome (14 QTL).

The D genome generally shows a low level of polymorphism in naturally occurring hexaploid bread wheat due to its well-known evolutionary history and low recombination during its post-evolution era (61, 62). For this reason, synthetic hexaploid wheats (SHWs) were created by crossing tetraploid durum wheats with multiple accessions of Ae. tauschii (the D genome donor), which increased the diversity of the D genome (63–65). Studies have shown that the D genome diversity of SHW is considerably greater than that of bread wheat (66, 67). In this study, since a synthetic parent was involved in the cross, D genome polymorphism improved significantly and 25.1% (210) of the markers mapped on the D genome (Table 3). A similar trend in marker distribution has been observed in earlier studies involving SHWs as one of the parents in creating mapping populations (30).

A total of 21 QTL were identified in 13 chromosomes representing all three genomes of wheat. Intriguingly, the alleles at most of the QTL responsible for increased GFeC, GZnC, GPC, and TKW were inherited from the synthetic derivative parent. Three QTL (QGFe.iari-6D, QGFe.iari-7D.1, and QGFe.iari-7D.2) governing GFeC were identified in chromosomes 6D and 7D. Also, in the earlier study, grain iron QTL have been identified in chromosome 7D (34) with different marker intervals, whereas QTL (QGFe.iari-6D) mapped on 6D in this study is novel and not reported by earlier studies. For grain zinc, a total of six QTL (QGZn.iari-2D.1, QGZn.iari-3B, QGZn.iari-7D.1, QGZn.iari-7D.2, QGZn.iari-1D, and QGZn.iari-2D.2) were identified. The localization of QTL for GZnC reported in earlier studies on 3B (30, 39), 1D (39), 2D (39), and 7D (30) in different mapping populations corroborate the involvement of these chromosomes.

For GPC, 10 QTL were identified and designated as QGPC.iari-5B.1, QGPC.iari-7A, QGPC.iari-1A, QGPC.iari-4D, QGPC.iari-5D, QGPC.iari-5B.2, QGPC.iari-7D.1, QGPC.iari-6B, QGPC.iari-3D, and QGPC.iari-7D.2. The association of genomic regions for GPC in chromosomes 1A (42, 68), 5B (36, 47), 6B (36, 42), 3D (45), and 5D (45, 47) was also reported in previous studies. Additionally, five novel QTL were identified in 7A (QGPC.iari-7A), 4D (QGPC.iari-4D), 5D (QGPC.iari-5D), and 7D (QGPC.iari-7D.1 and QGPC.iari-7D.2), which were missing in the earlier studies. Interestingly, one novel QTL (QGPC.iari-7D.2) was also found to be stable. There were two QTL (QTkw.iari-1B and QTkw.iari-7D) identified in chromosomes 1B and 7D governing TKW. The genomic regions associated with TKW in these two chromosomes have also been reported in the previous studies (40, 42).

In the earlier study, a total of 16 QTL were identified including four QTL for GFeC, five QTL for GZnC, two QTL for GPC, and five QTL for TKW. The QTL together explained 20, 32, 24.1, and 32.3% of the phenotypic variance, respectively, for GFeC, GZnC, GPC, and TKW. In contrast to the earlier study, where the D genome was completely missing, this study identified the majority of QTL from the D genome. This is due to fairly good marker coverage in all the three genomes in this study, unlike the earlier study, wherein, marker coverage in the D genome was very sparse. The total phenotypic variance explained for all the QTL for any given trait except TKW was higher in this study compared with the earlier studies. Similarly, for two traits, i.e., GFeC and TKW, the highest explained phenotypic variance for an individual QTL was higher compared with the earlier identified QTL. The highest explained phenotypic variance for an individual QTL was 42.13% for GFeC and 26.53% for TKW compared with the earlier identified QTL with 6.8 and 10.4%, respectively.

The environment and GEI play a key role in the expression of quantitative traits. Identification of stable genotypes with the high buffering ability and of QTL is of paramount importance to use in breeding programs. Genetic dissection of complex traits by the identification of stable QTL will complement varietal development by molecular breeding approaches. In this study, four stable QTL (QTkw.iari-7D, QGFe.iari-7D.2, QGFe.iari-7D.1, and QGPC.iari-7D.2) were identified in two or more environments. QTkw.iari-7D was identified in all the six tested environments and pooled mean, followed by QGFe.iari-7D.2 and QGFe.iari-7D.1, which were identified in three environments along with pooled mean. Stable QTL identified in more than two environments were also reported for GPC and TKW (42, 45), GPC (39, 47, 68), GFeC and GZnC (30), and GFeC (33, 37).

Identification of the best combination of QTL effects by estimation of additive effects of the stable QTL will provide an opportunity to utilize RILs with the best combination as donors. The best combination of QTL for all the three biofortification traits in RILs was identified. There is no additional advantage of additive QTL over the individual QTL effects in the expression of GFeC. However, the QTL combination of the two QTL combinations, viz., QGZn.iari-2D.1 and QGZn.iari-7D.1, showed the highest average GZnC across the environments, and this combination was identified in eight RILs. For GPC, the four QTL combinations, viz., QGPC.iari-2A, QGPC.iari-5B.1, QGPC.iari-7D.1, and QGPC.iari-7D.2 showed the highest average GPC across the environments, and this combination was identified in three RILs. Although numerically additive QTL effects for GZnC and GPC are higher than the individual QTL effect, statistically they are at par.

Genomic regions harboring co-located QTL for two or more traits were also identified. This information is helpful in the simultaneous improvement of multiple traits without many additional interventions. Two common genomic regions associated with different co-localized QTL governing two or more traits were identified in chromosome 7D where the genomic region flanked between Xgwm350–AX-94958668 was associated with the maximum number of four co-localized QTL (QGFe.iari-7D.2, QGZn.iari-7D.2, QGPC.iari-7D.2, and QTkw.iari-7D). Another region flanked between Xwmc550–Xgwm350 was also associated with three co-localized QTL (QGFe.iari-7D.1, QGZn.iari-7D.1, and QGPC.iari-7D.1). Some of the other studies (13, 15, 16, 37–40) have also identified such pleiotropic region(s) associated with two or more traits, namely, GFeC, GZnC, GPC, and TKW. High positive correlations observed in this study also strongly support the co-localization of genomic regions governing GFeC, GZnC, GPC, and TKW. Only few studies have reported the association of TKW in the same region as GPC or even with GZnC and GFeC (42, 44, 45, 68). All these studies reported a positive correlation for GPC and TKW. Considering the positive correlations obtained between TKW and GPC in all the environments, except Pusa Bihar_Y1, in this study, it was not surprising to find such pleiotropic QTL (in 2A and 7D chromosomes). The co-location of GFeC, GZnC, and GPC is well documented. For example, the Gpc-B1 locus derived from T dicoccoides is effective in improving GFeC, GZnC, and GPC by 18, 12, and 38%, respectively (15, 16).

The in silico BLAST search identified various potential candidate genes underlying QTL with high PV or pleiotropic QTL for GZnC, GFeC, GPC, and TKW (Table 6). Various QTL identified in chromosomes 2A and 7D were located in regions where gene coding for transcription factors, transporters, and kinase-like superfamilies was present. For example, the SANT domain (coded by TraesCS2A02G063800) is generally found in combination with domains of Zn finger type transcription factors, such as the C2H2-type and GATA-type transcription factors, the role of which has been suggested to be in Zn uptake and homeostasis in plants (69, 70). Members of serine-threonine/protein kinase-like superfamilies are known to catalyze phosphorylation processes, thus controlling growth and development, and some are known to activate Zn channels and transporters (71). The well-characterized serine/threonine-protein kinase encoding gene in maize (KNR6; kernel number per row: six) has been shown to determine the kernel number and ear length in maize (72). Since both maize and wheat are members of the Poaceae/Gramineae family, it would be interesting to further investigate the functional role of the serine/threonine-protein kinase genes identified here (coded by TraesCS7D02G521200 and TraesCS2A02G063900).

In the past decade, the role of various transporters has been shown in regulating mineral homeostasis in plants. These transporters play critical roles in the transport of small peptides, secondary amino acids, glutathione conjugates, and mineral uptake. Many of these transporters have proven to be involved in long-distance iron transport or signaling in Arabidopsis (73). In this regard, an important role of the aluminum-activated malate transporter (ALM1), in combination with a Zn finger-type transcription factor (STOP1), has been shown in regulating iron homeostasis in Arabidopsis (74). In both the stop1 and almt1 mutants, the accumulation of Fe in the root apex was found to be greatly reduced (75).



CONCLUSION

We earlier reported QTL for different biofortification traits, viz., grain zinc, iron, protein, and thousand kernel weight utilizing an SSR-based genetic map of 286 RIL population developed between a cultivated bread wheat variety and a synthetic derivative. In this study, we added 736 informative SNPs and analyzed a smaller subset of the same population for these traits. New QTL were identified in this study, and many of these were found located in the D genome. The co-localization of QTL for different traits was also observed. Chromosome 7D, in particular, harbored seven and three co-localized QTL at different positions. This indicates that at least some common pathways may be involved in the uptake or accumulation of the micronutrients. Several consistent QTL over two or more environments for different traits are identified in this study as well. Best QTL combinations in RILs have been identified through additive effects, and these combinations would be potential donors to be utilized in future breeding programs. Furthermore, the identification of pleiotropic regions for GZnC, GFeC, GPC, and TKW suggests the possibilities for genetic improvement of GZnC and GFeC without compromising grain yield and GPC. Further fine mapping to identify linked or functional markers is envisaged.
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Zinc (Zn) malnutrition is a common health problem, especially in developing countries. The human health and economic benefits of the replacement of conventional flour with Zn-biofortified wheat flour in rural household diets were assessed. One hundred forty-five wheat flour samples were collected from rural households in Quzhou County. Then, field experiments were conducted on wheat at two Zn levels (0 and 0.4% ZnSO4 · 7H2O foliar application) under 16 diverse agricultural practices in Quzhou County. Foliar Zn application significantly increased the Zn concentration and bioavailability in wheat grain and flour. If rural households consumed Zn-biofortified flour instead of self-cultivated flour or flour purchased from supermarkets, 257–769 or 280–838, 0.46–1.36 million or 0.50–1.49 million disability-adjusted life years (DALYs) lost, respectively, could be saved in Quzhou County and China. Amounts of 2.3–12.0 million and 5.5–22.6 billion RMB could be obtained via Zn-biofortified flour in Quzhou County and China, respectively. The current study indicates that Zn-biofortified flour via foliar Zn application is a win-win strategy to maintain the yield and combat human Zn deficiency in rural households in China. More health and economic benefits could be obtained in rural household dependent on wheat flour purchased from supermarkets than in those dependent on self-cultivated wheat flour.

Keywords: agronomic biofortification, zinc, wheat, health benefits, DALYs, Quzhou county


INTRODUCTION

As an essential micronutrient, zinc (Zn) plays a vital role in crop production and human nutrition. At present, Zn deficiency, also called hidden hunger, is a common public issue worldwide, contributing to many health problems (1). Zn deficiency is one of the five leading risk factors resulting in disease and death, and one-third of the global population suffers from Zn malnutrition (2). In China, more than 86 million people suffered from an insufficient Zn intake, and the development of 10 million children (<5 years) was stunted (3).

The widespread occurrence of Zn malnutrition in humans mainly arises from a low dietary intake of Zn (4). Currently, cereal crops are a major dietary source of calories, protein, and Zn worldwide, especially in developing countries (5). However, approximately half of the soils in cereal cultivation is Zn deficient, resulting in an inadequate Zn content in cereal foods to satisfy the human demand (1).

As one of the three major cereal crops, China ranks at the top in terms of the cultivation area and annual production of wheat globally, and wheat is widely used in staple foods and livestock feed, especially in rural areas (6). However, the average Zn concentration in wheat grain is only 23.3 mg kg−1 in China, indicating a wide gap to the target value of 40 mg kg−1 (7). In addition, the Zn concentration in wheat flour is positively correlated with the Zn concentration in wheat grain. However, during grain milling, most Zn is typically lost and bound to phytic acid (PA), which further leads to a marked reduction in the Zn intake (8). Therefore, there is an urgent need to improve the Zn concentration and bioavailability in wheat grain and flour to minimize Zn malnutrition.

In recent years, nutritionists have proposed many strategies to overcome Zn deficiency, such as dietary diversification, food fortification, and supplementation. However, these strategies are difficult to implement in developing countries due to the high cost and other social reasons (9). Biofortification-a new strategy to improve the micronutrient contents in edible parts-is potentially more applicable than are other strategies (1). Previous studies have suggested that agronomic biofortification (i.e., fertilization) is a highly cost-effective strategy to improve human health in the short term over genetic biofortification (10). Among agronomic biofortification techniques, it has been well-established, based on a variety of studies, that foliar Zn application is a much more effective method than soil Zn application in Zn concentration enhancement, and the increase in the Zn concentration in wheat grain and flour via foliar Zn application is nearly 2-fold (11, 12). However, many studies have primarily focused on a given field condition, and there may be a higher practical significance to analyze the effects of foliar Zn application on the Zn concentration and bioavailability in wheat grain and flour under diverse agricultural practices (soil properties, wheat cultivar, fertilization, and management).

Quzhou County is located in Handan city, Hebei Province, China, and 97% of the total population in Quzhou County is engaged in agriculture (13). The cultivated land area of winter wheat is 216.8 km2 in Quzhou County (41% of the total cultivated land area), consisting of 10 townships and 342 administrative villages. However, a previous survey has revealed that 39% of the children in Handan city suffers from Zn malnutrition (14). As an important county of wheat production in Handan city, the Zn deficiency value could increase in Quzhou County, especially in rural households mainly consuming self-cultivated wheat, due to the low soil DTPA-Zn concentration (15) and relatively high phosphorus (P) fertilization level (16). Therefore, it is feasible and meaningful to study the health impact of the agronomic Zn biofortification of wheat in Quzhou County.

The objectives of this study were (1) to analyze the current Zn intake based on samples of the wheat flour consumed daily in rural households in Quzhou County, (2) to study the effects of foliar Zn application on the Zn concentration and bioavailability in wheat grain and flour under diverse agricultural practices in Quzhou County, and (3) to comprehensively assess the health and economic impacts of the replacement of conventional wheat flour with Zn-biofortified flour in rural household diets in Quzhou County and China via scenario simulation.



MATERIALS AND METHODS


Field Locations and Experimental Design

Field experiments were conducted at 16 locations in Quzhou County (114°50′30″E−115°13′30″E, 36°34′45″N−36°57′57″N) in the North China Plain (Figure 1). Quzhou County contains a typical calcareous alluvial soil and has a subtropical humid monsoon climate, with an average annual temperature and precipitation of 13.4°C and 534.9 mm, respectively (13). Information on the NPK fertilizers, soil properties, and wheat cultivars used at each location is listed in Supplementary Table 1. The winter wheat-summer maize rotation system was applied at all 16 locations.
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FIGURE 1. The locations where the field experiments were conducted in Quzhou County, Hebei Province of China. Sixteen experimental locations are located in the 6 villages in Quzhou County.


Each location included two treatments: the control treatment (conventional farmer practices with no Zn application) and foliar Zn application (0.4% ZnSO4 · 7H2O, w/v). Foliar Zn was applied twice as follows: the first spraying was conducted at the early milk stage, and the second spraying occurred a week later. A Tween (0.01%, v/v) solution was applied at 800 L ha−1 in the foliar Zn application treatment. Spraying was conducted on cloudy days or after sunset under windless conditions across all 16 locations. The area of each plot was 100 m2 at all 16 locations. In addition to foliar Zn application, routine cropping practices were implemented in the present study, including various seeding rates, fertilizer application, herbicide sprays, and irrigation.



Sample Collection and Analysis

At maturity in June 2019, 3 of 3-m2 area in each plot of grains were collected to determine the yield and nutrient concentrations. The harvested wheat grain samples were washed three times with tap and distilled water. A subsample was retrieved from each treatment, oven dried at 60–65°C to a constant weight and ground into powder with a stainless-steel grinder. Another wheat grain subsample was milled into flour with a Buhler experimental mill (MLU 220, Uzvil, Switzerland), and the rate of flour extraction was ~75%, which is similar to the general flour extraction rate in China market (17).

A total of 145 wheat flour samples was also randomly collected from 21 villages (including the 16 test locations) to estimate the current Zn intake via wheat flour consumption in the rural households in Quzhou County. We divided the sources of wheat flour into two groups: (1) flour milled from wheat grain that was self-cultivated by the rural households (n = 124). (2) Flour purchased from the supermarket by the rural households (n = 21). These two wheat flour types were separately consumed by the rural households in Quzhou County as part of their daily diets.

The wheat grain and flour samples were digested with 6 mL of HNO3 and 2 mL of H2O2 in a microwave-accelerated reaction system (CEM, Matthews, NC, USA). The micronutrient concentrations in the digested solutions were determined via inductively coupled plasma optical emission spectroscopy (ICP-OES, OPTIMA 3300 DV, Perkin-Elmer, USA). Standard wheat grain material (IPE182) was acquired from the Wageningen Evaluation Programs for Analytical Laboratories (WEPAL, Wageningen University, the Netherlands) and used to ensure consistency and quality. The PA concentrations in the wheat grain and flour samples were analyzed according to a previous study (18). Soil samples (0–20 cm) were also collected at each location to analyze the pH and available Zn and P concentrations after air drying and passing through a 1-mm plastic sieve. The soil pH (water/soil, 2.5:1) was determined with a pH meter (PB-10, Sartorius, GER) (19). The soil available Zn concentration (DTPA-Zn) was analyzed via ICP-OES (OPTIMA 3300 DV, Perkin-Elmer, USA) after extraction with 5 mmol L−1 diethylene triamine pentaacetic acid (DTPA) (20). The soil available P (Olsen-P) concentration was measured according Olsen (21).



Estimated Zn Bioavailability

A trivariate mathematical model of Zn absorption was adopted to predict the Zn bioavailability (22):
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where TAZ is the total daily absorbed Zn (mg Zn d−1), TDZ and TDP are the total daily dietary Zn (mmol Zn day−1) and PA (mmol PA day−1), respectively, AMAX is the maximum Zn absorption (0.091), KR is the equilibrium dissociation constant of the Zn-receptor binding reaction (0.680), and KP is the equilibrium dissociation constant of the Zn-PA binding reaction (0.033) (23), while the TAZ model is based on daily wheat grain and flour consumption (300 g day−1) as the sole source of Zn and phytate for adults (24), which is referred to as the estimated Zn bioavailability.



Potential Health and Economic Benefits of Zn-Biofortified Wheat Flour

The framework of the disability-adjusted life years (DALYs) is an ex ante assessment tool to estimate the burden of micronutrient malnutrition and the health impact of micronutrient-biofortified wheat flour (25). The current health burden (the DALYs lost) was calculated based on a previous study (26). Infants numbered ~0.58 thousand and 13.8 million, and children (1–5 years old) numbered 3.8 thousand and 76.5 million in Quzhou County and China, respectively (27). The total DALYs lost (infants and children) due to human Zn deficiency in Quzhou County and China were 0.2 thousand and 3.7 million years, respectively. The potential health benefits (the DALYs saved) of Zn-biofortified wheat flour were calculated with a modified method based on the increased Zn bioavailability rather than the increased Zn concentration (28). The status quo of the daily Zn intake was 4.90 and 6.00 mg day−1 for infants and children, respectively (29). Based on the daily consumption level of wheat flour of 300 g d−1 for Chinese adults, infants consume 75 g each day, and children consume 150 g each day (28). The daily Zn intake through Zn-biofortified wheat flour was calculated as the sum of the current daily Zn intake and the increased TAZ level. We assumed that Zn-biofortified wheat flour replaced the self-cultivated flour or the flour purchased by rural households, and no other dietary aspects were changed. Two coverage rates (20% under a pessimistic scenario and 60% under an optimistic scenario) were defined in this study. To simulate the potential impact of the agronomic Zn biofortification of wheat flour in Quzhou County and China, the health benefits (the DALYs saved) of biofortified wheat flour were calculated via the method of Steur et al. (26).

The following equation was adopted to calculate the economic benefit of Zn-biofortified wheat flour:

Economic benefit = total DALYs saved × PCNI – Zn fertilizer cost.

where PCNI is the per capita net income of China based on a previous study (30). Pesticide foliar spraying is a common practice in wheat cropping systems in China, and the effect of foliar Zn application combined with pesticide spraying on the grain Zn concentration is similar to the effect of foliar Zn application alone, which could greatly reduce the labor requirements (31). Hence, in the current study, we only considered the Zn fertilizer cost (90 RMB ha−1) according to Wang et al. (31).



Statistical Analysis

Excel 2010 (Microsoft, USA) and SPSS software (version 26.0) were used for the calculations and statistical analysis. The effects of foliar Zn application on the Zn and PA concentrations and the estimated Zn bioavailability in wheat grain and flour were assessed via one-way analysis of variance (ANOVA) followed by independent t-tests (P < 0.05). Similarly, the average of the above three parameters (the Zn and PA concentrations and the estimated Zn bioavailability) for the two sources of wheat flour collected from rural households were also compared via independent t-tests (P < 0.05).




RESULTS


Grain Yield

Foliar Zn application imposed no significant effects on the wheat grain yield at any location (Figure 2). The average grain yields were 6.3 and 6.5 t ha−1 under the control and foliar Zn treatments, respectively.
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FIGURE 2. Grain yield (14% water) as affected by foliar Zn application in Quzhou County. The solid and red dashed lines indicate the median and mean values, respectively. The same lowercase letter indicates no significant difference between the foliar Zn application levels via independent t-tests at the P < 0.05 level.




Zinc and PA Concentrations and Estimated Zn Bioavailability in the Wheat Flour Collected From Rural Households

There was a large variation in the Zn and PA concentrations and estimated Zn bioavailability in the wheat flour samples irrespective of the source. The Zn concentration in the self-cultivated wheat flour was significantly higher than that in the wheat flour purchased from supermarkets. However, no significant differences occurred in the PA concentration and estimated Zn bioavailability between the two sources of wheat flour (Table 1).


Table 1. Zinc (Zn) and phytic acid (PA) concentrations and estimated Zn bioavailability in the wheat flour collected from the rural households in Quzhou County.
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Zinc and PA Concentrations and Estimated Zn Bioavailability in the Wheat Grain and Flour Obtained From the Field Experiment

Without Zn application, the average Zn concentration in wheat grain and flour was 21.8 and 8.5 mg kg−1, respectively (Figure 3A). Foliar Zn application significantly increased the Zn concentration in wheat grain and flour. On average, the increases in the Zn concentration in wheat grain and flour caused by foliar Zn application were 97.7 and 68.2%, respectively (Figure 3A). Among the 16 experimental locations, the target grain Zn concentration (40 mg kg−1) was obtained at 12 field locations due to foliar Zn application. Foliar Zn application imposed no significant effects on the PA concentration in wheat grain and flour, and the PA concentration in wheat grain was much higher than that in flour across the 16 locations (Figure 3B). Foliar Zn application also significantly increased the Zn bioavailability in wheat grain and flour (Figure 3C). On average, the estimated Zn bioavailability in wheat grain and flour increased from 0.73 to 1.38 mg Zn d−1 and from 0.90 to 1.71 mg Zn d−1, respectively, via foliar Zn application, resulting in 1.89-fold and 1.90-fold increases, respectively (Figure 3C).
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FIGURE 3. Zinc (Zn) (A) and phytic acid (B) concentrations and estimated Zn bioavailability (C) in wheat grain and flour as affected by foliar Zn application in Quzhou County. The solid and red dashed lines indicate the median and mean values, respectively. The same lowercase letter indicates no significant difference between the foliar Zn application levels via independent t-tests at the P < 0.05 level. The rate of flour extraction was around 75%.




Health and Economic Impacts of Zn-Biofortified Wheat Flour in Quzhou County and China

Compared to the self-cultivated wheat flour or the wheat flour purchased by rural households, Zn-biofortified flour increased the daily Zn intake, the percentage of the recommended intake, the DALYs saved for both infants and children, and the potential economic income (Table 2). Under the pessimistic scenario (20% coverage rate of Zn-biofortified wheat flour), compared to the self-cultivated flour or the flour purchased by rural households, Zn-biofortified wheat flour reduced 12.93 or 14.09% and 12.33 or 13.43% of the current health burden in Quzhou County and China, respectively (Table 2). Under the optimistic scenario (60% coverage rate of Zn-biofortified wheat flour), in contrast to the self-cultivated flour or the flour purchased by rural households, Zn-biofortified wheat flour also saved the current health burden in Quzhou County and China, ranging from 38.67 to 42.15% and 38.71 to 40.18%, respectively (Table 2).


Table 2. Health and economic impacts of Zn-biofortified wheat flour on the rural households in Quzhou County and China.
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DISCUSSION


Zinc Concentration and Bioavailability in Wheat Flour Consumed by the Rural Households in Quzhou County

In the current study, the Zn concentration in the wheat flour cultivated by farmers exhibited a large variation, which was consistent with Ashin et al. (32). The variations are attributed to the different agricultural management practices, yields, soil fertilities, wheat cultivars, etc. The average Zn concentration in the wheat flour self-cultivated by the rural households in Quzhou County was 8.3 mg kg−1 (Table 1). This value was obviously lower than the results of Wang et al. (33). A possible reason for the relatively low Zn concentration in the wheat flour self-cultivated by the rural households in Quzhou County may be the low soil DTPA-Zn concentration (average: 0.82 mg kg−1) (15) and high P application level (average: 62.4 kg P ha−1) (16), which limits the uptake, translocation, and remobilization of Zn to wheat grain (28, 34). Wei and Cen (35) reported that the average Zn concentration in wheat flour purchased from supermarkets was 5.4 mg kg−1 (n = 188), which was lower than our result of 7.1 mg kg−1. Different manufacturers and production and processing methods may explain this difference. In addition, the current study demonstrated that the Zn concentration in the flour purchased from supermarkets was lower than that in the flour self-cultivated by the rural households. The reason for this may be that the extraction rate of the flour purchased from supermarkets is lower than that of the flour self-cultivated by rural households, and more Zn is lost during milling (36).

Considering Zn homeostasis in human intestines, the Zn bioavailability in wheat flour is more important than the Zn concentration in wheat flour. The observed difference in wheat flour Zn bioavailability between the self-cultivated flour and the flour purchased by rural households suggests a relatively high vulnerability to Zn malnutrition of rural households dependent on wheat flour purchased from supermarkets (Table 1). Rosado et al. (24) reported that 3 mg Zn from the consumption of 300 g wheat flour is the target level for human health. In the present survey, 300 g of the self-cultivated wheat flour and the wheat flour purchased by rural households provided only ~28.7 and 26.3%, respectively, of the daily Zn requirement in Quzhou County.



Zn-Biofortified Wheat in the Field Experiment

In the present study, foliar Zn application imposed no significant effect on the wheat grain yield, which is consistent with previous studies (37, 38). In good agreement with previous results (11, 37), foliar Zn fertilizer application successfully increased the Zn concentration in wheat grain and flour at all farmer field locations. The increase in the grain Zn concentration due to foliar Zn application is above 3-fold in Iran (39) and Turkey (40). The relatively small increase in the grain Zn concentration (1.98-fold) due to foliar Zn application in the current study may be attributed to the lower soil DTPA-Zn concentration in the above studies than that in the current study at the 16 locations. In addition, the climate conditions, wheat cultivars, and spraying period may also directly affect the extent of the Zn concentration increase in wheat grain and flour (37). Irrespective of foliar Zn application, the highest Zn concentrations in wheat grain and flour were observed in Balizhangzhuang-II, which could be explained by the higher soil DTPA-Zn concentration and higher nitrogen (N) application level (synergistic effect between N and Zn) in Balizhangzhuang-II than those at the other locations (Supplementary Table 1). In addition, in agreement with the results reported by Hussain et al. (41) and Zou et al. (38), the average grain Zn concentration at the 16 locations increased to 43.1 mg kg−1 due to foliar Zn application, which matches the biofortification target of Zn in wheat grain.

As a store of P and energy, PA plays an important role in plant growth and development and functions as an antioxidant and anticarcinogen in the human body (42). Unfortunately, to a certain extent, PA is thought to be an antinutrient that reduces the bioavailability of micronutrients, especially iron and Zn (43). In the current study, the PA concentrations in wheat grain and flour remained unchanged in response to foliar Zn application at all locations, which is consistent with Wang et al. (44). The main reason may be that foliar Zn application did not significantly affect the wheat grain yield at any of the 16 locations in the current study (Figure 2).

The current study suggested that the estimated Zn bioavailability in wheat grain and flour was significantly enhanced by foliar Zn application, which is consistent with the findings of Li et al. (45). Based on the target level of 3 mg Zn obtained from the consumption of 300 g wheat flour (24), the estimated Zn bioavailability in wheat grain and flour in the current study is below this level, and 300 g Zn-biofortified wheat flour could provide ~57% of the daily Zn requirements. These results indicate that agronomic biofortification (foliar Zn application) in combination with genetic biofortification (breeding of Zn-efficient genotypes) could be a better choice to minimize Zn deficiency in rural households in future research (7). Our results also showed that the estimated Zn bioavailability in wheat flour was higher than that in wheat grain, which is consistent with published results (46, 47). A possible explanation for these results may be the very low PA concentration in wheat endosperm (48). In addition, as cited in the previous paragraphs, a high application level of P fertilizers is a typical phenomenon under the current wheat cropping management practices in Quzhou County, and combined with the results of the field experiment conducted in Quzhou County, there could be another option to increase the Zn bioavailability in wheat grain and flour via P application optimization (49).



Health Impact of Zn-Biofortified Wheat Flour in Quzhou County and China

Considering the role of wheat flour as a staple food in Quzhou County and the estimated Zn bioavailability in Zn-biofortified flour being significantly higher than that in the self-cultivated flour or the flour purchased by rural households, substitution of conventional wheat flour with Zn-biofortified flour in rural household diets could highly alleviate Zn malnutrition.

In the current study, the estimated health impact of Zn-biofortified wheat flour was calculated within the DALY framework. Our results indicated that the human health impact (the DALYs saved) in Quzhou County was greater if Zn-biofortified flour replaced the flour purchased from supermarkets than that if the flour produced on rural household farmlands was replaced. This occurs because the Zn concentration and bioavailability in the flour produced on rural household farmlands were higher than those in the flour purchased from supermarkets. Our results also revealed that the reduction in the burden of Zn deficiency in China (12.33–13.43% under the pessimistic scenario and 36.87–40.18% under the optimistic scenario) due to foliar Zn application was larger than that due to biofortification in India (2–12%) and Pakistan (5–33%) (25, 50). In addition, based on the large area of wheat cultivation in Quzhou County (21.7 thousand ha−1) (51) and China (23.7 million ha−1) (52), a relatively high economic income could be obtained via Zn-biofortified flour in Quzhou County and China, which is consistent with the results of Wang et al. (31). In summary, our results indicate that compared to the flour consumed in rural households on a daily basis, Zn-biofortified wheat flour via foliar Zn application is a feasible strategy to combat human Zn deficiency and potentially increase the economic income in rural households in China.




CONCLUSION

Our farm field experiment demonstrated that foliar Zn application effectively increased the Zn concentration and bioavailability in wheat grain and flour irrespective of the agricultural management practices in Quzhou County. Zn-biofortified wheat flour provided ~57% of the daily Zn requirement. Based on the defined scenarios, more health and economic benefits could be obtained by the replacement of self-cultivated flour or flour purchased from supermarkets with Zn-biofortified wheat flour in Quzhou County and China. Therefore, foliar Zn application is a win-win agronomic strategy to maintain the yield and combat human Zn deficiency in rural households in China.
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Microbial-assisted biofortification attracted much attention recently due to its sustainable and eco-friendly nature for improving nutrient content in wheat. An endophytic strain Bacillus altitudinis WR10, which showed sophistical regulation of iron (Fe) homeostasis in wheat seedlings, inspired us to test its potential for enhancing Fe biofortification in wheat grain. In this study, assays in vitro indicated that WR10 has versatile plant growth-promoting (PGP) traits and bioinformatic analysis predicted its non-pathogenicity. Two inoculation methods, namely, seed soaking and soil spraying, with 107 cfu/ml WR10 cells were applied once before sowing of wheat (Triticum aestivum L. cv. Zhoumai 36) in the field. After wheat maturation, evaluation of yield and nutrients showed a significant increase in the mean number of kernels per spike (KPS) and the content of total nitrogen (N), potassium (K), and Fe in grains. At the grain filling stage, the abundance of Bacillus spp. and the content of N, K, and Fe in the root, the stem, and the leaf were also increased in nearly all tissues, except Fe in the stem and the leaf. Further correlation analysis revealed a positive relationship between the total abundance of Bacillus spp. and the content of N, K, and Fe in grains. Seed staining confirmed the enhanced accumulation of Fe, especially in the embryo and the endosperm. Finally, using a hydroponic coculture model, qPCR quantification indicated effective colonization, internalization, translocation, and replication of strain WR10 in wheat within 48 h. Collectively, strain WR10 assisted successful Fe biofortification in wheat in the field, laying a foundation for further large-scale investigation of its applicability and effectiveness.

Keywords: iron biofortification, wheat grain, endophyte, Bacillus spp., field study


INTRODUCTION

Iron (Fe) is an essential trace element for the health of both plants and humans; however, most Fe in the soil is not readily accessible to plants (ferric form, Fe3+), resulting in low bioavailability (1). Furthermore, Fe deficiency is one of the most prevalent forms of malnutrition in the world, and one-fifth of the population in China suffers from Fe deficiency (http://www.chinacdc.cn). The long-term acquisition of Fe by humans is mainly through food, highlighting the importance of Fe content in staple crops (2). As one of the most important food crops in the world, wheat provides various nutrients, including Fe, to hundreds of millions of people. The HarvestPlus project suggested that wheat grains should contain 59 mg/kg of Fe to meet the dietary Fe needs of adults (3); however, the average Fe content of 198 wheat varieties was only 29.1 mg/kg in France (4), and that of 260 varieties in the Huanghuai wheat region of China was only 22.2 mg/kg (5). Therefore, Fe deficiency remains one of the most serious global nutritional problems.

Several approaches have been developed to overcome Fe deficiency in humans (6); however, only biofortification, a process of breeding nutrients into food crops, is considered to be a sustainable strategy for tackling malnutrition, especially for those who have limited access to diverse diets or fortified foods. Indeed, the biofortification of staple crops is an evidence-based and cost-effective method to address malnutrition in tens of millions of people (https://www.harvestplus.org/biofortification-nutrition-revolution-now). In general, Fe biofortification can be achieved mainly by plant breeding, transgenic techniques, or agronomic practices (7). Therefore, wheat Fe biofortification is an urgent and economically important task (8). Promoting root absorption of Fe from the soil and increasing Fe accumulation in grains have become the most fundamental, efficient, and sustainable methods of wheat biofortification (9, 10); however, so far, progress in wheat Fe biofortification by traditional plant breeding has not been as successful as in other crops (11). Although transgenic techniques have developed high-iron genotypes, their release is still restricted. Agronomic practices, mainly foliar application of Fe-containing chemical fertilizers, are currently the major methods used for wheat; however, these practices are unappealing due to mineral unsustainability and potential adverse effects on the environment.

It has been confirmed that wheat-associated microbes are widely involved in plant Fe homeostasis, e.g., improving Fe uptake and alleviating Fe toxicity in wheat (12). Different microorganisms can not only increase yield production but also promote absorption and accumulation of certain essential elements in crop grains, a process termed microbial-assisted biofortification (13). In recent years, the use of microorganisms for enhancing wheat biofortification has attracted much attention (14). Microorganisms can significantly improve Fe accumulation in wheat in an efficient and eco-friendly way. Strains of Bacillus spp. form spores and are widely explored as plant growth-promoting bacteria (PGPB) in contemporary agriculture for different purposes (15, 16). They secrete siderophores, organic acids, and other compounds to promote the uptake of Fe in the rhizosphere of wheat (17, 18). Furthermore, they can improve the translocation or remobilization of Fe from the roots to the aerial parts and the accumulation in the grains (18, 19). Bacillus spp. has been widely recognized for its important role in helping plants obtain Fe to cope with Fe deficiency (20, 21). Field studies have demonstrated as high as a 70% increase of Fe content in wheat grains after inoculation with B. pichinotyi or B. subtilis (22, 23). In another study, the values of tillers per plant (TTP) and thousand-grain weight (TGW) increased more than 20%, and the levels of grain Fe increased more than 44% (24).

Due to a lower environmental impact and higher colonization ability in plants, endophytic bacteria may have better applicability than the widely used soil bacteria at present (25). We have isolated a series of endophytic bacteria from wheat roots (26). One of them, B. altitudinis WR10, has a strong ability to absorb Fe and improves the ability of wheat to tolerate Fe by upregulating the expression of wheat genes encoding ferritin (27). The strain has high phytase activity, produces siderophores, and forms biofilm (28). Therefore, this study was planned to inoculate wheat with this strain using different methods (such as soaking or spraying) to increase Fe content in wheat grains and achieve WR10-assisted Fe biofortification in wheat.



MATERIALS AND METHODS


Bacterial Growth and Characterization

The strain B. altitudinis WR10 was previously isolated from the root of wheat (Triticum aestivum L. cv. Zhoumai 26) and stored in 20% glycerol at −80°C (27). The glycerol stock of B. altitudinis WR10 was streaked on Luria-Bertani (LB) agar. After overnight incubation at 30°C, a single colony was picked into 5 ml sterile LB broth in a glass tube. The tube was agitated at 30°C, 150 rpm for 24 h. For quantitative assay of hormone production, supernatants were collected by centrifugation at 8,000 g for 5 min. The concentrations of indoleacetic acid (IAA), cytokinin (CTK), and gibberellin (GA) in supernatants were assayed with commercial Plant IAA, CTK, or GA ELISA Kits using specific antibodies coated microplate (Enzyme-linked Biotechnology Co. Ltd., Shanghai), by reading absorbance at 450 nm (Abs.450 nm) and calibrating with corresponding standards. For qualitative assay of hydrolytic enzymes production, bacterial suspension was spotted on respective agars using starch, pectin, carboxymethylcellulose, or casein as the sole carbon source (29). A clear halo zone around spotted bacteria after staining indicates the production of corresponding enzymes. The production of hydrogen cyanide (HCN), ammonia, and siderophores was detected, as in a previous report (30). The intrinsic antibiotic spectra were tested on LB agar supplemented with different antibiotics, including ampicillin (100 μg/ml), chloramphenicol (5 μg/ml), erythromycin (5 μg/ml), kanamycin (50 μg/ml), and spectromycin (100 μg/ml). No growth after 24 h of incubation at 30°C was considered as sensitive. All these antibiotics are purchased at biotechnological grade (Sigma-Aldrich, USA). For pathogenicity analysis, the Virulence Factors Database (VFDB, www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi?fun=VFanalyzer) and the PathogenFinder (https://cge.cbs.dtu.dk/services/PathogenFinder) web-based tools were searched using the reference genome of B. altitudinis GR8 (31, 32). Strain GR8 has the highest identity in a marker gene gyrB of B. altitudinis WR10 (28).



Microbial Inoculants Preparation, Field Application, and Wheat Planting

Bacillus altitudinis WR10 was cultivated in LB broth in 500 ml flasks, under 30°C, and agitating at 200 rpm. Cell pellets were collected from overnight culture fluids after centrifugation at 8,000 g for 5 min. Bacterial cells were washed two times with sterile water and then resuspended in water (107 cfu/ml) for field application as microbial inoculants. For soil spraying, fresh inoculants were sprayed onto the surface of the soil using a sprinkling can (0.5 L per m2) 2 h before sowing. For seed soaking, wheat seeds (Triticum aestivum L. cv. Zhoumai 36) were immersed in fresh WR10 inoculants for 1 h under room temperature and agitating at 50 rpm. After incubation, seeds were dried by airing on a bench for 24 h. For both controls, equal volumes of water without bacteria were simultaneously used. The planting of the wheat was conducted in 2019–2020 at the Field Experimental Center of Zhoukou Normal University (N33°38′, E114°40′), China. Manipulation and application of B. altitudinis WR10 in the field were approved by the Institutional Biosafety Committee of Zhoukou Normal University. For each group, about 100 seeds (~5 g) were manually sowed in two lines, each with a length of 10 m. During growth, there was no extra fertilization or irrigation. Some chemical properties of the soil were assayed according to the respective national guidelines provided in the Supplementary Information (Supplementary Table 1).



Wheat Sample Collection, Growth, and Yield Evaluation

At the grain filling stage (Feekes 11.1), 30 whole plants were collected randomly from different planting regions. Two growth parameters, including plant height and total chlorophyll content, were evaluated. Plant height above the ground was measured in centimeters. Then, plants were rinsed with tap water for 10 min to clean off any attachments. The clean plants were further cut into different sections, including the root, the stem, and the leaf (~5 cm in length). The content of chlorophyll in the leaves was quantified as described elsewhere (33). The total chlorophyll content was calculated according to the formula (20.21 × Abs.645+8.02 × Abs.663). The content was expressed as mg/g dry weight. At the maturity stage (Feekes 11.4), wheat spikes were harvested manually and stored in plastic bags. Among them, 30 spikes were hand thrashed and used for analyzing the number of kernels per spike (KPS) and TGW. The samples used for weighting were dried in a thermo-constant incubator at 60°C until completely dry.



Hydroponic Coculture of Wheat Seedlings and Bacillus altitudinis WR10

Hydroponic coculture was carried out according to a previous report with minor modification (27). Briefly, 7-day-old well-grown seedlings of 60 of Triticum aestivum L. cv. Zhoumai 36 were planted in 6 plastic boxes each containing 1.2 L dH2O. These six boxes were allocated into two groups. For the coculture group, each box was supplemented with 1.2 ml concentrated suspension of B. altitudinis WR10 (109 cfu/ml). For the control group, 1.2 ml autoclaved suspension of B. altitudinis WR10 was added to each box. After the addition of bacteria, seedlings were grown at a controlled temperature (25°C) in humid conditions (humidity 70%) under dark or light (12/12 h) for 48 h. Six seedlings from each box were collected at different time points, e.g., 0, 1, 2, 4, 6, 8, 10, 12, 24, and 48 h postinoculation (hpi).



Quantification of Bacterial Abundance

The abundance of Bacillus spp. in different tissues, including the root, the stem, and the leaf collected at the grain filling stage was quantified by qPCR assays using genus-specific primers (B_groELF/B_groELR). The abundance of strain WR10 in wheat seedlings, either the root or the sprout, collected during hydroponic coculture was quantified by qPCR assays using strain-specific primers (qR10F/qR10R). For both quantifications, sections of different tissues were first ultra-sonicated for 5 min (2/2 s) in sterile distilled water at room temperature. Second, they were dried at 60°C until constant weight. Third, these wheat tissues from six plants were mixed and grounded in liquid nitrogen with a mortar. Fourth, total genomic DNA was extracted from 20 mg tissue powder using a HiPure Food Microbial DNA Kit according to the user guide (Magen, China). Finally, the abundance of Bacillus spp. was evaluated by quantifying the relative gene copy of groEL. The abundance of strain WR10 was evaluated by quantifying the relative gene copy of GAPDH. The qPCR reaction was conducted in a CFX96 Touch™ Real-Time PCR Detection System (BioRad, USA) using SYBR green qPCR Master Mix (Vazyme, China). The parameters for thermocycler and melting curves were the same as done previously (27). The sequences of the primers and the sizes of amplicons are supplied in the Supplementary Information (Supplementary Table 2).



Assays of Nutrient Content in Different Wheat Tissues

Three macronutrients, namely total nitrogen (N), phosphorus (P), and potassium (K), and four micronutrients, namely Fe, zinc (Zn), manganese (Mn), and copper (Cu), were detected in different wheat tissues collected from the field. Tissues (0.1 g) used for macronutrients determination were digested by 5 ml H2SO4 and 2 ml H2O2 and diluted in 20 ml water. The dilute was neutralized with 10 M NaOH before being used for assays. The content of N was measured using the Kjeldahl method as previously described (34). The contents of P and K were measured with biochemical assay kits purchased from a company, Elabscience® (Wuhan, China). Precisely, the content of P was quantified by reading absorbance at 660 nm using the colorimetric assay kit (Cat. No. E-BC-K245-S). The content of K was quantified by turbidimetry assay at 450 nm using another kit (Cat. No. E-BC-K279-M). The concentrations of all micronutrients were assayed using a flame atomic absorption spectrophotometry (FAAS, Persee, China), as previously described (35). For wheat tissues and grains, a modified protocol was developed for sample processing based on a methodological report (36). Briefly, dry wheat tissues were milled into powder by a universal pulverizer or were grounded in liquid nitrogen with a mortar. Tissue powder was extracted by adding 0.5 M HNO3 (0.1 g tissue per 20 ml acid) in 50 ml plastic tubes shaking under 37°C at 200 rpm for 2 h. Supernatants were collected after centrifugation at 10,000 g for 5 min and were used for these assays in triplicates. Phytate content was assayed using a rapid colorimetric method described previously, which is based on the reaction between ferric ion and sulfosalicylic acid (37). Sodium phytate was used for the preparation of standard solutions (Sigma, Shanghai, China). Absorbance was read in microtiters at 500 nm for phytate assay. All spectrometric readings using microtiters were read by a SpectraMax i3x microplate reader (Molecular Devices, Sunnyvale, USA).



Grain Iron Staining

Mature grains from different groups were carefully dissected longitudinally or transversely using a stainless steel surgical knife and stained for 1 h with Perls' Prussian blue staining solution (2% [w/v] potassium hexacyanoferrate [II] and 2% [v/v] hydrochloric acid) as described elsewhere (38). After being washed two times in distilled water, all stained grains were dried at room temperature for 1 h. The stained section of grains was observed using a stereo light microscope NSZ-405 (NOVEL, Ningbo, China) and images were acquired by Echoo Imager (OPLENIC, Hangzhou, China).



Data Analysis

Original data were expressed as mean ± SD of at least three repeats. Statistical analysis was conducted in SPSS 19.0 (SPSS Inc., USA). Significant differences between groups were analyzed by one-way ANOVA using the LSD test. Values of p < 0.05 were considered statistically significant. Spearman's correlation coefficients were analyzed among bacterial abundance and different nutrient contents. The coefficient of determination (R2) was also calculated after linear regression using Microsoft Excel. To show data from different groups in different tissues in figures, they were normalized to corresponding values in the control group (NC). All related data can be found in the Supplementary Information.




RESULTS


Characteristics and Potential Pathogenicity of Bacillus altitudinis WR10

Some characteristics of B. altitudinis WR10, including common PGP traits, were screened in vitro (Table 1). Briefly, ELISA assays using culture supernatants revealed the production of phytohormones, such as IAA and GA by strain WR10. The bacterium solubilized both inorganic (calcium phosphate) and organic (phytate) phosphorus. Production of ammonia and siderophores were also detected according to obvious phenotypes. Biofilm formation, exopolysaccharide secretion, and early colonization of wheat root were observed as well. For antagonistic traits, strain WR10 was sensitive to antibiotics, including ampicillin, chloramphenicol, erythromycin, kanamycin, and spectromycin under the tested concentrations. Strain WR10 was ACC deaminase positive and produced HCN. Regarding hydrolytic enzymes, strain WR10 produced amylase, cellulose, pectinase, and chitinase. Comprehensive analysis of pathogenicity factors by VFDB indicated the absence of most major virulence factors in Bacillus spp., albeit there were a few genes involved in capsule synthesis that may contribute to immune evasion. Detail results are provided in Supplementary Information (Supplementary Table 3). Further genome prediction by the PathogenFinder service confirmed strain WR10 as a non-human pathogen, as no matched pathogenic family was found.


Table 1. Production of enzymes and other characters of B. altitudinis WR10 related to plant growth-promoting (PGP) and antagonism.
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Effect of Microbial Inoculation on Yield and Nutrients of Wheat Grains

After wheat harvest, the TGW and KPS were calculated for evaluating the impact of microbial inoculation on grain yield production. The data indicated that there was no change in TGW among the different groups (Supplementary Table 4). In contrast, the relative numbers of KPS were significantly larger in the two treated groups, e.g., increased by 24.67 and 16.44% in groups sprayed or soaked in WR10, respectively (Figure 1A). For macronutrients, quantification using whole wheat flour showed a significant increase of N and K contents, except P. For example, both total N and K contents were increased by more than 50% (Figures 1B,C). For micronutrients, there was no difference in the contents of Zn, Mn, and Cu after inoculation of WR10; however, Fe content was significantly increased by about 30 and 19% (exactly, 29.94 and 18.67%) in the spraying and soaking groups, respectively (Figure 1D). The absolute concentration of Fe in Zhoumai 36 was increased from 33.55 to 43.60 mg/kg in the spraying group. For all these changed indices except N, stronger effects were observed in the soil-spraying group than in the seed-soaking group. In addition, the phytate assay showed a slight decrease (~5%) in relative phytate content in the spraying group although there was no significant difference compared with the control (Supplementary Table 4).


[image: Figure 1]
FIGURE 1. Effect of WR10 inoculation on wheat grain yield production and nutrient content. (A) The relative mean number of kernels per spike (KPS) of 30 wheat plants; (B) Relative content of total N in grains; (C) Relative content of K in grains; (D) Relative content of Fe in grains. Content of macronutrients was calculated as mg/g, and that of micronutrients was calculated as mg/kg dry weight (DW). Original data were analyzed by ANOVA pair-wise comparisons using LDS-test and p < 0.05 was considered significant. All data in the figure were normalized to their counterparts in the control group (NC) without inoculation of bacteria. In spraying, soils were sprayed with B. altitudinis WR10 before sowing of wheat; in soaking, wheat seeds were soaked in B. altitudinis WR10 suspension before sowing. a, statistically different from NC; b, significantly different between spraying and soaking groups.




Effect of Microbial Inoculation on Wheat Vegetative Organs

At the grain filling stage, two parameters were monitored to evaluate the impact of microbial inoculation on wheat growth (Supplementary Table 5). Compared with NC, there was no difference in plant height among the three groups; however, there was a significant increase in total chlorophyll content in leaves collected from the two inoculated groups. Precisely, the content of total chlorophyll was increased by 42.07 and 22.85% in groups sprayed or soaked WR10, respectively. The qPCR quantification of Bacillus spp. showed a positive influence of microbial inoculation as the relative abundance was always higher after the inoculation of B. altitudinis WR10 (Figure 2A). In particular, the abundance of Bacillus spp. increased more than 7- or 3-fold in the root after being sprayed or soaked with WR10, respectively. In both the root and the leaf, the relative abundance of Bacillus spp. was higher in the spraying group than in the soaking group, suggesting a stronger influence of the former application method. Regarding nutrients, on the one hand, the inoculation of WR10 constantly increased the contents of N and K in all tested tissues, including the root, the stem, and the leaf (Figures 2B,C). On the other hand, the inoculation with WR10 had different impacts on Fe content in different tissues. In general, inoculation with WR10 significantly increased the relative content of Fe in the root but decreased the relative content in the stem and the leaf (Figure 2D, Supplementary Table 6).
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FIGURE 2. Effect of WR10 inoculation on the abundance of endophytic Bacillus spp. and nutrient content in different wheat tissues at the grain filling stage. (A) The relative abundance of endophytic Bacillus spp. in different wheat tissues; (B) Relative content of N in different wheat tissues; (C) Relative content of K in different wheat tissues; (D) Relative content of Fe in different wheat tissues. Content of macronutrients was calculated as mg/g, and that of micronutrients was calculated as mg/kg dry weight. Original data were analyzed by pair-wise comparisons using LDS test, and p < 0.05 was considered significant. All data in the figure were normalized to their respective counterparts in the control group (NC) without inoculation of bacteria. In spraying, soils were sprayed with B. altitudinis WR10 before sowing of wheat; in soaking, wheat seeds were soaked in B. altitudinis WR10 suspension before sowing; a, statistically different from NC; b, significantly different between spraying and soaking groups.




Iron Staining and the Relationship Between Bacillus spp. Abundance and Nutrient Content

Spearman's correlation analysis showed that a positive relationship exists between the changed nutrient contents and the abundance of endophytic Bacillus spp. (Supplementary Table 7). In particular, Spearman's correlation coefficient was 0.937 or 0.933 for K or Fe and bacterial abundance (p < 0.01). As shown in Figure 3A, the nutrient content in grains has a high linear correlation to the total abundance of Bacillus spp. in all vegetative organs. For example, the R2 between either K or Fe content and the total abundance of Bacillus spp. is higher than 0.9. To further investigate the distribution of Fe in grains, Fe staining was performed. Whether dissected longitudinally (left panel) or transversely (right panel), Perls' Prussian blue staining of grains showed the distribution of iron (Figure 3B). In contrast to NC, much intense blue staining could be observed in aleurone, embryo, and endosperm from grains harvested in the spraying and the soaking groups.
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FIGURE 3. Correlation analysis and iron staining. (A) Linear regression and coefficients of determination (R2) between the total abundances of Bacillus spp. and content of three nutrients; (B) Perls' Prussian blue staining of grains. All data were normalized to their respective counterparts in the control group (NC) without inoculation of bacteria. In spraying, soils were sprayed with B. altitudinis WR10 before sowing of wheat; in soaking, wheat seeds were soaked in B. altitudinis WR10 suspension before sowing.




The Colonization, Internalization, Translocation, and Replication of B. altitudinis WR10 in Wheat

In the control group, B. altitudinis WR10 could not be detected by qPCR from all wheat samples, indicating its absence in Zhoumai 36; however, it could be constantly detected from seedlings of Zhoumai 36 as endophyte, after its addition for hydroponic coculture (Figure 4). To be precise, within 1 h (1 hpi), WR10 could even be detected in the root, suggesting its fast colonization and internalization. After that, the relative abundance of WR10 was improved sharply by nearly 200-fold within 10 h (10 hpi), indicating quick internalization and/or replication; however, the abundance of WR10 reached a plateau after 10 hpi and remained constant within the tested periods (Figure 4A). Similarly, WR10 could be detected in the sprout at 1 hpi, suggesting its quick translocation from the root. Further, the relative abundance of WR10 also increased steadily by more than 30-fold within 24 hpi, indicating continuous translocation and/or replication (Figure 4B). In addition, the abundance of WR10 was always much lower in the sprout than in the root.


[image: Figure 4]
FIGURE 4. Quantification of B. altitudinis WR10 in different wheat tissues during hydroponic coculture by qPCR assay. (A) The relative abundance of endophytic B. altitudinis WR10 in the root; (B) relative abundance of endophytic B. altitudinis WR10 in the sprout. At 0 phi, the relative abundances in different tissues were considered as 1. Fold changes were calculated by the 2ΔCq method, which uses the copy numbers of the GAPDH gene representing the abundance of B. altitudinis WR10. Data were mean of three repeats from the genomic DNA mixture of six seedlings.





DISCUSSION

Some wheat-associated microbes, mainly the rhizospheric microbes, produce siderophores and other metabolites that increase Fe solubility in the soil and can alleviate Fe-deficiency stress in the plant (12). Therefore, these microbes have been proposed as biofertilizers for enhancing Fe acquisition of crops due to their important role in favoring plant-iron uptake and accumulation under limiting conditions (39). Indeed, through inoculation of versatile microorganisms, enhanced uptake of Fe in wheat had been achieved by many previous studies (14); however, the majority of microbes used have been soil microorganisms and Fe concentration was only tested in the root. Hence, the stability and the effectiveness in practice are highly variable. In this study, we used an endophytic bacterium, B. altitudinis WR10, because it has a strong ability to absorb Fe and improves the ability of wheat to tolerate Fe (27). In addition, the strain produces siderophores and secretes phytase (28). These properties made the strain a good candidate for assisting wheat Fe biofortification for three reasons at least. First, WR10 can improve Fe bioaccessibility in soils and improve Fe accumulation in tissues. Second, it can decrease Fe toxicity within wheat tissues. Third, WR10 may degrade phytate, thereby improving Fe bioavailability in grains, which is important from the perspective of human nutrition.

To apply the strain, we first evaluated its pathogenicity and several PGP traits (Table 1). Unsurprisingly, strain WR10 was predicted as a non-human pathogen. Considering the strain was isolated from the root of healthy wheat as an endophyte, it should also be non-pathogenic to plants and can be used in agricultural systems. The characteristics listed in Table 1 suggest that the strain possesses many growth-promoting and antagonistic properties. All these data support its potential application without unseen biosafety concerns (29, 30). As a pilot field experiment, this study tested the potential of B. altitudinis WR10 in natural field conditions, without any fertilization or irrigation.

The influence of microbial inoculation on yield and nutrients of grains was first evaluated, as improving yield is always the primary target of wheat planting. A few field studies have demonstrated the positive effect of microbial inoculants on wheat yield (22, 40, 41). It has been reported that stress-tolerant Viridibacillus arenosi strain IHB B7171 enhances grain yield by 13.9% in wheat (42). Yadav et al. reported a more than 20% increase in the values of TTP and TGW by inoculation with Bacillus subtilis CP4 and Arbuscular mycorrhizal fungi (AMF) (24, 43). This study demonstrated a significant increase in the number of KPS (16.44 or 24.67%) after bacterial inoculation, without influence on TGW (Figure 1A, Supplementary Table 4). Improvement in the number of KPS has also been reported in wheat after inoculation with AMF (44); however, the real effect of microbial inoculants on total grain yield production still needs comprehensive investigation, as this is often restrained by multiple factors. For example, grain yield is more significantly affected by nitrogen fertilization than AMF inoculation (44). Furthermore, inoculation with an endophytic nitrogen-fixing bacterium, Paraburkholderia tropica, had shown little effect on wheat grain yield, either with or without fertilization (45).

Except for increasing yield, the use of microbes for improving nutrient acquisition has also been evaluated across a variety of crops under varying conditions (46). It has been shown that AMF inoculation has a positive effect on Cu, Fe, and Zn content in all tissue types of wheat (40). As high as a 70% increase in Fe content in wheat grains after inoculation with B. pichinotyi or B. subtilis has been reported (22, 23). In another study, B. subtilis CP4 and AMF in combination increased Fe content in wheat grains by more than 44% (24). To fully discover the effect of WR10 application on grain nutrients, we evaluated three macronutrients and four micronutrients in grains. Data demonstrated that the one-time application of B. altitudinis WR10 significantly improves the content of N, K, and Fe (Figure 1). Especially, among all tested micronutrients, Fe content in grains was increased by about 30 and 19% in the spraying and soaking groups, respectively; however, there was no change in P, Zn, Mn, and Cu (Supplementary Table 4). In addition, we assayed phytate content in grains. Phytate is widely recognized as anti-nutritional because of the strong binding potential with minerals, including Fe and Zn (47). Strain WR10 produces phytases that effectively degrade phytate (28). Therefore, the content of phytate can be decreased after inoculation with WR10; however, this data suggest that this is not true in grains (Supplementary Table 4), and, as reported in AMF, the positive effect of WR10 on plant Fe accumulation may also be modulated by wheat genotypes, soil pH, texture, and nutrient concentration, as well as agronomic practices, such as N and P fertilization (46, 48).

Due to the importance of plant growth on yield production and nutrient accumulation in grains, we monitored plant height and total chlorophyll content in leaves at the grain filling stage, a vital phase for wheat kernel development. Plant height was measured as the first index due to its crucial role in plant architecture and yield potential (49); however, plant height showed no difference among the different groups (Figure 1A). The results agreed with a study that tested 13 single-inoculated bacteria, in which the plant height of wheat seedlings was measured after growing in pots for 80 days (50). Second, it was revealed that plant chlorophyll content is positively correlated with nitrogen content, which is important for crop quality and yield (51, 52). Hence, the total content of chlorophyll is a good indicator of the nutritional status of the plant and has significance for modern precision agriculture in practice. In this study, inoculation with WR10 significantly increased the total content of chlorophyll in leaves, indicating its positive effect on wheat nutrition and potentially on yield production (Figure 1B). In line with our observation, a large number of studies have reported an increase in chlorophyll content or a decrease in its loss by different PGPB in wheat grown under various conditions (53–56).

Although there is no doubt that microbes play an important role in plant nutrition, quantitative estimations of microbial-plant interactions are still scarce, especially under field conditions (57). By quantification of the abundance of endophytic Bacillus spp., a major group of bacteria explored in contemporary agriculture, this study showed a complex effect of microbial inoculation on a certain genus within different tissues of wheat (Figure 2A). At the same time, quantification of Fe content in different tissues provided insights into how Fe hemostasis in the plant is regulated by bacteria. For example, at the grain filling stage, Fe content was improved in the root but decreased in the stem and the leaf (Figure 2B). The results indicate microbial inoculants, like B. altitudinis WR10, may enhance Fe uptake of roots from soils and strengthen Fe translocation in stems and remobilization in leaves. Therefore, much Fe can be acquired in the root, with less Fe in the stem and the leaf after inoculation of bacteria. Taken together, inoculation with B. altitudinis WR10 improved the abundance of Bacillus spp., which in turn improved Fe accumulation in grains, mainly by increasing Fe acquisition in roots from soils.

In addition, the formulation and application method showed an obvious impact on the effect of microbial inoculants (58). As a pilot study, we evaluated the two most widely applied methods and did not consider formulation in this study. Nearly, all indicators showed that liquid soil spraying has a stronger influence than seed soaking (Figures 1, 2). For example, the abundance of Bacillus spp. was higher in all tissues in the spraying group than in the soaking group. This might be because more B. altitudinis WR10 were introduced into soils by soil spraying than by seed soaking or WR10 replicated/colonized much more easily in the former application method. Although it was reported that all inoculation methods, including in-furrow inoculation, soil spraying, foliar spraying, and seed soaking of Azospirillum brasilense increased the abundance of diazotrophic bacteria in wheat tissues, soil inoculations favored root and rhizosphere colonization (59). Root and rhizosphere colonization is important for the function of inoculants, as Fe can only be absorbed by the roots from the rhizospheric soil (12). In tobacco plants, soil inoculation led to pronounced bacterial-induced effect than seed inoculation in a mine soil contaminated with heavy metals (60). In Italian ryegrass, it was also showed that soil spraying performed better than seed soaking using different microbial inoculants, which further showed that the beneficial effect was correlated with the colonization efficiency of the inoculated strains (61). Therefore, it seems soil spraying is a more effective method for microbial inoculation than seed soaking, especially considering the feasibility and stability at a commercial scale (62). Furthermore, this study demonstrated a high correlation between the total abundance of Bacillus spp. in all vegetative organs and some nutrient content in grains (Figure 3A). A positive correlation exists between the total abundance of Bacillus spp. and the contents of N, K, and Fe in grains (Figure 3A, Supplementary Table 7). The result is reasonable as nutrient accumulation in grains is determined by both uptakes in roots, translocation in stems, and remobilization/distribution in leave; however, different regulations by the same bacterium can be seen in different nutrients (Figure 2). For example, in all tissues, the contents of N and K were higher along with a higher abundance of Bacillus spp. In contrast, Fe content was higher in the root but lower in leaves when having more Bacillus spp; however, the complex and different regulation of nutrient content in different wheat tissues by microbial inoculants are frequently reported in previous studies (13, 22–24, 43).

To quantify the relative abundance of the inoculant WR10, a hydroponic coculture model was used. A sharp increase in the relative abundance of WR10 was detected by qPCR assays in both the root and the sprout after bacterial inoculation, contrasting with uninoculated controls (Figure 4). The results indicated quick and efficient colonization, internalization, translocation, and/or replication of B. altitudinis WR10 in Zhoumai 36. Indeed, the relative abundance of WR10 is always much higher in the root than in the sprout at the same time point and effective colonization of AMF, as well as other PGPB, has also been reported in the root of wheat (24, 44); however, this experiment provided more information regarding the quantitative or dynamic distribution of microbial inoculants in different tissues of wheat. It was also shown that exogenous WR10 reached a plateau in both the root and the sprout after a certain number of hours (e.g., 10 or 12 hpi).

In summary, strain B. altitudinis WR10 is a non-pathogen with versatile PGP and antagonistic traits. The strain can efficiently colonize and translocate within wheat. Its inoculation significantly enhances Fe biofortification in wheat grains (Triticum aestivum L. cv. Zhoumai 36) in the field, prospecting a promising potential for further investigation of WR10-assisted Fe biofortification. Also, Fe content in grains was positively correlated with the total abundance of endogenous Bacillus spp. in wheat. In addition, soil spraying is much more effective than seed soaking in increasing grain Fe content. To pave the way for microbial-assisted biofortification, the influence of application routines, soil chemicals, fertilization regimes, as well as the genotypes of wheat also need to be evaluated in the future.
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The dietary needs of humans for provitamin A carotenoids arise from their inability to synthesize vitamin A de novo. To improve the status of this essential micronutrient, special attention has been given to biofortification of staple foods, such as wheat grains, which are consumed in large quantities but contain low levels of provitamin A carotenoids. However, there remains an unclear contribution of metabolic genes and homoeologs to the turnover of carotenoids in wheat grains. To better understand carotenoid catabolism in tetraploid wheat, Targeting Induced Local Lesions in Genomes (TILLING) mutants of CCD4, encoding a Carotenoid Cleavage Dioxygenase (CCD) that cleaves carotenoids into smaller apocarotenoid molecules, were isolated and characterized. Our analysis showed that ccd4 mutations co-segregated with Poltergeist-like (pll) mutations in the TILLING mutants of A and B subgenomes, hence the ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B mutants were analyzed in this study. Carotenoid profiles are comparable in mature grains of the mutant and control plants, indicating that CCD4 homoeologs do not have a major impact on carotenoid accumulation in grains. However, the neoxanthin content was increased in leaves of ccd-A4 ccd-B4 pll-A pll-B relative to the control. In addition, four unidentified carotenoids showed a unique presence in leaves of ccd-A4 ccd-B4 pll-A pll-B plants. These results suggested that CCD4 homoeologs may contribute to the turnover of neoxanthin and the unidentified carotenoids in leaves. Interestingly, abnormal spike, grain, and seminal root phenotypes were also observed for ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B plants, suggesting that CCD4 and/or PLL homoeologs could function toward these traits. Overall, this study not only reveals the role of CCD4 in cleavage of carotenoids in leaves and grains, but also uncovers several critical growth traits that are controlled by CCD4, PLL, or the CCD4-PLL interaction.

Keywords: wheat, carotenoid cleavage dioxygenase, ccd4, poltergeist-like, TILLING


INTRODUCTION

Wheat is among the most widely cultivated and consumed staple food crops around the world. Wheat grains are a rich source of starch and proteins for human nutrition (1). In recent years, efforts have been directed toward enhancing the production of provitamin A carotenoids, particularly β-carotene, in wheat grains through breeding and biotechnology for improved vitamin A nutrition (2). However, provitamin A carotenoids produced in wheat grains may be subjected to degradation by carotenoid cleavage dioxygenases (CCDs) that cleave carotenoids (C40) into smaller apocarotenoid molecules (3). Therefore, it is imperative to better understand the activity and function of CCDs in wheat grains for achieving a high level of provitamin A carotenoid accumulation. Previous comparative analyses using CCDs from mouse [β-carotene 15,15′-monooxygenase-1 (BCMO1), BCMO2, and retinal pigment epithelium 65 (RPE65)], Synechocystis sp. PCC 6803 [lignostilbene dioxygenase (ACO)], and maize [9-cis-epoxycarotenoid dioxygenase (VP14)] revealed that CCDs from different kingdoms all contain four conserved histidine residues and additional acidic amino acids for binding of iron through hydrogen bonding, which is essential for the activity of the iron-dependent CCD enzymes (4).

Of the four CCDs (CCD1, CCD4, CCD7, and CCD8) identified in different plant species, CCD7 and CCD8 are dedicated to the biosynthesis of apocarotenoid phytohormones strigolactones, whereas CCD1 and CCD4 contribute to the production of various other apocarotenoid molecules in diverse tissues (5). Our recent study showed that CCD1 and CCD4 homoeologs are differentially expressed in tetraploid and hexaploid wheat grains (6). When assayed for enzyme activity using recombinant proteins, wheat CCD1 homoeologs, but not CCD4 homoeologs, converted β-carotene, lutein, and zeaxanthin to apocarotenoids, suggesting a role of CCD1 homoeologs in carotenoid degradation in wheat grains (6). However, genetic studies with Arabidopsis seeds demonstrated that AtCCD4 plays a major role in degradation of β-carotene during desiccation of Arabidopsis seeds, though AtCCD4 exhibited low in vitro enzyme activity toward β-carotene (7). Additionally, total carotenoids in chrysanthemum petals and the violaxanthin content in potato tubers were increased when CCD4 expression was downregulated via RNA interference (RNAi) in these tissues, suggesting its role in carotenoid cleavage in planta (8, 9). Taking into consideration these reports from wheat and other plants, it remains to be determined whether CCD4 could catalyze carotenoid cleavage reactions in wheat, which could be interrogated through genetic manipulation of CCD4 enzyme activity or gene expression. Emerging evidence has suggested the role of apocarotenoid signaling molecules, other than strigolactones and abscisic acid [ABA; produced by nine-cis-epoxycarotenoid dioxygenases (NCEDs)], in controlling plant growth, development, and interactions with the environment (5). Therefore, it will be important to also understand the function of apocarotenoid molecules generated by CCD4 in wheat.

To investigate the function of CCD4 homoeologs in carotenoid metabolism and plant growth in tetraploid wheat, we isolated Targeting Induced Local Lesions in Genomes (TILLING) mutants of CCD4 homoeologs from a tetraploid wheat mutant library in this study. CCD4 is located near a gene annotated as Poltergeist-like (PLL) on chromosome 6 of tetraploid wheat (Figure 1A). PLL and its homolog Poltergeist (POL) belong to the protein phosphatase type 2C (PP2C) family and contain metal ion-interacting domains with highly conserved amino acid residues (10). The Arabidopsis POL and PLL1 were shown to function in maintenance and differentiation of stem cells as well as additional developmental pathways such as formation of the central vasculature and embryo development (10–15). Although the Arabidopsis pol and pll1 single mutants only displayed weak developmental phenotypes relative to wild-type plants (10, 15), the pol pll1 double mutants were seedling lethal, indicating that both POL and PLL1 are crucial for plant development (13). Besides PLL1, there are four additional PLLs in Arabidopsis: PLL2-PLL5. While the mutant analysis demonstrated that PLL4 and PLL5 regulate leaf morphology, pll2 and pll3 mutants did not exhibit any distinguishable growth phenotypes when compared to wild-type plants, suggesting that PLL2 and PLL3 may not play a developmental role in Arabidopsis (12).
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FIGURE 1. Tetraploid wheat TILLING mutants of CCD-A4, CCD-B4, PLL-A, and PLL-B. (A) Exon-intron diagrams of CCD-A4, CCD-B4, PLL-A, and PLL-B. Exons and introns are shown by black boxes and solid lines, respectively. The black bar denotes 100 bp. Locations of mutations are indicated with arrows. Mutant alleles of CCD4 and PLL homoeologs are linked and co-segregated in progenies of ccd-A4 and ccd-B4 mutants. Chr, chromosome; Mbp, megabase pair; *stop codon. (B) Cleaved Amplified Polymorphic Sequences (CAPS) and derived CAPS (dCAPS) markers for genotyping of wild-type and mutant CCD-A4, CCD-B4, and LCYe-B alleles. The PCR products were digested with HphI (CCD-A4 primer pair), RsaI (CCD-B4 primer pair), and DdeI (LCYe-B primer pair). Diagnostic bands for each marker are indicated with arrows. WT, homozygous wild type for the target gene; HM, homozygous mutant; HT, heterozygous mutant; M, DNA size marker. (C) Images of 4-week-old and 11-week-old TILLING control as well as ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B mutant plants.


Our analysis showed that the ccd4 TILLING mutant lines isolated in this study also contain mutations in PLL and that the ccd4 mutations are linked to the pll mutations in both A and B subgenomes in the backcrossed (BCed) progenies. Because CCD4 and PLL are closely located in the same chromosomal region, there is a low frequency of recombination between the two genes during meiosis and they are inherited together in the next generation. As such, the double (ccd-A4 pll-A and ccd-B4 pll-B) and quadruple (ccd-A4 ccd-B4 pll-A pll-B) mutants were analyzed in this study for biochemical and growth phenotypes and agronomic traits.



MATERIALS AND METHODS


Plant Growth and Tissue Collection

Wheat seeds were surface-sterilized using 1% (w/v) sodium hypochlorite solution containing 0.1% (v/v) Triton X-100, and rinsed with running water for at least 3 times. The sterilized seeds were placed on two layers of damp germination paper (Hoffman Manufacturing, Inc., Corvallis, OR) in a petri dish and stored at 4°C for 3 d to synchronize germination. The cold-treated seeds were subsequently moved to room temperature (~22°C) and germinated in the dark for 2–4 d to allow root development. The seedlings were then transplanted in soil and grown in a climate-controlled greenhouse (~22°C) under long-day conditions (16-h light/8-h dark). For leaf carotenoid and gene expression analyses, the fourth leaf counted from the top on the primary tiller of 4-week-old plants was collected, frozen in liquid nitrogen, and stored at −80°C until analysis. For grain carotenoid, spike, and grain yield analyses, spikes were collected from wheat plants at the harvest-ready stage and dried at room temperature (~22°C) for 1 week before the measurements. Grains were hand-cleaned to remove dry husks, and those harvested from the same plant were pooled and considered as one biological replicate. For grain carotenoid analysis, 25 whole grains were randomly sampled from each biological replicate and used for extraction.



TILLING Mutant Screening and Crossing

Mutants of CCD-A4 and CCD-B4 (i.e., ccd-A4 and ccd-B4) were identified from the exome-sequenced TILLING mutant library of tetraploid wheat cv. Kronos (https://dubcovskylab.ucdavis.edu/wheat_blast) using the respective DNA sequences as queries. To reduce the additional mutations caused by ethyl methanesulfonate (EMS), the M4 ccd-A4 (line T4-0842) and ccd-B4 (line T4-3179) mutants were BCed to the wild-type parental plant Kronos for one generation. The BC1 ccd-A4 and ccd-B4 mutant plants were then intercrossed and the heterozygous progenies harboring ccd-A4 and ccd-B4 mutant alleles were chosen for self-pollination. From the segregating population of the self-pollinated plants, mutants that are homozygous for ccd-A4 or ccd-B4, or both ccd-A4 and ccd-B4 were selected. TILLING controls are plants containing wild-type CCD-A4 and CCD-B4 alleles, and have a mutational load similar to that of ccd-A4, ccd-B4, and ccd-A4 ccd-B4 mutants; TILLING controls were also selected from the segregating population. Cleaved Amplified Polymorphic Sequences (CAPS) and derived CAPS (dCAPS) markers were designed for CCD-A4 and CCD-B4 and used in the genotyping analysis (Supplementary Table 1).

A mutated lycopene ε-cyclase-B (LCYe-B) allele is also present in the M4 ccd-B4 plant (line T4-3179), but segregated independently from the ccd-B4 mutation when BCed to the wild-type Kronos plants. TILLING control and the homozygous BC1 ccd-A4, ccd-B4, and ccd-A4 ccd-B4 mutants were inspected for LCYe-B alleles using a CAPS marker (Supplementary Table 1); all of the above-mentioned genotypes contain the wild-type LCYe-B allele and were used in this study. The PLL homoeologs were amplified from the ccd-A4, ccd-B4, ccd-A4 ccd-B4 mutants and TILLING control and subjected to DNA sequencing (primer pairs are listed in Supplementary Table 2). This confirmed that the ccd-A4 mutant harbored pll-A and PLL-B alleles, the ccd-B4 mutant contained PLL-A and pll-B alleles, and the ccd-A4 ccd-B4 mutant carried pll-A and pll-B alleles. TILLING control plants were verified to possess only wild-type CCD-A4, CCD-B4, PLL-A, and PLL-B alleles. Because the ccd4 mutants also contain homozygous pll mutations, they were therefore designated the ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B mutants.



Multiple Sequence Alignment

The GenBank accession numbers of the selected proteins are: Synechocystis sp. PCC 6803 lignostilbene dioxygenase, BAA18428; maize VP14, AAB62181; tetraploid wheat CCD-A4, KU975448; tetraploid wheat CCD-B4, KU975449; AtPLL1, NP_181078; AtPOL, NP_850463; tetraploid wheat PLL-A, XP_037447847 (this sequence from Triticum dicoccoides is identical to PLL-A from T. turgidum); tetraploid wheat PLL-B, XP_037453069 (this sequence from T. dicoccoides is identical to PLL-B from T. turgidum). The protein sequences were aligned using Clustal Omega (16) and the alignment diagrams were prepared using BoxShade (https://embnet.vital-it.ch/software/BOX_form.html).



Carotenoid Analysis

Leaves and mature whole grains were ground into fine powder in liquid nitrogen using a mortar and pestle. Total carotenoids were extracted from ~50 mg leaves and ~300 mg whole grain flour using the methods described in (6) and (17), respectively. Carotenoids extracted from grain flour were saponified using 2 M KOH [dissolved in methanol containing 0.01% (w/v) butylated hydroxytoluene]. Following saponification in dark for 30 min, equal volumes of diethyl ether and H2O were added for phase separation. Re-extraction of carotenoids from the water phase, pooling and washing the diethyl ether layers, and drying and re-dissolving of carotenoid residues were carried out as described (17). Ten microliter of leaf or grain carotenoid extract (resuspended in ethyl acetate) was injected on a reverse-phase HPLC column and analyzed using a previously established gradient (18).



Gene Expression Analysis

Total RNA was extracted from ~50 mg of ground leaves using a cetyltrimethylammonium bromide (CTAB)-based method (19). After treatment with RNase-free DNase I (Fermentas, Glen Burnie, MD), reverse transcription was carried out using the iScript™ Advanced cDNA Synthesis Kit (BioRad, Hercules, CA) following the manufacturer's instructions. For each qPCR reaction, 0.1 μl first-strand cDNA (equivalent to 6.25 ng total RNA) was used as template for amplification with the iTaq™ Universal SYBR® Green Supermix (BioRad). Primers used for the real-time qPCR analysis of CCD-A4 and CCD-B4, as well as the reference genes Ta2291 and Ta54227, were as previously described (6).



Measurement of Plant Growth Traits

For analysis of spike and grain traits, nine plants of TILLING control or each of the mutant genotypes were assessed for the total number of spikes per plant. The number of spikelets on each spike was counted and averaged for all spikes in the same plant to be considered as one biological replicate. To determine the length of primary spike, the spike on the first tiller of the plant was measured for the distance between the base and the top of the spike without the awn. The total number of grains was counted for each plant. Grain weight was then calculated by dividing the weight of all grains harvested from a plant by the number of grains for that plant. Images of grains were captured using an Epson V600 scanner (Epson, Los Alamitos, CA) with the crease side down. The grain length and width were determined using ImageJ (20) and averaged for all grains collected from each plant.

For analysis of seminal root traits, one sterilized and cold-treated wheat seed was placed in between a piece of germination paper and a clear sheet protector with the crease side of the seed oriented toward the germination paper and the embryo end pointing downwards. The seeds were grown vertically at the room temperature (~22°C) either entirely in the dark or under long-day conditions (16-h light/8-h dark) with a light intensity of 120 μmol m−2 s−1. After germinating at room temperature for 3 d, the seedlings were scanned using an Epson V600 scanner (Epson) and images saved as TIFF files. Coleoptiles and seminal roots were hand-traced in the images and the trait parameters were determined using ImageJ (20).



Statistical Analysis

One-way Analysis of Variation (ANOVA) followed by Tukey's Honestly Significant Difference test were performed for the carotenoid quantification, gene expression, spike, grain, and seminal root data using JMP (SAS Institute, Cary, NC).




RESULTS


The ccd4 TILLING Mutants Used in This Study Do Not Contain Mutations in Other Carotenoid Metabolic Gene Homoeologs, but Carry pll-A and pll-B Mutations

By searching an exome-sequenced tetraploid wheat TILLING mutant library (21), 78 and 109 lines were identified that contain mutations in the open reading frame (ORF) of CCD-A4 and CCD-B4, respectively. Of these mutations, three led to premature stop codons in CCD-A4: W426* in line T4-0842, W441* in line T4-2477, and Q628* in line T4-0594, and one in CCD-B4: Q181* in line T4-3179. Lines T4-0842 (W426*) and T4-3179 (Q181*) were used in this study and designated as ccd-A4 and ccd-B4. The W426* mutation in ccd-A4 truncated 203 amino acids out of the 628 amino acids of CCD-A4. The Q181* mutation in ccd-B4 led to a CCD-B4 protein missing 452 amino acids from the C-terminus (Figure 1A). These truncated CCD-A4 and CCD-B4 proteins do not contain the entire four-His and three-Glu iron coordination system essential for CCD enzyme activity, suggesting that they are loss-of-function mutations (Supplementary Figure 1) (22).

The exome sequences of ccd-A4 and ccd-B4 were also analyzed for possible mutations in other carotenoid metabolic genes, including lycopene β-cyclase (LCYb), LCYe, β-carotene hydroxylase 1 (HYD1), HYD2, and CCD1. The absence of mutations was verified for all of these gene homoeologs (i.e., both A and B subgenomes) except for LCYe-B; ccd-B4 (line T4-3179 at the M4 generation) also contained a mutation in LCYe-B. The ccd-A4 and ccd-B4 mutants were each BCed to the wild-type parental line Kronos for one generation. The LCYe-B/lcye-B (chromosome 3) and CCD-B4/ccd-B4 (chromosome 6) alleles segregated independently during BC as they are located on different chromosomes. We confirmed that all the ccd4 mutants used in this study (at the BC1 generation) only contain the wild-type LCYe-B alleles according to genotyping analysis using a CAPS marker (Figure 1B). The BC1 ccd-A4 and ccd-B4 mutants were crossed and the progenies genotyped to select the ccd-A4 ccd-B4 double mutants using CAPS and dCAPS markers (Figure 1B).

Genes surrounding CCD4 on chromosome 6 were also inspected for mutations using the exome sequences of ccd-A4 and ccd-B4. Both ccd-A4 and ccd-B4 mutants carried mutated PLL alleles (Figure 1A) and we confirmed that pll mutations were linked with ccd4 mutations in the BC1 ccd4 mutants by DNA sequencing (data not shown). The mutation of PLL-A led to an amino acid substitution (G462D) and the mutation of PLL-B led to a truncated PLL-B (W287*) protein (Figure 1A). These mutated proteins miss either a critical amino acid in a highly conserved region (pll-A) or essential functional components of protein phosphatases (pll-B), suggesting that they are likely loss-of-function mutations (Supplementary Figure 2). Taken together from the mutant analysis, the ccd-A4, ccd-B4, and ccd-A4 ccd-B4 mutants used in this study are indeed ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B, respectively. In addition to these mutant genotypes, TILLING control plants that are wild-type for the CCD-A4, CCD-B4, PLL-A, and PLL-B alleles, and carry a similar mutational load as the mutants were analyzed in parallel with the mutants.



Mutations of CCD-A4 and CCD-B4 Are Associated With Altered Carotenoid Profiles and Varied Expression of CCD4 Homoeologs in Leaves

To understand the impact of ccd4 mutations on carotenoid accumulation, total carotenoids were extracted from leaves and mature whole grains of TILLING control and the mutant plants and analyzed on high performance liquid chromatography (HPLC) (Figure 2; Tables 1, 2). In leaves, a small but significant increase was observed in neoxanthin levels in ccd-B4 pll-B and ccd-A4 ccd-B4 pll-A pll-B, in violaxanthin levels in ccd-A4 pll-A and ccd-B4 pll-B, in lutein levels in ccd-B4 pll-B, and in total carotenoids in ccd-B4 pll-B and ccd-A4 ccd-B4 pll-A pll-B, relative to TILLING control (Table 1). There was no significant change in the β-carotene content between TILLING control and the mutants (Table 1). Although accumulated at very low levels, two unidentified peaks eluted at 8.89 min (peak 1) and 10.01 min (peak 2) showed differential accumulation only in ccd-A4 ccd-B4 pll-A pll-B (Figure 2B; Supplementary Table 1). Additionally, two unidentified peaks eluted at 13.28 min (peak 3) and 13.39 min (peak 4) were present in the leaf carotenoid extracts of ccd-A4 ccd-B4 pll-A pll-B but absent in other genotypes (Figure 2B; Supplementary Table 3). Peaks 1–4 appear to be carotenoid molecules as they possess the characteristic three-peak absorption profiles for carotenoids (Figure 2C). In mature whole grains, lutein, β-carotene, and total carotenoids were not significantly different among TILLING control and the mutant genotypes (Table 2).
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FIGURE 2. HPLC analysis of carotenoid profiles in leaves of TILLING control and mutant plants. (A) HPLC chromatograms of TILLING control, ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B. Neo, neoxanthin; Viol, violaxanthin; Lut, lutein; Chl b, chlorophyll b; Chl a, chlorophyll a; β-car, β-carotene. (B) A zoomed view of HPLC chromatograms showing peaks that are differentially accumulated in ccd-A4 ccd-B4 pll-A pll-B and TILLING control. (C) Absorption spectra of peaks 1–4.



Table 1. Carotenoids (mmol mol−1 chlorophylls a + b) in leaves of 4-week-old TILLING control and mutant plants.
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Table 2. Carotenoids (nmol g−1 flour) in mature whole grains of TILLING control and mutant plants.
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To examine whether the mutation of one CCD4 homoeolog may cause changes in the expression of the other CCD4 homoeolog, transcript levels of CCD-A4 and CCD-B4 in leaves of the mutant and TILLING control plants were determined using real-time qPCR (Figure 3). Expression levels of the mutated CCD-A4 and CCD-B4 alleles were only about 30% of the wild-type alleles in TILLING control, suggesting that the mutations not only led to premature stop codons, but also reduced the stability of the respective mRNAs (Figure 3). While the expression of CCD-B4 in ccd-A4 pll-A maintained at a level comparable to that in TILLING control, the expression of CCD-A4 was slightly higher in ccd-B4 pll-B than TILLING control, suggesting that the ccd-B4 mutation may induce CCD-A4 expression (Figure 3).
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FIGURE 3. Expression levels of CCD-A4 and CCD-B4 in leaves of TILLING control and mutant plants. Data presented are mean ± standard deviation of 4-8 biological replicates. Different letters indicate significantly different expression (P < 0.05) for CCD-A4 or CCD-B4 in different genotypes.




The ccd-A4 ccd-B4 pll-A pll-B Mutant Differed Greatly in Spike and Grain Phenotypes

When grown in the greenhouse under long-day conditions, ccd-A4 ccd-B4 pll-A pll-B plants were apparently smaller than ccd-A4 pll-A, ccd-B4 pll-B, and TILLING control plants at both early (4-week-old, prior to the emergence of spikes) and late (11-week-old, physiological maturity) developmental stages (Figure 1C). To evaluate the effect of ccd4 and pll mutations on plant performance and grain quality, several agronomic traits related to grain yield were determined that include the number of spikes per plant, number of spikelets per spike, grain number per plant, grain weight, and grain size (length and width) (Figure 4). When evaluated using tissues collected at the harvest-ready stage of mature plants, ccd-A4 ccd-B4 pll-A pll-B has 120% more spikes per plant than TILLING control, and ~50% more spikes than ccd-A4 pll-A and ccd-B4 pll-B (Figure 4A). However, ccd-A4 ccd-B4 pll-A pll-B has 40% less spikelets per spike than TILLING control, and ~30% less spikelets per spike than ccd-A4 pll-A and ccd-B4 pll-B (Figure 4B). As a result of the reduced number of spikelets on the spike, the primary spike in ccd-A4 ccd-B4 pll-A pll-B was ~12% shorter compared with other genotypes (Figures 4C,D).
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FIGURE 4. Spike and grain phenotyping of TILLING control and mutant plants. (A) Number of spikes per plant. (B) Number of spikelets per spike. (C) Length of primary spike. (D) Image of TILLING control and mutant spikes. (E) Images of TILLING control and mutant grains. (F) Grain length. (G) Grain width. (H) Grain number per plant. (I) Grain yield. (J) Grain weight. The mean ± standard deviation of 9 biological replicates are shown. Different letters denote significantly different (P < 0.05) for each spike or grain trait.


Besides the visibly different spike phenotypes (Figure 4D), grains harvested from ccd-A4 ccd-B4 pll-A pll-B appeared to be slightly smaller than those from TILLING control and other mutants (Figure 4E). When quantified, ccd-A4 ccd-B4 pll-A pll-B grains were 3% shorter than TILLING control and other mutants, whereas grain width was comparable for grains of all genotypes (Figures 4F,G). On the other hand, the number of grains per plant and grain yield were more drastically reduced for ccd-A4 ccd-B4 pll-A pll-B relative to TILLING control, ccd-A4 pll-A, and ccd-B4 pll-B, suggesting that the ccd-A4 ccd-B4 pll-A pll-B mutant has reduced fertility (Figures 4H,I). Indeed, we observed that spikes on the lateral tillers of ccd-A4 ccd-B4 pll-A pll-B were sterile despite its large number of lateral tillers (data not shown). Consistent with the relatively smaller grains, the average weight of grains was also decreased by ~11% in ccd-A4 ccd-B4 pll-A pll-B compared to TILLING control and other mutants (Figure 4J).



The ccd-A4 ccd-B4 pll-A pll-B Mutant Exhibited Distinct Seminal Root Phenotypes in Seedlings Grown in the Dark and Under Long-Day Conditions

In mature plants at harvest, ccd-A4 ccd-B4 pll-A pll-B plants possess a largely reduced root volume, which may lead to less biomass production and yield as the root system is responsible for taking up water and mineral nutrients from the soil (Figure 5A). Wheat plants contain both seminal roots that develop from the radical and nodal (aka. crown or adventitious) roots that develop from nodes of the stem. To understand whether the ccd4 and/or pll mutations affect root growth, seminal root traits of seedlings were analyzed for 3-day-old seedlings grown in dark or long-day conditions, as both lighting schemes have been used in wheat seed germination (Figures 5, 6). A total of seven seminal root traits were evaluated, including network width, network depth, network width to depth ratio, convex hull area (the area of the smallest convex polygon to enclose the root system), number of seminal roots, seminal root length, and seminal root angle (the angle between the outermost seminal roots). Coleoptile lengths of the seedlings were also measured.
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FIGURE 5. Seminal root phenotyping of TILLING control and mutant seedlings grown in the dark. (A) Overview of root growth for TILLING control and mutant plants at harvest. (B) Diagram showing analysis of wheat seminal root parameters. The convex hull area refers to the smallest area covered by a convex polygon containing the root system and is delineated with dotted lines. SR, seminal root. (C) Image of 3-day-old seedlings grown in the dark. (D–L) Represent different seminal root traits. (M) Coleoptile length. The mean ± standard deviation of 11 seedlings are shown. Different letters denote significantly different (P < 0.05) for each seminal root trait or coleoptile length.
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FIGURE 6. Seminal root phenotyping of TILLING control and mutant seedlings grown under long-day conditions. (A) Image of 3-day-old seedlings grown under long-day conditions. (B–J) Represent different seminal root traits. (K) Coleoptile length. The mean ± standard deviation of 11 seedlings are shown. Different letters denote significantly different (P < 0.05) for each seminal root trait or coleoptile length.


For dark-grown seedlings, the network width, depth, width to depth ratio, convex hull area, and angle of seminal roots were 26–80% reduced in ccd-A4 ccd-B4 pll-A pll-B relative to TILLING control (Figures 5D–G). While the reduced seminal root angle was due to a lack of seminal roots 4 and 5 in ccd-A4 ccd-B4 pll-A pll-B seedlings after 3 d of germination, the reduced network depth and width resulted from a slower growth of seminal roots 1 (depth) and 2 and 3 (width) in this mutant (Figures 5D,E,L). In fact, the emergence of the fourth seminal root was only observed in very few 11-day-old ccd-A4 ccd-B4 pll-A pll-B seedlings, indicating that the initiation of the fourth seminal root was severely delayed in this mutant (Supplementary Figure 3). The combined absence of seminal roots 4 and 5 and a slow growth of seminal roots 1–3 also led to the reduced network width-depth ratio and convex hull area in 3-day-old ccd-A4 ccd-B4 pll-A pll-B seedlings. The total length of seminal roots #1-3 of ccd-A4 ccd-B4 pll-A pll-B was 75% shorter than that of TILLING control (Figure 5I). Although the 3-day-old ccd-A4 pll-A and ccd-B4 pll-B seedlings possessed 5 seminal roots, their total seminal root lengths were ~30% shorter than TILLING control (Figures 5I–K). The coleoptile lengths correlated with seminal root lengths (seminal roots 1–5) in all mutant genotypes with ccd-A4 pll-A and ccd-B4 pll-B showing 35–45% reduced length, and ccd-A4 ccd-B4 pll-A pll-B 85% reduced length compared to TILLING control (Figure 5M).

For three-day-old seedlings grown under long-day conditions, the network width, depth, width to depth ratio, convex hull area, and angle of seminal roots in ccd-A4 ccd-B4 pll-A pll-B were largely decreased relative to TILLING control. These observed root phenotypes are similar to those observed for the dark-grown seedlings (Figures 6A–E). When compared to TILLING control, the total seminal root length was reduced by 80% in ccd-A4 ccd-B4 pll-A pll-B (containing only seminal roots 1–3), 31% in ccd-A4 pll-A, and 39% in ccd-B4 pll-B (Figures 6I–K). The coleoptile lengths of ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B were 30, 43, and 92% decreased relative to TILLING control, respectively (Figure 6K). Interestingly, the long-day-grown seedlings generally exhibited narrower network width, smaller convex hull area, and more shallow seminal root angles than dark-grown seedlings (Figures 5, 6).




DISCUSSION

In this study, we isolated, generated, and characterized tetraploid wheat TILLING mutants of ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B. The carotenoid content was comparable in grains of TILLING control and the mutants, indicating that CCD4 homoeologs do not play a major role in carotenoid turnover in grains, and therefore their activities do not need to be modified for provitamin A biofortification in tetraploid wheat grains. On the other hand, the moderately increased accumulation of neoxanthin in leaves of ccd-B4 pll-B and ccd-A4 ccd-B4 pll-A pll-B, violaxanthin in leaves of ccd-A4 pll-A and ccd-B4 pll-B, and lutein in leaves ccd-B4 pll-B, suggests a potential role of CCD-A4 and CCD-B4 in turnover of these xanthophylls in this tissue (Table 1). By contrast, β-carotene levels were not significantly changed in ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B relative to TILLING control in leaves and whole grains (Tables 1, 2), which is consistent with the results of in vitro enzyme assays where incubating recombinant CCD-A4 and CCD-B4 proteins with β-carotene did not yield any products (6). It should be noted that the catalytic activity of CCD-A4/CCD-B4 toward neoxanthin and violaxanthin was not examined in the enzyme assays previously (6).

Interestingly, four unidentified carotenoid peaks showed unique accumulation in leaves of ccd-A4 ccd-B4 pll-A pll-B, suggests that these carotenoid molecules could be potential substrates for CCD-A4 and CCD-B4 in planta. It also indicates that manipulation of CCD4 activities may lead to accumulation of carotenoids that are not normally present in wild-type plants (Figure 2; Supplementary Table 3). Furthermore, two carotenoids (peaks 3 and 4) are only present in ccd-A4 ccd-B4 pll-A pll-B leaves, suggesting that CCD-A4 and CCD-B4 may have overlapping activities toward these two carotenoids and can compensate for each other's missing activity in ccd-A4 pll-A and ccd-B4 pll-B leaves. This notion of overlapping activities is also supported by the observation that CCD-A4 expression was induced when CCD-B4 function was abolished in ccd-B4 pll-B (Figure 3).

Besides analyzing the function of CCD4 homoeologs, the presence of pll-A and pll-B mutations in the TILLING mutants analyzed in this study also provides an opportunity for examining the role of PLL in wheat plants. Although six putative PLL genes were identified in the wheat genome, none of them have been functionally characterized (23). The ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B mutants displayed changes in several traits that contribute to wheat plant biomass and yield, including seminal root initiation and architecture, spike fertility, and grain size (Figures 4–6). These growth phenotypes have not been reported in the ccd4 or pol/pll mutants characterized in Arabidopsis or other plant species. Conversely, the tetraploid wheat ccd-A4 ccd-B4 pll-A pll-B mutant does not exhibit the defective meristem and vasculature development phenotypes reported for the Arabidopsis pol/pll mutants (Figure 1).

Among the growth and agronomic traits altered by ccd4 and/or pll mutations, mutations in the A or B subgenome homoeologs of CCD4 and PLL alone already had a significant impact on the convex hull area of seminal roots, the seminal root length (1-3, 4-5), and the coleoptile length; these mutant phenotypes were exacerbated in ccd-A4 ccd-B4 pll-A pll-B where both A and B subgenome homoeologs were knocked out (Figures 5, 6). This suggests that the A and B subgenome homoeologs of CCD4 and/or PLL play distinct roles in controlling the above-mentioned traits. However, for other traits measured, such as number of spikelets per spike, grain yield, and seminal root initiation, significant differences were only observed in ccd-A4 ccd-B4 pll-A pll-B, suggesting that CCD4 and/or PLL homoeologs are functionally redundant for these traits.

Taken together, functional characterization of the ccd-A4 pll-A, ccd-B4 pll-B, and ccd-A4 ccd-B4 pll-A pll-B TILLING mutants uncovered the function of CCD4 in carotenoid accumulation in leaves and grains of tetraploid wheat. Additionally, the mutant analysis revealed that CCD4 and/or PLL homoeologs affect key seminal root, grain, and spike traits—traits that are important for not only wheat yield but also human nutrition as wheat grains are a critical dietary source of starch and proteins for human consumption. While the linked ccd4 and pll mutations in the TILLING mutants pose challenges to discerning the role of CCD4, PLL or the interaction of CCD4 and PLL in controlling the plant growth traits, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) (CRISPR/Cas9) gene editing lines of CCD4 and PLL are currently being generated that mutate each gene individually. These CRISPR/Cas9-induced ccd4 and pll mutant lines will help dissect the function of CCD4 and PLL in plant growth, which will have broad implications in improving wheat yield and nutrient content.
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Supplementary Figure 1. Multiple sequence alignment of tetraploid wheat CCD-A4 and CCD-B4 as well as maize VP14 and Synechocystis sp. PCC 6803 ACO proteins. The conserved amino acids essential for carotenoid cleavage dioxygenase enzyme activities are indicated with asterisks. The mutated amino acids in CCD-A4 and CCD-B4 are indicated with blue and green arrows, respectively. VP14, 9-cis-epoxycarotenoid dioxygenase; ACO, lignostilbene dioxygenase.

Supplementary Figure 2. Multiple sequence alignment of tetraploid wheat PLL-A and PLL-B as well as Arabidopsis POL and PLL1 proteins. The metal interacting domains and conserved amino acids are underlined and indicated with asterisks, respectively. The mutated amino acids in PLL-A and PLL-B are pointed with blue and green arrows, respectively. POL, Poltergeist; PLL, Poltergeist-like.

Supplementary Figure 3. Images of 11-day-old ccd-A4 ccd-B4 pll-A pll-B and TILLING control seedlings grown in the dark. The white arrow points to the emerged seminal root 4 (SR4) in one of the 11-day-old ccd-A4 ccd-B4 pll-A pll-B seedlings. The white triangles indicate the places where root growth of TILLING control seedlings was constrained by the size of seed pouches.

Supplementary Table 1. Primers and restriction enzymes used in the genotyping analysis.

Supplementary Table 2. Primers used for amplification of the PLL homoeologs.

Supplementary Table 3. Areas (peak area mg−1 fresh weight) of peaks 1–4 integrated in the HPLC analysis shown in Figure 2B.
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Foliar selenium (Se) fertilisation has been shown to be more efficient than soil-applied fertilisation, but the dynamics of absorption and translocation have not yet been explored. An experiment was undertaken to investigate time-dependent changes in the absorption, transformation, and distribution of Se in wheat when 77Se-enriched sodium selenate (Sefert) was applied to the leaves at a rate of 3.33 μg Se per kg soil (equivalent to 10 g ha−1) and two growth stages, namely stem elongation, Zadoks stage 31/32 (GS1), and heading stage, Zadoks stage 57 (GS2). The effect of urea inclusion in foliar Se fertilisers on the penetration rates of Se was also investigated. Wheat was harvested at 3, 10, and 17 days and 3, 10, and 34 days after Se applications at GS1 and GS2, respectively. Applying foliar Se, irrespective of the formulation, brought grain Se concentration to a level high enough to be considered adequate for biofortification. Inclusion of N in the foliar Se solution applied at an early growth stage increased recoveries in the plants, likely due to improved absorption of applied Se through the young leaves. At a later growth stage, the inclusion of N in foliar Se solutions was also beneficial as it improved the assimilation of applied inorganic Se into bioavailable selenomethionine, which was then rapidly translocated to the grain. The practical knowledge gained about the optimisation of Se fertiliser formulation, method, and timing of application will be of importance in refining biofortification programs across different climatic regimes.

Keywords: selenium, wheat, speciation, biofortification, foliar fertilisation


INTRODUCTION

Micronutrient deficiencies affect one in three people globally (1) as a result of intake patterns or absorption rates that fall below the level required to sustain good health and development (2). Selenium (Se) is one such micronutrient that is currently consumed at lower-than-recommended levels in many parts of the world. Combs (3) estimated that 0.5–1 billion people worldwide were at risk of Se deficiency diseases as a result of inadequate dietary Se intake.

Selenium is an essential nutrient for both humans and animals (4). It has been shown to have antiviral effects, be beneficial for reproduction, and lower autoimmune thyroid disease risks. More recently, its role as an antioxidant and a potential anticarcinogen has been appraised (5, 6). Although inadequate Se intake can cause general poor health, extremely low levels of Se can cause specific deficiency diseases such as Keshan (cardiomyopathy) and Kashin–Beck (an osteoarthritis disorder); these are seen, for example, in some regions of China and Siberia (7, 8). However, Se can also be toxic if ingested at higher-than-recommended levels. An excess of Se in the body, resulting in “selenosis,” is characterised by the loss of hair and nails, and general fatigue (9). The current daily recommended intake of Se is set at 55 and 70 μg person−1 for women and men, respectively; more generally, a dietary Se intake range of 40–400 μg day−1 is considered safe (10). As a result of increasing concern about the inadequacy of Se intake in many locations around the world, research has, in recent decades, focused on ways to improve dietary Se levels sustainably to preempt or alleviate Se deficiency.

Agronomic biofortification is a term describing the process through which the concentration of micronutrients in edible parts of staple crops is increased through the application of fertilisers enriched with trace elements (2). The efficacy of Se fertilisers to fortify crops depends on several factors, including the chemical form of Se used its application rate, and its method. Selenium is most commonly applied in its oxidised inorganic forms, such as selenate (SeVI) or selenite (SeIV) either to the soil or to the canopy (foliar fertilisation) or as a combination of soil and foliar (11). When soil-applied, selenate is often the preferred source for biofortification because of its higher mobility in the soil and plants. Selenate is highly mobile in the xylem and accumulates in the edible parts of plants before being converted to bioavailable organic forms such as selenomethionine (SeMet). By contrast, SeIV, despite rapid uptake into roots, is generally converted more rapidly to organic forms and accumulates in roots (12). The efficacy of soil-applied Se fertilisers is largely dependent on the chemical speciation of Se and the physicochemical properties of the soil (13). Soil components such as metal oxides, clays, and soil organic matter (SOM) have the potential to adsorb Se strongly, especially SeIV, resulting in reduced mobility and availability of Se in the soil. Selenate, on the other hand, adsorbs via a weaker mechanism and hence is more mobile and bioavailable than SeIV. However, selenate is also more prone to leaching than SeIV, especially in acidic environments (14). Moreover, the biogeochemical behaviour of Se in soils is influenced by the presence of environmental microorganisms in the soil, particularly arbuscular mycorrhizal fungus (AMF), such that, it is essential to consider plant–bacteria-fertiliser interactions in soils to optimise Se biofortification (15).

In contrast to soil-applied fertilisers, foliar fertilisers tend to be more efficient due to the reduced losses to the environment by leaching and/or adsorption to soil particles (16, 17). In contrast to soil application, foliar-applied nutrients are absorbed through the leaf epidermis and transferred to the rest of the plant via the phloem (18, 19). Effectively, Ros et al. (16) showed that foliar fertilisation could be on average eight times more efficient than Se application to soil. For example, they found that an application rate of 30–60 g ha−1 SeVI to the soil would be needed to increase grain Se concentration from 0.07 to 0.1 mg kg−1 compared with just 4.5–10 g ha−1 SeVI when the foliar application of Se was used (16). However, foliar fertilisers may also be prone to losses, for example, through leaf runoff following rainfall. More information about the penetration rates of foliar-applied Se fertilisers into plants, and subsequently transfer to edible parts of the plant may be useful to mitigate such losses and optimise foliar Se fertilisation.

In previous studies, we demonstrated that the concentration of bioavailable Se (selenomethionine) in wheat grain subject to foliar Se applications could be increased through the addition of small amounts of nitrogen (N), for example, urea (20). Although the exact mechanism for this improved efficiency is not yet fully understood, it was suggested that N aided Se assimilation into organic Se forms in the leaves, which were then transported to the grain. There is also limited literature about the optimum timing of foliar Se application for biofortification. Lyons (17) suggested that the application of nutrients such as Se and I are best made between the booting and early milk stages, preferably around the heading stage, to maximise the area of canopy available for fertiliser interception and uptake. Understanding how Se transfers from the point of application to the rest of the crop at different growth stages may be useful in planning Se fertilisation tactics to optimise crop uptake.

In this study, we aimed to determine the time-dependent changes in Se absorption, assimilation, and transfer to the aboveground biomass, following the application of 77Se-labelled selenate fertilisers to wheat leaves. The use of stable isotope Se tracers, such as enriched 77Se, enables the simultaneous determination of native (soil-derived) and applied Se sources in both plant and soil systems (21, 22). The partitioning of the applied 77Se-fertiliser in wheat was assessed when different (a) foliar treatments (Se ± N) and (b) application timings (growth stages) were employed. This study provided practical information about the uptake and transformation of foliar-applied Se in wheat, which farmers could use to manage fertiliser application methods and timing to optimise Se biofortification.



MATERIALS AND METHODS


Soil

Sandy loam topsoil was used for the pot trial (Table 1). The soil was air-dried and sieved to <2 mm prior to characterisation. Soil pH and electrical conductivity (EC) were measured in a 1:2.5 soil-to-solution suspension on an automated Skalar pH/EC system. Soil organic matter content was estimated by the loss-on-ignition method (23). Particle size analysis was determined by laser granulometry following treatment with 40% hydrogen peroxide (H2O2), as described in Mathers et al. (22). Extractable P and S (mg kg−1) were determined by the method developed by Olsen et al. (24) and Blair and Lefroy (25). The water holding capacity (WHC) of the soil was determined using ceramic tension plates and hanging water columns (26).


Table 1. Physicochemical properties of the soil used in the experiment.
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Pot Trial

The pot trial was set up in spring (April–May 2019) in a glasshouse at the University of Nottingham Sutton Bonington Campus (United Kingdom). The crops were grown under natural light conditions, which averaged ~6 h daily. Five seeds of spring wheat (Triticum aestivum cv. Willow) were sown directly into free-draining pots containing 1.8 kg soil and thinned to two plants per pot 3 weeks later. Plants were fertilised with 5 ml of an ammonium nitrate solution (16.4 g L−1 NH4NO3) at stem extension and head emergence. No additional basal fertilisation was applied to the soil as sufficient plant-available nutrients were present (Table 2). Pots were arranged in a randomised block design and watered to an estimated weight of 60% WHC of the soil using Milli Q water (18.2 MΩ cm) throughout the experiment. All treatments were replicated four times.


Table 2. The dry matter yield of aboveground plants harvested 3, 10, and 17 days after Se application at stem elongation (GS1) and 3, 10, and 34 days after Se application at the heading stage (GS2) (SE in brackets; n = 4).
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Foliar Selenium Fertiliser Application

Selenium fertilisers (Sefert) were prepared from a 77Se-enriched sodium selenate solution (259 mg L−1 77SeVI). Selenium was applied at a single, realistic rate of 3.33 μg kg−1; this is equivalent to ~10 g ha−1, based on a 20-cm depth of topsoil and 1.5 g cm−3 bulk density. Three fertilser treatments were used: (i) foliar-applied Se only (F.Se); (ii) foliar-applied Se with a 2% w/v N source in the form of urea (Sigma–Aldrich, 99–100% purity, United Kingdom) (F.Se+N); (iii) control (Ctrl) where neither Se nor N was applied. The foliar Se+N solution was prepared by dissolving 0.21 g of urea in a solution with a 77Se concentration of 180 mg L−1. The foliar solutions contained 0.5% surfactant (Triton-X 100; Sigma–Aldrich), which served to reduce the surface tension between the droplets and the leaf, thereby promoting fertiliser absorption. Foliar solutions were applied as four drops of 5 μl volume droplets to the youngest flag leaves of each plant (two plants per pot). For the control treatment, water with 0.5 % surfactant was applied in a manner similar to foliar Se solutions.

The application was either at growth stage 1 (GS1), which was at stem elongation [growth stage 31/32 on the Zadoks scale and 63 days after sowing (DAS)] or GS2, which was at head emergence [Zadoks stage 57 and 119 DAS; (27)].

The surface of the soil was covered with cling film for a week following foliar fertiliser application and care was taken not to irrigate the plants immediately after foliar fertilisation to prevent any potential runoff into the soil.



Plant Harvest

The aboveground biomass of the wheat plants was harvested at 3, 10, and 17 d (H3, H10, and H17) after fertiliser application at GS1 and 3, 10, and 34 days (H3, H10, and H34) after fertiliser application at GS2. For the plants treated at GS2, wheat heads were harvested separately from the straw and, for the last sampling (H34), wheat heads were further hand-threshed to separate the wheat grains. All the foliar-treated leaves were harvested separately from the straw, washed in 0.1% v/v detergent, and then rinsed with Milli Q water (28). Water rinses were saved to analyse for any unabsorbed applied Sefert. After harvest, all plant parts were dried at 50°C for 72 h or until the constant dry weight was achieved. The dry weights of the different plant parts were recorded. Subsequently, plant material was ground using a centrifugal mill (model ZM 200, Retsch, Germany) fitted with a 0.5 mm titanium screen and stored under ambient conditions prior to digestion and chemical analyses.



Selenium Analyses
 
Total Se Determination

The total Se concentration in plant samples was measured using inductively coupled plasma mass spectrometry (ICP-MS; model iCapQ, Thermo Fisher Scientific, Bremen, Germany) following microwave-assisted acid digestion. Approximately 0.2 g of plant material was weighed into perfluoroalkoxy vessels and mixed with 6 ml of concentrated nitric acid (HNO3) before microwave heating (Model Multiwave 3000, fitted with a 48-place rotor; Anton Paar, Graz, Austria). The digested samples were then made to 20 ml final volume using Milli Q water and further diluted 10-fold with 2% HNO3 prior to analysis.



Speciation Analysis

An enzymatic hydrolysis method was employed to prepare the foliar-treated leaves and wheat grain samples for Se speciation analysis. The method of analysis was adapted from Muleya et al. (29). Four Se species were assayed: selenate, selenite, seleno-L-cysteine (SeCys), and seleno-L-methionine (SeMet). A multistandard solution (10 ml) containing the four Se species nominally at 5 μg L−1 concentration was prepared by diluting stock solutions of 77SeIV and 77SeVI (1,000 mg L−1) and SeCys and SeMet (100 mg L−1); the stock solutions with organic Se were prepared by dissolving the individual salts in Milli Q water. The Se concentrations of the individual Se species standards were verified by analysis (direct aspiration) using ICP-MS, with measured Se concentrations of 6.47, 5.37, 5.28, and 5.30 μg L−1, respectively.

Five millilitres of an enzyme solution containing 0.02 g protease K (Type XIV ≥ 3.5 units mg−1 solid from Streptomyces griseus) and 0.01 g lipase (Type VII ≥ 700 units mg−1 solid from Candida rugosa) was added to plant samples (0.2 g) in centrifuge tubes. The samples were incubated in the dark and shaken in a water bath set at 60 rpm at 37°C for 24 h; after incubation, they were centrifuged at 3,000 g for 30 min and filtered through 0.25 μm filters. Enzymatically-hydrolysed samples that were not immediately analysed were stored at 4°C in the dark. Selenium speciation analysis was undertaken using coupled HPLC-ICP-triple quadrupole-MS (ICP-QQQ-MS) instruments (Supplementary Table 1). The ICP-QQQ-MS was operated in oxygen cell mode to enable mass shifting of the Se isotopes and thereby minimise interferences; thus, 77Se was mass shifted to m/z 93 and 80Se to m/z 96. Standards were run after every block of 12 samples to monitor drift and enable correction of sample concentrations (22).

Sample processing was undertaken using a version of Chromeleon (Dionex) chromatography software operating within the iCapQ Qtegra software; the peaks generated by the individual Se species were manually integrated for peak area. Raw intensity data (integrated counts-per-second, iCPS) were then imported from the ICP-QQQ-MS at mass:charge (m/z) ratios of 93 and 96.

The enzymatically-hydrolysed plant samples were also analysed for a total 80Se and 77Se by ICP-MS, following a 1:10 dilution of the original enzyme extracts with 2% HNO3 acid. The final concentrations of the individual Se species were calculated from the proportion of the total extract Se that was measured as the peak area of the individual species, as described in Mathers et al. (22). For example, the concentration (μg L−1) of SeMet (at m/z 93 and 96) was calculated from Equation 1:

[image: image]

where SeMetcps is the peak intensity (iCPS) of SeMet and ∑speciescps the sum for all four species (SeMetcps, SeCyscps, Se[image: image], and Se[image: image]), and Setot, enz is the total Se concentration (μg L−1) measured in the enzyme-hydrolysed extracts.

The concentration of individual Se species and total Se concentrations was then converted to a gravimetric basis using the dry weights of individual samples and the volume of the different extracts.




Quality Control

Replicate samples of standard reference material (tomato leaves NIST 1573a) were acid digested and analysed for total Se by ICP-MS to provide quality assurance for the analysis of the plant samples. The recovery of Se in the reference material was within 100 ± 10% of the certified value (certified value 0.0543 mg kg−1; analysed value 0.0488 mg kg−1 Se)

The extraction efficiency of the enzyme (Eext) was calculated as follows (Equation 2).

[image: image]

where Setot, acid is the total Se concentration measured by acid hydrolysis for individual samples (μg L−1).



Statistical Analyses

The effects of the different fertilisation treatments on grain yield and Se concentrations in plants were determined using the ANOVA procedure in SPSS (IBM SPSS Statistics for Windows, Version 24.0, IBM Corp, Armonk, New York), with a significance threshold of 5%. Duncan's and Tukey's post-hoc tests were used to compare treatment means.




RESULTS


Biomass Yield

The yield of plants, calculated as the dry weight of the aboveground biomass, increased significantly with time but no significant differences in yield were observed among the different Se treatments (Table 2).



Selenium Distribution in Plants

The recovery of Sefert in plants harvested at GS1 was > 50%, even after 3 days following application (Figure 1A). The partitioning data showed that the majority (>63%) of the applied Sefert was measured in the treated leaves up to 10 days after application, which decreased to <50% by day 17, suggesting mobilisation from the leaf to the straw. This mobilisation was more efficient for F.Se+N-treated plants, suggesting that the inclusion of N to foliar Se solutions improved the transfer of Se from the point of application to the rest of the aboveground biomass (Figure 1A).


[image: Figure 1]
FIGURE 1. Partitioning of applied foliar Sefert (±N) in the aboveground biomass of plants as a function of harvest time [3, 10, and 17/34 days after application at stem elongation, GS1 (A)/heading stage, GS2 (B)]. The recovery of applied Sefert was calculated as the percentage of applied fertiliser Se that was recovered in the aboveground plant parts. Note that at H34, wheat heads were hand threshed to separate grains and chaff.


For GS2 samples (122–153 DAS), the aboveground biomass was further separated into straw, heads, and leaves (Figure 1B). With high Sefert recoveries in the aboveground biomass, limited losses of the applied foliar Se fertilisers to the environment were observed. This was confirmed by Sefert levels in the foliar rinses being below analytical detection limits (data not shown for brevity). Within 3 days of application, 43 ± 0.98% Sefert was translocated from the point of application to the rest of the aerial plant parts, which was equally distributed between the wheat heads and the straw. At the last sampling time (153 DAS), this translocation increased to 56 ± 5.2%, with heads, especially the grains, accumulating significantly more Sefert than straw (p < 0.05). No significant differences in the recovery of Sefert in the aboveground biomass of plants were observed between foliar Se (±N) treatments at GS2.

In comparison to Sefert recovery in plants, the recovery of native Se (SeN) in the aboveground plant biomass was much lower (Figure 2), indicating that the applied Se fertiliser was more available for plant uptake than native soil Se. Plants harvested at GS2 had accumulated significantly more SeN (4.14 ± 0.33%) than those harvested at GS1 (1.37 ± 0.17%), likely because GS2 plants had a longer contact time with the native Se pool.


[image: Figure 2]
FIGURE 2. The recovery of native Se (SeN) and fertiliser-derived Se (Sefert) in the aboveground biomass of plants (excluding the foliar-treated leaves) harvested at stem elongation (GS1) and the heading stage (GS2). The recovery is the percentages of soil Se or fertiliser-applied Se that was recovered in the aboveground plant parts. Error bars represent SEs (n = 4).




Effect of N Addition in Foliar Se Solutions on Sefert Uptake

The inclusion of N with foliar Se solutions led to greater Se uptake compared with foliar Se application on its own when applied at GS1, but this was not apparent at GS2 (Table 3). At GS2, the translocation of Sefert into the wheat plants increased with growth time but was not affected by the addition of N to the foliar Se formulations.


Table 3. The influence of N inclusion with foliar Se solutions and harvest time on the accumulation of Se from the fertiliser (Sefert) in the aboveground biomass (foliar-treated leaves excluded) (SE in brackets; n = 4).

[image: Table 3]

The effectiveness of N inclusion in foliar Se fertilisers was observed in the grains (Figure 3). The average grain Se concentrations for foliar Se+N were 0.26 ± 0.02 and 0.32 ± 0.07 mg kg−1, which accounted for 44 and 54% of the applied Se transferred to the grain, respectively.


[image: Figure 3]
FIGURE 3. The concentration of native and fertiliser-derived Se in wheat grains. Error bars represent SEs (n = 4). “a” and “b” represent statistical differences in means at the p = 0.05 level.




Se Speciation in Grain

Protease hydrolysis extracted >60% of the total Se concentration in the wheat grain (Equation 2). Selenomethionine was the most abundant species in the wheat grain, accounting for >90% of the total Sefert in the grain. A small amount of SeVI (<10% of the total Sefert) was also detected in the grain, and no SeIV or SeCys was measured, irrespective of Se treatments (Table 4). The inclusion of N in foliar Se solutions led to a significantly higher SeMet concentration in grains (0.21 mg kg−1), compared with F. Se-only fertilisation (0.16 mg kg−1) (Table 4).


Table 4. The distribution of the extracted Se species in wheat grain expressed as mean concentration or as % of total extracted grain Se (SE in brackets, n = 4).
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Se Speciation in Leaves Treated With Foliar Se (±N)

The protease hydrolysis extracted, on average, 72 ± 2.4% of the total Sefert in the foliar-treated leaves. The main species identified in the extracts were SeVI (91 ± 2.0%) and SeMet (8.0 ± 1.9%); negligible concentrations of SeIV and SeCys (<2% of the Sefert in the leaves) were measured (Figure 4). For both F.Se and F.Se+N treatments, the distributions of the Se species in wheat were similar.


[image: Figure 4]
FIGURE 4. The distribution of Se species as a percentage of the total Se in leaves that were treated with F.Se and F.Se+N and harvested at different times following application at stem elongation (GS1) and heading (GS2).


Selenate was the most abundant species in the foliar-treated leaves, and its proportion did not change significantly over the 153-day experimental period (91 ± 1.6%) (Figure 4). By comparison, the proportion of SeMet decreased significantly with harvest time, in a similar way for both GS1 and GS2, which suggests more rapid mobilisation of SeMet to the rest of the plant compared with other Se species (Figure 4). The influence of N on the SeMet concentration in leaves and its translocation was observed only at GS2 (Figure 5). The application of F.Se+N led to significantly more transformation of the applied inorganic Se into SeMet, resulting in more rapid translocation of SeMet away from the application leaf (Figure 5).


[image: Figure 5]
FIGURE 5. The concentration of SeMet in leaves that were treated with foliar Se and foliar Se+N at stem elongation (GS1) and heading stage (GS2). Results show averages and error bars represent SEs (n = 4). The p-values displayed on the graph show statistical significance from a two-way ANOVA.






DISCUSSION

Plant biomass was not influenced by the different Se treatments (Table 2), which was expected given that Se does not play an essential role in plant nutrition. Although Se can mitigate stress in plants by stimulating the activity of antioxidants (30), its essentiality in higher plants is not proven (31).

The Se concentrations of control plants and grains in the experiment were below the lower threshold of adequacy in the diet of 0.1 mg kg−1 dry matter (32), suggesting very low available Se levels in the soil used in this experiment. Accordingly, very low levels of SeN (0.015 mg kg−1) were observed in the plants and the majority of the Se in the wheat originated from the fertiliser source (Sefert) (Figure 1). Similar findings were observed by Muleya et al. (29), who reported a SeN concentration range of 0.01–0.03 mg kg−1 in three crops grown in Se-deficient soils in Malawi.

The application of Se by the foliar method appears to be very successful in promoting Se uptake by wheat, with minimal losses to the environment; recoveries of Sefert in crops ranged from 60 to 100% (Figure 1). Such recoveries evidenced the higher effectiveness of foliar fertilisers compared to soil-applied ones for biofortification (16). Broadley et al. (33) and Mathers et al. (22) recovered <20% of applied Se in wheat grain, following 10 g ha−1 soil-application of Na2SO4 in the UK. Similarly, Lyons et al. (34) and Curtin et al. (35) recovered 13.5 and 17.0% in wheat grain, respectively, from the soil application of SeVI. The efficiency of foliar micronutrient fertilisers can reportedly be further improved by adding small amounts of N in the foliar solutions. Aciksoz et al. (36) observed that the addition of 1% N-urea (w/v) to foliar Fe fertilisers increased grain Fe concentrations, potentially by facilitating the cuticular penetration of foliar-applied Fe. Similarly, in a previous study, we observed that the addition of 2% w/v N in the form of urea or urea ammonium nitrate (UAN) to the foliar Se solution significantly improved grain Se concentrations compared to foliar Se application on its own (20). Effectively, a clear, positive effect of foliar Se coapplication with N on plant and grain Se concentration was observed (Table 3); the mechanisms for this positive effect appeared to differ according to the timing of application. At an early growth stage (GS1), the presence of N in foliar Se solutions significantly increased Se accumulation in the aboveground biomass of the plants (Table 3), potentially due to improved absorption of the applied Sefert through the cuticle of the wheat leaves and/or improved assimilation of the applied inorganic Se into organic compounds and subsequent translocation. Since the speciation analysis of the foliar-treated leaves at GS1 showed no effect of N on the formation of SeMet (Table 4), it is likely that a physiological mechanism was responsible for the greater efficiency of the foliar Se+N fertilisers.

At a later growth stage (GS2), the fertiliser formulations were equally effective in raising plant Se concentrations, but those fertilised with F. Se+N had higher Se concentrations in the grain (Figure 3), suggesting improved translocation of Se from the point of application to the grain. Speciation analysis of the foliar-treated leaves suggested that N in the foliar Se solution improved the conversion of SeVI to SeMet in the leaves, which was then more rapidly translocated to the grain (Table 4). Given that N and Se share a common metabolic pathway in plants (30), the coapplication of foliar Se with N at a stage where plants have a high metabolic activity (GS2) most likely affected the rate of Se assimilation and translocation within the plant. Hence, the coapplication of foliar Se with N at the heading stage was highly beneficial in improving the nutritional status of the plant, which has important implications for biofortification.

The target grain Se concentration range desired for biofortification, without running the risk of toxic effects, is >0.1 and <1 mg kg−1 (32). The application of foliar Se (±N) in this study increased grain Se concentrations to 0.25–0.3 mg kg−1 (Figure 3), which is optimal for biofortification, based on an RDI of 55–65 μg day−1 (17, 37). The application of foliar Se+N resulted in significantly higher Se concentrations in the grain compared with the foliar Se application on its own (Figure 3), of which >90% was in the highly bioavailable SeMet form (Table 4). These findings confirmed our previous results, whereby the application of F.Se+N doubled the concentration of Se in grain compared with F.Se only (20). It is worth noting that this experiment was carried out under controlled conditions, whereby plants were grown in a glasshouse and foliar fertilisers were applied in a precise manner. This could explain why the recovery of foliar-applied Se fertilisers in plants (>60% at GS1 and >96% at GS2) was considerably higher than those where foliar fertilisers were applied in outdoor conditions. For example, Ducsay et al. (38) recovered 13–15% of Se in grain following foliar application of 10 g ha−1 SeVI to wheat in small field experiments. Nevertheless, this is, to the best of our knowledge, the first study to map the transformation and translocation of Se in wheat following its application with and without N at different growth stages and, hence, provide practical information about ways to optimise foliar Se fertilisations.



CONCLUSIONS

Applying foliar Se, irrespective of the formulation, at 10 g ha−1 equivalent brought grain Se concentration to a level high enough to be considered adequate for biofortification. Whether applied at an early or a late growth stage, foliar Se fertilisers can be made more efficient by coapplication with 2% w/v N as urea. The application of foliar Se with N to young wheat plants improved its absorption through the leaves, thereby reducing the window of opportunity for fertiliser Se to be lost to the environment either by volatilisation or by leaf runoff. At a later growth stage, the inclusion of N in foliar Se solutions improved the transformation of applied inorganic Se into bioavailable SeMet, which was then more rapidly translocated from the point of application to the grain. From the current study, it appears that the coapplication of foliar Se with 2% N-urea at the heading stage significantly increased the concentration of bioavailable Se in the grain. Farmers could use such information to optimise fertilisation strategies and minimise losses to the environment.
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Bran is the main by-product of wheat milling and the part of the grain with the highest Zn content. We investigated the effects of the particle sizes (coarse, D50 = 375.4 ± 12.3 μm; medium, D50 = 122.3 ± 7.1 μm; and fine, D50 = 60.5 ± 4.2 μm) and addition level (5–20%) of Zn-biofortified bran on the quality of flour and Chinese steamed bread. It was studied to determine if the Zn content of steamed bread could be enhanced without deleterious effects on quality. Dough pasting properties, such as peak viscosity, trough viscosity, final viscosity, breakdown, and setback, decreased significantly as the bran addition level was increased from 5 to 20% but did not significantly differ as a result of different bran particle sizes. Bran incorporation significantly increased hardness, gumminess, chewiness, and adhesiveness, whereas the springiness, cohesiveness, and specific volume of steamed bread decreased with the increase in bran addition. The optimal sensory score of steamed bread samples in the control and Zn fertilizer groups were obtained under 5% bran addition resulting in comparable flavor, and texture relative to control. Meanwhile, the Zn content of the steamed bread in the Zn fertilizer group was 40.2 mg/kg, which was 55.8% higher than that in the control group. Results indicated that adding the appropriate particle size and amount of bran would be an effective and practical way to solve the problem of the insufficient Zn content of steamed bread.

Keywords: Zn biofortification, Zn content, wheat bran, wheat flour, viscoelasticity, steamed bread


INTRODUCTION

Zn is one of the most essential trace elements that are closely related to human health. It is a component of more than 100 enzymes in the human body and a participant in the synthesis of nucleic acids and protein. Zn deficiency seriously affects the secretion of enzymes and hormones, thus endangering human health. More than 50% of the world's agricultural soils are deficient in available Zn (1). Approximately 30% of the global population is affected by insufficient Zn intake (2). Every year, ~20% of deaths in children, especially children in developing countries, under the age of 5 years die from various diseases caused by Zn, Fe, and/or I deficiency (3). The WHO regards Zn deficiency as a major risk factor and an invisible killer threatening human health.

Wheat is one of the major food crops that is considered to be an important candidate for Zn biofortification. In China, the Zn content of wheat grain grown in major wheat-producing areas is <30 mg/kg (4), which is lower than the international recommended standard of 40–60 mg/kg (5). Thus, this level cannot satisfy the Zn demand of the population that consumes wheat as their staple food. Moreover, soils in the main wheat-producing areas in China are potentially deficient in Zn; this condition seriously affects the accumulation of Zn in wheat. The foliar spraying of Zn fertilizers is an effective measure for increasing the Zn content of wheat grains rapidly (6).

The processing of wheat for consumption always includes two main steps: grinding wheat grain into flour and food preparation. During these processes, bran, which has the highest Zn content, is often discarded, resulting in the large loss of Zn from wheat grains. Therefore, bran can be applied in the processing of steamed bread to improve the content of Zn and increase the utilization rate of Zn in wheat grains. Wheat grain is composed of three components: the bran, embryo, and endosperm. The endosperm is the main ingredient of flour, and the bran is the main by-product of flour processing. Studies have shown that the content of metal elements, such as Zn, in wheat grain embryos, aleurone layers, and seed coats is drastically higher than that in the endosperm (7). The Zn content of the embryo and aleurone layer is approximately 150 mg/kg, whereas that of the endosperm is only 15 mg/kg (8). These values show that wheat bran has a considerably higher Zn content than flour and is rich in dietary fibers, good quality proteins, and antioxidants. Therefore, the reasonable application of bran in steamed bread processing can not only improve the Zn content of steamed bread and the utilization ratio of bran, it is also a safe and effective means of daily Zn supplementation. However, the addition of wheat bran often affects the structure and sensory quality of the resulting food and reduces consumer acceptance. Some researchers have shown that bran particle size has a significant effect on dough properties and product quality, such as the use of MWB (microparticulated wheat bran) could improve the texture as well as the specific volume of whole wheat bread (9). The effects of bran addition levels on noodles (10, 11), baked and steamed bread (12–14), and biscuits have been studied (15, 16). Zhang and Li (11) reported that addition of fine bran (0.21 mm) at 5–10% or medium bran (0.53 mm) at 5% in wheat flour, it is possible to satisfactorily produce fiber-rich dry white Chinese noodle. Sozer et al. (16) observed that particle size reduction of bran increased the biscuit hardness and decreased the starch hydrolysis index of biscuits. Steamed bread is the traditional staple food in China (17). It accounts for approximately 40% of national total wheat consumption (18). Steamed bread plays an important role in the diet structure of China. However, the fortification of steamed bread with Zn-rich wheat bran has not been systematically studied. The current study focused on the effect of adding bran with different particle sizes and proportions on the quality of wheat flour and dough properties, including Zn content and pasting, rheological, and structural properties. We anticipated that the results of this study would provide a new scheme for the rational use of wheat bran and scientific information enabling the quality improvement of Zn-fortified products.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The winter wheat cultivar used for the study was “Shannong 29,” which was bred by Shandong Agricultural University. The field experiment was conducted at the Shandong Agricultural University Research Farm (117°16′69.52′′N, 36°16′67.09′′E). This area has a warm and semihumid continental monsoon climate, an annual average rainfall of 680 mm, and an annual mean temperature of 12.8°C. During the growing season, Zn fertilizer was sprayed at the jointing, flowering, pre-grouting, and late filling stages for the Zn biofortification of wheat. The foliar treatments were as follows: (1) foliar spraying of water as a control and (2) spraying of ZnSO4·7H2O (0.4%, w/v) containing 0.01% (v/v) Tween 20 as a surfactant. All the fertilization treatments were performed after sunset. Each plant plot had an area of 50 m2 (5 m × 10 m) with three replications. The line spacing was 0.25 m, and the plant spacing was 0.02 m.



Preparation of Wheat Flour Samples

After harvesting, part of the samples was milled into flour by using a MM400 Hybrid Ball Mill (Retsch, Beijing, China) for the determination of the Zn concentration of whole grains. The other wheat samples were milled into three core powders (1M, 2M, and 3M), three hide powders (1B, 2B, and 3B), and bran by using a MLU-202 Automatic Laboratory Mill (Buhler, Inc., Wuxi, China) in accordance with the AACC-approved method 26-21A (19).



Preparation of Bran Samples With Different Particle Sizes

The bran collected from the mill was sifted into coarse bran (particle size of 2–2.5 mm) by using a JJSD sieve shaker (Shanghai Jiading Ltd. equipped different sized screens) with differently sized screens. Whole wheat bran was ground by using a fine grinder (KC-701, Kaichuang Instruments Co., Ltd., Beijing, China) into fine-ground bran. The bran samples were then divided into three equal portions. Two were subsequently ground into medium and fine particles by using a Perten 3100 laboratory mill (PerkinElmer Instruments Co., Ltd.) equipped with meshes of different sizes. Coarse bran (D50 = 375.4 ± 12.3 μm) was superfinely ground into medium (D50 = 122.3 ± 7.1 μm) and fine (D50 = 60.5 ± 4.2 μm) bran. The bran samples with different particle sizes were added to the flour at 0, 5, 10, 15, and 20% levels (on a 14% moisture basis). In this work, whole flour was the flour that contained whole grain. Standard flour was a blend of the 1M, 2M, 3M, 1B, 2B, and 3B fractions and was similar to commercially available flour. Coarse flour was a mixture of standard flour and coarse bran. Medium flour was a mixture of standard flour and medium bran. Fine flour was a mixture of standard flour and fine bran.



Nutrient Analysis

The samples were digested with HNO3-H2O2 (4, 2 ml) in a microwave digester reaction system (Multiwave3000, Brabender, Germany). Then, the Zn content of the digested solution was determined through inductively coupled plasma optical emission spectroscopy (X Series 2, Thermo Fisher, USA). After use, all the instruments used in the experiment were soaked in 20% nitric acid overnight, then rinsed with deionized water and dried. The moisture content, ash content, and falling number of the flour samples were determined in accordance with the Chinese National Standards GB/T 5497-1985, GB/T 5009.4-2003, and GB/T 10361-89, respectively. Protein content on a dry weight basis was determined through the Kjeldahl method in accordance with the International Approved Method 46-12 (19). The sedimentation value of dough was determined in accordance with the AACC International Approved Method 76-31 (19).



Determination of Pasting Properties

The pasting properties of the samples were determined by applying a Rapid Visco Analyzer (RVA-Super 3, Newport Scientific, Australia) in accordance with the AACC International Approved Method 76-21 (19). The test was performed by using 3.5 g (14% moisture basis) blends from each sample mixed with 25 ± 0.1 ml of distilled water (corrected for compensation on a 14% moisture basis).



Whiteness

A Minolta Chroma Meter (Model CR-400, Minolta Co., Osaka, Japan) was used to determine the whiteness of wheat flour and obtain L*, a*, and b* values. L* represents brightness and is a measure of black to white (0–100). Large L* values are indicative of high whiteness and brightness. a* stands for the red–green phase. A positive a* value indicates redness, whereas a negative a* value reflects greenness. b* stands for the yellow–blue phase. If b* is positive, then the sample is yellow. If b* is negative, then the sample is blue.



Gluten Content and Index

The gluten content and index were determined by using a Glutomatic 2200 system (M/S perter, Germany) in accordance with the AACC International Approved Method 38-12.02 (19). A total of 10 g of each dough sample was weighed out, and wet gluten was converted into 14% wet base.



Preparation of Steamed Bread

Steamed bread was prepared with 200 g of flour or flour blended with bran, 2 g of yeast, and water (85% of Mixolab water absorption). Before dough mixing, the yeast was dissolved in water (35°C). Then, the yeast solution and flour were poured into a mixing machine (HL-110, Shaoguan Co. Ltd., Guangzhou, China) and mixed for 5 min. The mixed dough was sheeted 15 times on a tablet pressure machine to remove air bubbles and split into 100 g portions. Each chunk was rolled with heights of approximately 6 cm by hand and then fermented (35°C, 80% relative humidity) for 45 min in a cabinet. After fermentation, the buns were steamed for 20 min in an electric steamer and cooled for 5 min after turning off the fire.



Sensory Evaluation

The steamed bread samples were cooled to room temperature for approximately 1 h before the measurement. The volume of steamed bread was determined by using the rapeseed displacement method. The specific volume was calculated from the volume-to-weight ratio of the steamed bread. GB/T21118-2007 with a few modifications was adopted for the sensory quality analysis of steamed bread. Specific volume, color, surface structure, appearance, internal structure, elasticity, toughness, stickiness, and scent were scored by six trained evaluators. The highest scores for each item were 20, 10, 10, 10, 15, 10, 10, 10, and 5, which provided a total score of 100 (the specific score was accurate to 0.1). The eating quality of the cooked steamed bread was subjectively evaluated by 16 (the male to female ratio was 1:1; the average age range is between 25 and 55.) trained panelists according to Chinese Standard Method GB/T 35991-2018.



Textural Analysis

After sensory evaluation, the steamed bread was subjected to textural profile analysis (TPA) by using a TA XTPlus Texture Analyze apparatus (TA XT Plus; Stable Micro Systems Ltd., Godalming, Surrey, UK) equipped with a P/35 R probe. Before the test, the steamed bread was cooled to room temperature and then cut into 10 mm-thick slices. The two center slices were taken for TPA. The test parameters were as follows: pretest speed of 1.0 mm/s, test speed of 1.0 mm/s, post-test speed of 1.0 mm/s, compression ratio of 50%, trigger force of 5 g, interval time of 5 s, and data collection rate of 200 pps.



Statistical Analysis

All data were collected at least in triplicate. The statistical analysis of the results was carried out with SPSS software (SPSS 19.0, SPSS Inc., Chicago, U.S.A.), and Duncan's test (p < 0.05) was used to compare significant differences among the samples.




RESULTS AND DISCUSSION


Effect of Spraying Zn Fertilizer on the Zn Content of Wheat and Flour

The effects of spraying Zn fertilizer on the Zn content of whole grain and different grain components are summarized in Figure 1A. The average Zn content of the wheat grain in the control group was 37.1 mg/kg and that of the wheat grain in the Zn fertilizer group was 54.7 mg/kg. Compared with that of the control group, the Zn content of the wheat grain in the Zn fertilizer group had increased by 47.4%. Considering that bran had the highest Zn concentration, it was the part of the wheat grain wherein Zn mainly accumulated. Significant differences were found among the Zn contents of the three core powder flours (p < 0.05), which followed the order of 3M > 2M > 1M. By contrast, no significant differences were found among the Zn concentrations of the three hide powder flours. As can be seen from Figure 1B, the Zn contents of flour in the control group (7.5 mg/kg) and the fertilizer group (11.9 mg/kg) were significantly higher than those of the flour sold in markets (3.4 mg/kg) (p < 0.05). Meanwhile, the Zn content of the Zn fertilizer flour had increased by 58.7% compared with that of the control flour. These results showed that the foliar spraying of Zn fertilizer is an effective way for bioaccumulation (20). Figure 1C shows that the Zn concentration of bran with different particle sizes did not significantly differ (p > 0.05) between the CK and Zn groups, indicating that the processing of bran into different particle sizes would not affect Zn content. These results showed that Zn fertilization effectively increased the Zn concentrations of whole wheat grain relative to the control treatment, and bran was the most Zn-rich part of wheat grains.


[image: Figure 1]
FIGURE 1. (A) Zn content of whole grain and different grain components. 1M: Core powder 1, 2M: Core powder 2, 3M: Core powder 3, 1B: Hide powder 1, 2B: Hide powder 2, 3B: Hide powder 3. Means with different letters (a–c) for each column showed significant difference (P < 0.05). (B) Zn content of different flour. Means with different letters (a–d) for each column showed significant difference (P < 0.05). (C) Zn content of bran with different particles.




Effect of Bran Addition on Flour Quality
 
Effects of Bran Addition on the Physicochemical Properties of Flour

As can be seen from Table 1-1, after the addition of bran, the moisture content of the flour samples in the CK and Zn fertilizer groups gradually decreased with the reduction in bran grain size and significantly decreased with the increase in the addition amount of bran (p < 0.05). These results could be attributed to the following: The grinding of small grains required more time and consumed more energy than that of large grains. The heat generated by the processing equipment in this process may be an important reason for water loss. In addition, the whiteness of flour decreased significantly with the increase in bran addition (p < 0.05). Whiteness is the major sensory indicator, which is actively correlated with consumers' acceptance. Bran was brownish yellow, and the flour was milky white as usual. The color of the blends gradually deepened and darkened as the amount of bran added to the flour was increased. As can be seen from Table 1-2, with the increase in the addition level of the three kinds of bran, the a* and b* values increased and the L* value decreased obviously. Dose-dependent lower L* value indicated bran incorporation darkened the appearance of flour (21). Under the same additive amount, L* decreased with the reduction in bran particle size in the control and Zn fertilizer blends because the even mixing of the small bran particles with the flour reduced the amount of light reflected by the flour surface and decreased brightness.


Table 1-1. The change of physicochemical index of flour after adding different bran.
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Table 1-2. The color of the bran flour.
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The protein content of the samples is shown in Figure 2. With the addition of bran, the protein content of the CK and Zn fertilizer groups increased significantly (p < 0.05) and was positively correlated with bran addition level. Generally, wheat bran contains more than 15% high-quality proteins (22). It has been reported that there is a significant positive correlation between grain protein and zinc or iron concentrations (23, 24). In addition, the bran with large particle size retains more aleurone layers, while the aleurone layer contains high protein content. Therefore, the larger the grain size of the bran, the higher the protein content of the flour under the same amount of addition. Moreover, given that the high-quality protein content of bran exceeded 15% (22), the crude protein content of the flour increased after bran addition. Under the same addition level, the protein content of the mixed flour after the addition of coarse bran, medium bran, and fine bran reached 16.1, 16.3, and 17.1%, respectively.


[image: Figure 2]
FIGURE 2. Protein content of flour containing different addition levels and particle sizes of wheat bran. (A) Fine bran; (B) Medium bran; (C) Fine bran.




Effects of Bran Addition on the Wet Gluten Content and Gluten Index of Flour

Gluten is not only a nutritional quality character but also a processing quality character. The quality of wheat depends on the quality and quantity of gluten. Therefore, wet gluten content and gluten index are important for evaluating the processing quality of wheat. Jian Zhang (25) showed that the wet gluten content and total protein content of flour are significantly and positively correlated. As can be seen from Table 2-1, 2-2, with the increase in the addition levels of coarse bran, medium bran, and fine bran, the content of wet gluten first increased and then decreased. The maximum wet gluten content of 38.57% was obtained when medium bran was added at the 5% level into Zn fertilizer flour. At the same particle size, the gluten index decreased significantly with the increase in the added amount of wheat bran (p < 0.05), indicating that the addition of bran could affect the formation of gluten in the dough. The possible reasons are as follows: on the one hand, although the protein content increased due to the presence of more bran, the bran protein was mainly dominated by globulin and albumin, and the gluten quality was poorer than that of endosperm protein; on the other hand, the presence of bran had an adverse effect on the gluten network, making it difficult for the gluten to form a strong network structure (26). The highest gluten index was obtained when the bran addition level was 5%, representing the best gluten quality. Moreover, the wet gluten content and gluten index of the flour in the Zn fertilizer group flour were higher than those of the flour in the control group. These results indicated that the application of Zn improved the gluten content and quality of flour.


Table 2-1. The sedimentation value of the CK bran flour.
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Table 2-2. The sedimentation value of the Zn bran flour.
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Effects of Bran Addition on the Sedimentation Value of Flour

Sedimentation value is also an important index for evaluating flour quality. This index reflects the quantity and quality of gluten protein. A high sedimentation volume indicates strong gluten and vice versa. The sedimentation value is significantly related to the cooking quality of flour and depends on the hydration rate and hydration capacity of gluten protein. Upon mixing with water, the hydrophobic bonds, such as hydrogen bonds, of the gluten protein are broken, and the gluten molecule's hydration capability is enhanced such that the swollen flour particles form flocculent precipitates. As can be seen from Table 3 and consistent with the protein content of the bran flour in the two groups, the sedimentation value of the Zn fertilizer group was higher than that of the control. However, with the increase in the added amount of bran, the sedimentation values of the control and Zn groups decreased significantly (p < 0.05) likely because the addition of bran destroyed the network structure formed by gluten and reduced the quality of the dough. This result was consistent with the changes of gluten content and gluten index. The adverse effect of bran addition on gluten network formation could be explained by its role as a filler suspended in the dough (27).


Table 3. The gluten content in different bran flour.
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Effects of Bran Addition on the Pasting Properties of Flour

RVA starch pasting properties are closely related to the wheat flour processing performance, food texture, and storage aging performance. It affects the quality of steamed bread, noodles, and bread and is an important indicator of starch quality. The effects of bran addition on the pasting properties of flour are shown in Tables 4-1, 4–2. At a constant bran size and with the increase in the addition level of bran, the peak viscosity, trough viscosity, final viscosity, and setback value decreased significantly (p < 0.05). Bran could act as a filler in the flour, wherein it reduced the proportion of starch and competed with starch granules for moisture, thus reducing the minimum viscosity values of the bran-containing pastes (28). When the bran concentration was increased, the relative concentration of starch decreased. This effect resulted in a low proportion of expanded starch granules and thus led to a reduction in viscosity. Compared with the control group, the pasting temperature of pastes containing bran were higher. This could be due to the bran absorbed free water, so more energy was needed to destroy the crystal structure of starch granules to make them swell, resulting in an increase in the pasting temperature value (29). As the grain size of the bran increased, the peak viscosity of the flour decreased. The breakdown value of the coarse bran flour was significantly lower than that of the fine and medium bran flours (p < 0.05). The size of the bran had no noticeable effect on the minimum and final viscosities of the flour. The setback value is related to the tendency for paste retrogradation. Starch retrogradation occurs in the cooling stage, wherein the amorphous structure of amylose and amylopectin begins to recrystallize through hydrophobic interactions and hydrogen bonds. The competition of the bran for water leads to the redistribution of water in the paste system, resulting in a decrease in starch retrogradation (30). Given that the water retention capacity of fine bran was lower than that of coarse bran, the effect of starch retrogradation inhibition was poor and resulted in a high setback value.


Table 4-1. The pasting properties t in CK bran flours.
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Table 4-2. The pasting properties t in Zn bran flours.
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Effects of Bran Addition on the Zn Content of Flour

The Zn content of flour with different addition levels and particle sizes of bran are summarized in Table 5. After bran addition, the Zn content of flour increased significantly. The Zn content of bran flour increased significantly (p < 0.05) with the increment in the addition level of coarse, medium, and fine bran. Compared with that of the flour without bran, the Zn concentrations of the flour in the Zn fertilizer groups and control groups had enhanced by 5.6–21.7% and 4.35–33.35%, respectively. Obviously, the addition of bran effectively increased the Zn content of flour, and the Zn content of Zn fertilizer flour was significantly higher than that of CK flour (p < 0.05). In addition, the different grain sizes of bran had no significant effect on the Zn content of flour.


Table 5. The zinc content of the bran flour.
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Effect of Bran Addition on Steamed Bread Quality
 
Effects of Bran Addition on the Zn Content of Steamed Bread

The effects of bran addition on the Zn content of steamed bread are shown in Table 6. The trend of Zn content in steamed bread was consistent with that of flour after bran addition. Specifically, both improved significantly with the increase in the addition level of bran (p < 0.05). When the amount of bran exceeded 10%, the change in the Zn content of steamed bread in the Zn fertilizer group was no longer obvious. The Zn content of the steamed bread without bran increased by 73% relative to that of the control group. At the 5% bran addition level, the Zn content of the steamed bread in the Zn fertilizer group increased by 55% and that of the control group increased by 29% on average. At the 20% bran addition level, the average Zn content of steamed bread had improved by almost 106% and that of the CK group increased by 131% on average. Therefore, bran addition had an excellent effect on the Zn content of steamed bread. As the bran retains most of the minerals in grains, it seems to favor the use of integral flour for the manufacture of bread and pasta products.


Table 6. The zinc content of the bran steamed bread.
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Effects of Bran Addition on the Specific Volume of Steamed Bread

As can be seen from Figure 3, the specific volume of the steamed bread in the control group (Figure 3A) and the Zn fertilizer group (Figure 3B) decreased with the increase in bran addition. Meanwhile, with the reduction of bran particle size, the specific volume also decreased. Similar result was reported that steamed breads containing smaller size bran had lower specific volume (31). Small bran particles could inhibit the formation of gluten network structure and reduce the gas fixed in the air chamber, and affect the height and volume of the steamed bread (27). The filling of the three-dimensional space structure of the starch–protein matrix increased density. This effect resulted in a reduction in the volume and specific volume of the steamed bread. This trend confirmed the finding that higher bran addition (>7%) led to decreased expansion of dough during kneading (32). Therefore, the optimal bran addition level was 5%.


[image: Figure 3]
FIGURE 3. Effect of bran addition on the specific volume of steamed bread. (A) control group; (B) Zn fertilizer group.




Effects of Bran Addition on the Texture of Steamed Bread

The textural parameters of steamed bread with different bran additions as obtained through TPA are shown in Table 7-1, 7-2. Compared with those of steamed bread without bran, the hardness, gumminess, and chewiness of steamed bread with bran increased with the increase in bran addition, whereas springiness and cohesiveness declined likely because the steric hindrance of bran caused gluten protein dilution (4). Moreover, brain contained rigid dietary fibers and would thus compete with flour in water absorption. The water absorption of bran fiber and the gelatinization of starch during the steaming process increase the viscosity, which may be related to the gumminess and chewiness. In addition, with the decrement in the particle size of bran, the hardness, gumminess, and chewiness of steamed bread increased significantly, whereas springiness and chewiness decreased significantly (p < 0.05). Hardness is usually closely related to product acceptability (33). For steamed buns, the soft texture is an ideal quality characteristic. There was a study found that smaller bran particle size resulted in significantly lower hardness in flat bread (34). On the contrary, Li et al. (31) indicated that bread made by mixing hard white flour with fine bran has higher hardness than bread prepared with coarse and medium bran, which was similar to the results of our experiment. This probably because of steamed bread with lower specific volume had denser structure and more compact gas cells and thus increased the steamed bun hardness. The best texture of steamed bread was obtained at the bran addition level of 5%. By contrast, when the amount of bran exceeded 10%, the textural parameters showed significant reductions, and the internal structure was destroyed. In general, the steamed wheat bread added with 5% medium bran was selected as the best product. The results of this study showed that the control group and the foliar Zn group had the same trends.


Table 7-1. Texture analysis of CK bran steamed bread.
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Table 7-2. Texture analysis of Zn bran steamed bread.
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Effects of Bran Addition on the Sensory Evaluation of Steamed Bread

The sensory scores of the steamed breads indicated that specific volume, surface color, appearance shape, internal structure, spring, tenacity, and odor were affected by the different addition levels and particle sizes of bran The physicochemical properties of wheat bran are quite different from those of refined flour and lead to inferior product quality (with regard to appearance, flavor, and sensory acceptance) of bran dough-based products (35). The sensory scores of the steamed breads with different bran additions are shown in Table 8-1, 8-2. The addition of bran could affect the fermentation and air-holding capacity of the dough. Thus, the volume and specific volume of steamed bread changed with bran addition. With the addition of fine bran, the taste of steamed bread worsened, and the smell of steamed bread became unpleasant. Moreover, considering the close fusion of the small-grained bran with the flour, the inner structure of the dough became dense and the unfolding of the gluten network structure was hindered. These effects resulted in the formation of excessively small pores or even prevented the formation of pores. With the addition of coarse bran, the surface of the steamed breads became obviously granular and thus caused distinct discomfort during chewing and swallowing. When the added amount of coarse bran exceeded 5%, the steamed bread exhibited a rough texture and loose internal structure. The total scores of the samples indicated that the steamed bread containing medium-sized bran at the 5% addition level had the highest sensory score and resulted in comparable flavor, and texture relative to control. Numerous negative effects of bran addition on dough and product properties have been reported such as: darker color, dough stickiness increase, specific volume reduction, coarser texture and so on (36). The main problem is the consumer's acceptability of Zn-enriched bran steamed bread. On the basis of the sensory scores, flour physicochemical properties, Zn content, and acceptability of the steamed bread samples, the steamed bread with 5% medium bran was identified as the best option under the conditions of this experiment. This result provides scientific knowledge for guiding the production of steamed bread with bran fortified through Zn fertilization.


Table 8-1. The sensory scores of CK bran steamed bread.
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Table 8-2. The sensory scores of Zn bran steamed bread.
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CONCLUSION

As a result of the foliar application of ZnSO4, the Zn content of wheat grains and flour increased by 47.4 and 58.7%, respectively, which met the target levels for Zn biofortification. The addition level and particle size of wheat bran affected the mixing characteristics and pasting properties of flour and thus weakened mixing tolerance. The addition of wheat bran significantly decreased peak viscosity, trough viscosity, final viscosity, and setback value (p < 0.05). However, particle size had no significant effect on pasting properties. The whiteness and L* of the mixed flour gradually decreased with the increment in the particle size and addition amount of bran. The hardness, gumminess, and chewiness of steamed bread showed an upward trend with the increase in bran addition level, whereas springiness and cohesiveness declined. The sensory total scores of steamed bread in the control and Zn fertilizer groups were optimal at the 5% bran addition level. By adding 5% medium bran to wheat flour, the Zn content of the steamed bread in the Zn fertilizer group reached 40.2 mg/kg, whereas that of the steamed bread in the control group was only 25.8 mg/kg. The Zn content of the steamed bran bread was 55.8% higher than that of the control group. This increment indicated that the Zn content of this staple food was enhanced. In conclusion, the results of this study could be useful in the application of wheat bran as an ingredient for enhancing the content Zn of steamed bread. On one hand, we offer a sustainable and low-cost way to provide essential micronutrients (Zn) to people in both developing and developed countries. On the other hand, wheat bran as the main by-product of wheat milling usually has low value but in this way it can be a good source of Zn. The influence of bran on steamed bread structure, nutritional ingredients, and qualities need to be further researched. Meanwhile, further research is needed to minimize the detrimental influence of bran on the quality and sensory acceptance of bran addition products, such as applying physical mode (extrusion, autoclaving and autoclaving) to modify the functional properties of bran and enhance the consumption of bran dough-based products.
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Application of Zinc and Iron-Based Fertilizers Improves the Growth Attributes, Productivity, and Grain Quality of Two Wheat (Triticum aestivum) Cultivars
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Field-based experiments were conducted during wheat cultivation seasons of 2017–2018 and 2018–2019 to minimize the impact of hidden hunger (micronutrient deficiencies) through agronomic biofortification of two wheat cultivars with zinc and iron. Two spring-planted bread wheat cultivars: Zincol-16 (Zn-efficient) and Anaj-17 (Zn-inefficient with high-yield potential) were treated with either zinc (10 kg/ha), iron (12 kg/ha), or their combination to study their effect on some growth attributes (plant height, tillers, and spike length, etc.,), productivity, and quality. No application of zinc and iron or their combinations served as the control. Maximum Zn and Fe contents of grains were improved by sole application of Zn and Fe, respectively. A higher concentration of Ca in grains was observed by the combined application of Zn and Fe. Starch contents were found maximum by sole application of Fe. Sole or combined application of Zn and Fe reduced wet gluten contents. Maximum proteins were recorded in Anaj-17 under control treatments. Zincol-16 produced maximum ionic concentration, starch contents, and wet gluten as compared to Anaj-17. Yield and growth attributes were also significantly (p < 0.05) improved by combined application as compared to the sole application of Zn or Fe. The combined application also produced the highest biological and grain yield with a maximum harvest index. Cultivar Anaj-17 was found more responsive regarding growth and yield attributes comparatively. The findings of the present study showed that the combined application of Zn and Fe produced good quality grains (more Zn, Fe, Ca, starch, and less gluten concentrations) with a maximum productivity of bread wheat cultivars.

Keywords: Anaj-17, biofortification, grain quality, micronutrients, wheat growth, Zincol-16


INTRODUCTION

Globally, the deficiencies of dietary micronutrients are widespread and pose a major health concern for more than 2 billion people (1–3). After the green revolution, scientist's basic concern is to increase productivity rather than the quality of edible crop parts (4). That is the reason, malnutrition is one of the foremost tasks for agricultural scientists (5). Worldwide, zinc (Zn) and iron (Fe) deficiencies are the most widespread micronutrient disorder. Zn deficiency causes gastrointestinal problems (6), altered reproductive biology, impairments of physical growth (7), DNA damage and cancer development (8), diabetes mellitus, hormone imbalance, respiration issues and high blood pressure, and affects multiple aspects of the immune system. Fe deficiency causes anemia and pregnancy issues (9), tiredness and a poor immunity level, reduced work capacity and intellectual performance, less cognitive development, growth, and reproductive performance (10).

Monotonous and excessive use of wheat-based products has rapidly increased malnutrition. Among cereals, wheat is one of the staple crops, which is being consumed as a staple food for 1.2 billion of the world population (11). Globally, wheat was cultivated in the year 2019 about an area of 214.7 million hectares (M ha) and was the second-highest cereal crop with the production of 749 million tons (MT) after maize (12). In Pakistan (2018), wheat was grown on an area of 8.79 M ha with a production of 25.076 MT that was surplus than country demand (13). People in rural regions fulfilled their 70% daily calories through the wheat, and 60% of the population consumed wheat as a basic dietary food (14). The requirement for wheat to feed the escalating world population is expected to increase up to 40% by 2050 to meet food security (15, 16). According to a survey (17), 25–30% of soil is calcareous and Fe deficient. Around the world, it is estimated that about 50% of soils, under wheat cultivation, are Zn deficient (18). Zn and Fe deficiency is more common in Pakistani soil that has high pH, free CaCO3, and HCO3−, which inhibit the accessibility of Fe and Zn to the plants (16, 19).

Micronutrient-deficient soils are increasing due to the frequent growth of higher-yielding crops and intensive use of fertilizer, i.e., nitrogen, potassium, and phosphorus (20). In plants, Zn is a structural constituent/ activator of many enzymes involved in protein synthesis, regulation of auxin synthesis, carbohydrate metabolism, and membrane integrity (21, 22) and plays an important role in chlorophyll formation, pollen development, and fertilization (23), essential for the regulation of the gene expression needed for the tolerance of abiotic stresses in plants. Under acute zinc deficiency, visible symptoms include chlorosis of leaves, stunted growth, small leaves, and spikelet sterility (24, 25). In plants, Fe plays a vital role in chlorophyll synthesis as it is a component of cytochromes and electron transport (26). Its deficiency decreases the activity of various enzymes such as catalase and peroxidase that contain porphyrin as a prosthetic group (27). Fe chlorosis is also induced by HCO−3 that impairs the mechanism of Fe uptake (28). To mitigate the nutrient imbalance, plants use various mechanisms to reduce water loss while maximizing water uptake, including a reduction in the leaf area and osmotic adjustment through the application of liquid seaweed extract, organic compounds, and minerals elements (29–31).

Among various fortification techniques, agronomic biofortification is the most cost-effective, rapid, and sustainable strategy to improve the contents of micronutrients in wheat grains to alleviate the widespread Zn and Fe deficiencies in humans (32). Zinc sulfate (ZnSO4) and iron sulfate (FeSO4) are the most widely applied inorganic fertilizers as sources of Zn and Fe, respectively, due to their high solubility and low cost (33, 34). There is convincing proof about Zn and Fe fertilizer's effectiveness in improving their wheat grain concentrations and economic yield in Zn- and Fe-deficient regions (5, 35). The application of ZnSO4 and FeSO4 is reported as efficient in enhancing the quality of wheat grains (1, 34, 36). Several studies have demonstrated that soil supplementation of micronutrients showed good behavior in increasing their contents in wheat grain (5, 37–39). Exogenous applications of Zn and Fe may be useful to improve the quality of wheat grain with high production. After considering the above notation, a field-based trial was performed to reduce the impact of hidden hunger by assessing the following objective: (i) to compare the yield and physiological response of Zincol-16 (Zn-efficient) and Anaj-17 (Zn inefficient and high yielding) under soil-applied Zn and Fe, (ii) to explore the influence of sole and/or combined application of Zn and Fe on grain quality and yield attributes of wheat cultivars.



MATERIALS AND METHODS


Experimental Field Location and Soil Specification

A 2-year field trial was conducted at Farm Area of Wheat Research Institute (WRI), Faisalabad-Pakistan with longitudes of 73°74 East and latitude of 30°31.5 North with an elevation of 184 m (604 ft.) above the sea level. Faisalabad falls under a semiarid climatic zone due to high evapotranspiration with a mean annual rainfall of about 200 mm. Soil samples from different sites of the study area at 0-cm to 30-cm depth were collected after primary land preparation and prior to conducting the experiment. Estefan et al. (40) protocols were followed for analysis of soil physicochemical properties as presented in Table 1. Air-dry soil of 50 g was taken in a 100-ml glass beaker, and 50 ml of deionized water was added and shacked well for mixing. The suspension was allowed to stand for 30 min, and the working sample was prepared. The weather data, including maximum temperature, minimum temperature, average temperature, relative humidity, and rainfall, are presented in Figure 1.


Table 1. Physical and chemical analysis of soil of the field trial site.

[image: Table 1]
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FIGURE 1. Weather data of the experimental station during 2017–2018 and 2018–2019 growing seasons.




Experimental Design and Treatments

Randomized complete block design with factorial (two cultivars and four treatments) arrangement was selected with three replications per treatment. The net plot was 5 × 2.25 m with a row spacing of 22.5 cm. Each experimental unit consists of 10 rows that were 5-m long. Zinc sulfate (ZnSO4) and iron sulfate (FeSO4) were used as the sources of zinc and iron, respectively. The given below treatment plan was applied to study the above-discussed objectives;

• Control (no soil application of zinc or iron).

• Sole application of zinc at 10 kg ha−1.

• Sole application of iron at 12 kg ha−1.

• Combined application of zinc and iron at 10 and 12 kg ha−1, respectively.

All the treatments were applied before sowing the crop. Zinc sulfate and iron sulfate were manually spread in the experimental field with recommended fertilizer doses.



Cultivars Used

Two major spring-planted wheat cultivars (Zincol-16 and Anaj-17) were used for the study. Cultivar Zincol-16 is claimed as zinc efficient with low-yield potential, while Anaj-17 is considered zinc inefficient with high-yield potential. Seeds of both cultivars were collected from the gene bank of WRI. The cultivars are being widely grown in wheat-cultivated areas of this region of the world. A recommended seed rate of each cultivar at 100 kg ha−1 was used.



Crop Cultivation and Management Practices

After harvesting the previous crop of rice from the field, a deep plow was used to break the hardpan, and stubbles were incorporated into the soil. Before sowing of seeds, seedbed was prepared by using a cultivator two times with the same number of plankings. Seeds of respective cultivars were sown in a well-prepared fine seedbed with the help of a Norwegian planter. Moreover, K, N, and P fertilization were applied at rates of 60 kg ha−1, 114 kg ha−1, and 120 kg ha−1, respectively. Urea (46% N), diammonium phosphate (18% N and 46% P2O5), and murate of potash (60% K2O) fertilizers were used as a source of primary nutrients. At the time of sowing, a complete dose of K and P with 1/3 of N was used as a basal dose. Remaining N was supplied with first and second irrigation with an equal split. Four-time irrigation was applied throughout the season of the wheat crop. Necessary plant protection measures were adopted to keep crops free of pests, weeds, insects, and diseases. All other agronomic practices were kept uniform throughout the course of experimentation. The crop was harvested manually after 160 days of sowing, left in the field for sun drying for a week. After sun-dried, spikes were threshed manually.



Measurement of Quality Parameters

Mineral ions—Zn, Fe, Cu, Mg, and Ca—accumulation was determined in the grains of wheat cultivars (Zincol-16 and Anaj-17) that were collected from each experimental unit during both growing seasons. After threshing the spikes, the grain samples were carefully washed three times with deionized water with each 30 s and were dried at 65°C in an electric oven, typically ranging from ambient to 300°C. Mineral contents, such as Ca, Mg, Cu, Zn, and Fe, in the grains were recorded according to the wet digestion method described by Rashid (41). Atomic absorption spectrum (Skemadzu 7,000) was used to analyze the mineral contents. Starch contents in the wheat grains were determined by following the protocol developed by Edwards (42). Amylose and amylopectin contents were measured through a fraction of 100 mg from each sample. Bradford technique (43) was used to determine the total soluble protein. To extract protein, 0.1 g of grain was grounded using a cooled phosphate buffer (pH 7.8) placed in an ice bath. The homogenate was centrifuged at 15,000 rpm for 5 min at 4°C. The supernatant was used for protein determination.



Measurement of Growth and Yield Parameters

At harvesting, the number of tillers (m−2) was counted. Plant height and spike length were measured accurately with the help of a meter rod. The number of spikelets per spike and the grain number per spike were calculated manually than averaged. At the fully mature stage, an area of 1 m2 was harvested for the measurement of biological yield. Grain yield was measured by obtaining grains from each experimental unit after threshing. Additionally, 1,000-grain weight was recorded by using weight balance. Harvest index was also calculated with the following formula: grain yield/biological yield × 100.



Statistical Analysis

Recorded data were analyzed and evaluated statistically using a statistical package (Statistix 8.1). Comparison among treatments was made by a two-way ANOVA technique at a CI of 95%. Various letters (a, b, c, etc.) were used to portray the significant difference among treatments via LSD as a post-hoc test. Microsoft Excel was used for calculation and graphical presentation. Mendeley Desktop (1.19.1) was used for citation and bibliography. Pearson correlation was drawn among different response variables.




RESULTS


Ions Concentrations

There were significant differences (p ≤ 0.05) in Zn and Fe accumulation in grains of cultivars and soil-applied treatments (Figure 2). The interactive effect of fertilizers and cultivars showed no significant difference for the planting season of 2017 and 2018. The sole application of Zn produced maximum Zn contents in the grains while minimum in control for both cultivars (Figure 2A). Cultivar Zincol-16 was found more efficient in Zn accumulation as compared to Anaj-17 (Figure 2) during both experimental years. Fe accumulation was significantly (p ≤ 0.05) improved by soil-applied treatments. Maximum improvement was recorded by sole application of Fe, while minimum in control (Figure 2B). Zincol-16 accumulated higher content of Fe in grains as compared to Anaj-17 during both experimental years. Based on the findings of the study, significant (p ≤ 0.05) improvement was recorded regarding the concentrations of Mg, Ca, and Cu in the grains of wheat cultivars by the soil-applied treatments (Figure 3). All the treatments enhanced the concentration of Mg in grains as compared to control (Figure 3A). Combined application produced the highest concentration of Ca in grains, which were statistically at par with sole Zn application while minimum in control (Figure 3B). Zincol-16 accumulated higher concentrations of Mg and Ca in their grains as compared to the Anaj-17 cultivar during the first and second years of experimentation. All the soil-applied treatments significantly (p ≤ 0.05) increased Cu concentration in the wheat grains as compared to control (Figure 3C). Sole application of Zn produced maximum Cu contents in grains, which were statistically at par with a combined application, and sole application of Fe during 2017–2018.


[image: Figure 2]
FIGURE 2. Impact of soil-applied Zn and Fe on Zn (A), and Fe (B) contents in grains of wheat cultivars grown during 2017–2018 and 2018–2019 growing seasons. Means sharing the same letter did not differ significantly at p > 0.05. Error bars depict the standard error of means.
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FIGURE 3. Impact of soil-applied Zn and Fe on Mg (A), Ca (B), and Cu (C) contents in grains of wheat cultivars grown during 2017–2018 and 2018–2019 growing seasons. Means sharing the same letter did not differ significantly at p >0.05. Error bars depict the standard error of means.




Starch, Wet Gluten, and Protein Contents

There were significant differences (p ≤ 0.05) in starch, wet gluten, and proteins concentration among the soil-applied treatments and between the wheat cultivars in the first as well as the second year of experimentation, while their interactive effect was found nonsignificant. Cultivar Anaj-17 synthesized more protein contents under control treatment (Figure 4A). Combined application produced the lowest protein contents in the Zincol-16 cultivar. Overall, Anaj-17 performed better regarding protein contents in grains as compared to Zincol-16 in both years of study. Maximum gluten contents were recorded in control, while minimum by combined application of Zn and Fe, which were statistically at par with a sole application of either Zn or Fe (Figure 4B). Cultivar Zincol-16 synthesized more gluten contents comparatively than Anaj-16 during 2017 and 2018. Sole application of Fe produced maximum starch concentration in grains while minimum in control. Maximum starch concentration was recorded in Zincol-16, while Anaj-17 accumulated low-starch concentration in their grains. The combined application of Zn and Fe produced more starch contents than the sole application of Zn, while less than the sole application of Fe during both experimental years (Figure 4C).


[image: Figure 4]
FIGURE 4. Impact of soil-applied Zn and Fe on grain protein (A), grain gluten (B), and grain starch (C) of wheat cultivars grown during 2017-2018 and 2018-2019 growing seasons. Means sharing the same letter did not differ significantly at p > 0.05. Error bars depict the standard error of means.




Growth and Yield Parameters

Soil-applied Zn and Fe significantly (p ≤ 0.05) improved the growth and yield parameters of both wheat cultivars in both seasons of wheat cultivation. The combined application of Zn and Fe at 10 and 12 kg ha−1 produced a maximum number of tillers (m−2) (Table 2), while the minimum was found in the control treatment. Sole application of Zn and Fe produced 365 and 361 numbers of tillers, respectively, which were statistically at par with each other in the first year of study. Anaj-17 produced a greater number of tillers as compared to Zincol-16 in both years of experimentation. A similar trend was also found in the plant height of both cultivars in response to soil-applied treatments (Table 2). Spike length was increased significantly (p ≤ 0.05) by the soil-applied treatments, and significant variation was also found within the cultivars (Table 2). Combined application produced the highest number of spikelets per spike, grains per spike, and 1,000-grain weight (Table 3) as compared to sole application of either Zn or Fe, while minimum mean values were found in control throughout the course of theexperimentation.


Table 2. Impact of soil-applied zinc (ZnSO4) at 10 kg ha−1 and iron (FeSO4) at 12 kg ha−1 on a number of tillers, plant height, and spike length of wheat varieties cultivated during 2017-2018 and 2018-2019 growing seasons (n = 3).
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Table 3. Impact of soil-applied zinc (ZnSO4) at 10 kg ha−1 and iron (FeSO4) at 12 kg ha−1 on number of spikelets per spike, number of grains per spike, and 1,000-grain weight of wheat varieties cultivated during 2017–2018 and 2018–2019 growing seasons (n = 3).
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Cultivar Anaj-17 performed better and produced more biological yield, grain yield, and harvest index as compared to Zincol-16, which produced low biological yield, grain yield, and harvest index (Table 4). The combined application of Zn and Fe produced maximum biological yield as compared to other treatments. Sole application of Zn and Fe produced less biomass as compared to combined application, while minimum biomass was produced in control. The highest grain yield was produced by the combined application while the lowest was in control. The sole application of Zn comparatively produced more grain yield than the sole application of Fe. The maximum harvest index was recorded by the combined application while the minimum in control treatment during the first and second years of the experimentation (Table 4).


Table 4. Impact of soil-applied zinc (ZnSO4) at 10 kg ha−1 and iron (FeSO4) at 12 kg ha−1 on biological yield, grain yield, and harvest index of wheat varieties cultivated during 2017–2018 and 2018–2019 growing seasons (n = 3).
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Correlation

Pearson correlation revealed a strong linear relationship among protein and gluten, while the negative correlation with harvest index, grain yield, biological yield, starch, protein, Ca, Mg, Fe, and Zn, while Cu showed a positive correlation with protein and gluten content during the 2017 experimental year. During 2018, biological yield, Cu, grain yield, harvest plus, Fe, Mg, Zn, Ca, and starch showed a linear relationship among them. Similarly, protein and gluten depicted a strong linear relationship among them, while protein and gluten showed a negative correlation with all response variables as shown in Figure 5.


[image: Figure 5]
FIGURE 5. Pearson correlations among different yield attributes and grain quality traits of wheat cultivars grown under soil-applied Zn and Fe.





DISCUSSION

This field study explored the effects of soil-applied zinc sulfate and iron sulfate fertilization on crop yield and grain Zn and Fe contents in wheat cultivars, Zincol-16 (Zn enriched) and Anaj-17 (Zn deficient). Micronutrient-deficient soils are increasing due to the frequent growth of exhaustive crops and intensive use of fertilizer, i.e., nitrogen, potassium, and phosphorus (20). The soils having <0.5 mg kg−1 DTPA extractable Zn are usually considered as potentially Zn deficient and could be responsive to soil Zn fertilization (44). Rengel (45) stated that calcareous soils are Fe deficient, having high pH. Zn and Fe deficiency is more common in Pakistani soil that has high pH, free CaCO3, and HCO−3, which inhibit the accessibility of Fe and Zn to the plants (16, 19). Based on these criteria, current study soils seemed to be potentially Zn and Fe deficient. Therefore, there was an expectation for enhanced ions contents in grain and yield with soil fertilization of zinc sulfate and iron sulfate.

Mineral accumulation in grains is an imperative indicator for evaluating the capacity of plants to take up the beneficial elements that reveal the biofortification potential of plants. Zn accumulation in grains of cultivars by soil applied treatments was significantly improved, and cultivar Zincol-16 was found more efficient in Zn accumulation as compared to Anaj-17 (Figure 2A). Iron (Fe) accumulation also was significantly improved by soil-applied treatments. Maximum improvement was recorded by sole application of Fe at 12 kg ha−1. In the case of cultivars, Zincol-16 accumulated higher content of Fe in grains as compared to Anaj-17 (Figure 2B). Our results were in line with Zou et al. (39); they stated that soil application of Zn increased Zn contents in wheat grains. The present study also was supported by Zulfiqar et al. (1), who reported Fe soil application increased Fe contents in wheat grains. These results were supported by Ramzan et al. (5), who reported Zn and Fe soil application increased Cu, Mg, and Ca contents in wheat grains. Imtiaz et al. (46) stated that Zn foliage applied had an adverse effect on Cu contents in wheat grains.

Zn and Fe contribute to photosynthesis, chlorophyll formation, metabolism of starch formation, and enzyme carbonic anhydrase, accelerating carbohydrate formation. The maximum concentrations of Zn and Fe are necessary to accumulate suitable carbohydrate contents (47, 48). There were significant differences in starch concentration among the soil-applied treatments and between the wheat cultivars. Our outcomes were supported by Kinaci and Kinaci (49), who reported that Zn soil supplementation significantly increased the starch in barley. Mousavi et al. (50) also reported that Zn soil applied markedly enhanced the starch in the potato. Our outcomes were in contrast with Keram et al. (51), who reported that soil-applied Zn significantly increased wet gluten. Protein contents were also significantly reduced by soil-applied treatments. Ramzan et al. (5) noted that soil-applied Zn and Fe significantly decreased the protein content in spring wheat. Mugenzi et al. (52) reported that Fe and Zn application, either sole or combined, showed a nonsignificant effect on protein content.

The combined application significantly produced maximum growth and yield attributes in wheat cultivars. A number of tillers have key importance in achieving the final yield in a wheat crop. The combined application of Zn and Fe at 10 and 12 kg ha−1 produced a maximum number of tillers per unit area. Anajs-17 produced a greater number of tillers as compared to Zincol-16 (Table 2). Our findings are also supported by Jalal et al. (53), who stated that the combined application of Zn and Fe significantly enhanced the number of tillers per unit area. They also reported that a number of productive tillers are very important in determining the yield in cereal crops. Outcomes of the present experimentation are also in line with Boorboori et al. (54), who stated that application of Zn and Fe through soil incorporation has a positive influence on tillers, and more tillers were attained by the soil-applied Zn and Fe. Plant height is one of the main parameters that determine the final yield of a crop. Plant height is a function of the combined effect of both genetic and environmental factors. Significant differences were observed in plant height as a result of combined application of Zn and Fe. Combined application produced the highest plant and spike length (Table 2) in wheat plants. More height of plants might be due to the involvement of Zn and Fe in cell division, cell expansion, activities of meristematic tissues, and photosynthetic activities.

In the current experimentation, the combined application of Zn and Fe is responsible for a maximum number of grains per spike, 1,000-grain weight, and spikelets per spike (Table 3). Zayed et al. (55) reported similar findings that 1,000-kernel weight in rice was significantly enhanced by the mixed application of Zn and Fe as compared to sole application. Bameri et al. (56) concluded from their experimentation that the application of Zn significantly enhanced the grain numbers per spike, productive tillers, 1,000-grain weight, and spike length. Hassan et al. (57) found the positive impact of Zn on the growth parameters of the wheat crop. They stated that the application of Zn improved the Zn dietary standards, more than 1,000-grain weight, the maximum number of grains per spike, as well as spikelets. This, perchance, is because of the fact that Zn is an important element and shows a key role in regulating the auxin concentration throughout the plant body, biosynthesis of indole acetic acid. Zn also controls the physiological and biochemical processes and stimuli for the initiation of primordia regarding reproductive growth. It has a positive influence on the translocation of required metabolites from the source to the sink of plants. In the case of Fe, it is the component of the photosynthetic apparatus as well as its rate and formation of chlorophyll. The application of Fe significantly improved the yield and its contributing factors. It is also reported that enhanced photosynthesis and respiration rates, more crop growth, and improved physiological and biochemical processes were observed by the application of Fe, Zn, and Mn (58). Rehman et al. (31) and Farooq et al. (59) also reported that the application of minerals either alone or in combination with growth promoters improved the growth attributes of crops. Tabaxi et al. (60) stated that the application of various fertilizers or mineral elements improved the agronomic and quality characteristics of crops.

Maximum grain and biological yield, and harvest index were observed by the combined application of Zn and Fe in the current study (Table 4). This improvement in the biological and economical yield is due to the fact that zinc has a catalytic and constructive role in the physiological and biochemical activities and in respiration and photosynthesis processes and thus resulting in higher economical yield. Zain et al. (61) concluded that supplementation of nutrients, particularly microelements, is responsible for improved harvest index, biological and grain yields linked with more tillers, number of grains per spike, and 1,000-grain weight. The application of inorganic fertilizers and mineral elements is considered a helpful practice in maintaining crop productivity with improved soil fertility to achieve maximum plant growth and economical yield under stressful conditions (62, 63). The conversion of nitrates to ammonia is also triggered by the Zn that ultimately improves the economical out of a wheat crop. In the present experimentation, the grain yield was also improved by the application of Fe at 10 kg ha−1 because Fe is useful for translocation of assimilates and photosynthates from the source toward the sink, particularly grains in the case of wheat. Moreover, Fe is also essential for optimum rates of respiration and photosynthesis that results in maximum accumulation of biomass. Harvest index (HI) is a sign regarding the translocation and partitioning of photosynthates and dry matter toward reproductive structure like grains in the case of a wheat crop. The findings of the current experimentation are supported by previous studies that the application of various doses of Zn and Fe significantly improved the harvest index of wheat (53) and maize crops (64).



CONCLUSION

Cultivar Zincol-16 produced maximum ions concentration, starch contents, and wet gluten as compared to Anaj-17. Yield and growth attributes, especially the number of tillers, plant height, number of grains, and 1,000-grain weight, were also significantly improved by the combined application of Zn and Fe as compared to the sole application of Zn or Fe. The combined application of Zn and Fe produced the highest biological and grain yield. Cultivar Anaj-17 was found more responsive regarding growth and yield attributes comparatively. Findings of the present experimentation explored that combined application of Zn and Fe at 10 and 12 kg ha−1, respectively, produced good-quality grains with a maximum productivity of bread wheat cultivars grown under calcareous soil.
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A new variety of zinc biofortified wheat (Zincol-2016) was released in Pakistan in 2016. The primary aim of this study was to examine the effects of consuming Zincol-2016 wheat flour on biochemical and functional markers of zinc status in a population with widespread zinc deficiency. An individually-randomised, double-blind, placebo-controlled cross over design was used. Fifty households were recruited to participate in the study, with each household included at least one woman of reproductive age (16–49 years) who was neither pregnant nor breast feeding or currently taking nutritional supplements. All households were provided with control flour for an initial 2-week baseline period, followed by the intervention period where households were randomly allocated in a 1:1 ratio to receive biofortified flour (group A; n = 25) and control flour (group B; n = 25) for 8-weeks, then switched to the alternate flour for 8-weeks. The trial has been registered with the ISRCTN (https://www.isrctn.com), ID ISRCTN83678069. The primary outcome measure was plasma zinc concentration, and the secondary outcome measures were plasma selenium and copper concentrations, plasma copper:zinc ratio and fatty acid desaturase and elongase activity indices. Nutrient intake was assessed using 24-h dietary recall interviews. Mineral concentrations in plasma were measured using inductively coupled plasma mass spectrometry and free fatty acids and sphingolipids by mass spectrometry. Linear Mixed Model regression and General Linear Model with repeated measures were used to analyse the outcomes. Based on an average flour consumption of 224 g/day, Zincol-2016 flour provided an additional daily zinc intake of between 3.0 and 6.0 mg for white and whole grain flour, respectively. No serious adverse events were reported. This resulted in significant, increase in plasma zinc concentration after 4 weeks [mean difference 41.5 μg/L, 95% CI (6.9–76.1), p = 0.02]. This was not present after 8 weeks (p = 0.6). There were no consistent significant effects of the intervention on fatty acid desaturase and elongase activity indices. Regular consumption of Zincol-2016 flour increased the daily zinc intake of women of reproductive age by 30–60%, however this was not associated with a sustained improvement in indices of zinc status.

Keywords: zinc, biofortified wheat, rural Pakistan, zinc status, micronutrient intake, fatty acid, wheat flour


INTRODUCTION

The Pakistan National Diet and Nutrition surveys have reported widespread micronutrient deficiencies amongst women and children for decades, with those living in rural regions most at risk (1). Although the most recent survey, undertaken in 2018, reported an improvement in zinc status among women of reproductive age (WRA), zinc deficiency still affects 22.1% of WRA, along with vitamin A deficiency (27.3%), iodine deficiency (17.5%) and iron deficiency (18.2%) (2). Current strategies to improve micronutrient status in Pakistan include the National Food Fortification Programme that was launched in 2016, which aims to fortify wheat flour with iron, folic acid, zinc, and vitamin B12, and edible oil/ghee with vitamins A and D. However, the mid-term evaluation of the programme highlighted several challenges to the potential success of the fortification strategy, particularly with respect to the fortification of wheat flour. Key issues include the lack of capacity for effective monitoring and quality control of the fortification process, lack of mandatory legislation for flour fortification and weak consumer demand. In addition, around 20–30% of households (HHs) were found to consume flour milled at the large roller mills which were eligible to participate in the fortification programme, with the majority of HHs consuming flour milled at small local mills, known as “Chakki,” which fall outside of the current fortification programme and would be impossible to monitor due to the large number, many situated in hard-to-reach rural locations. Conversely, the oil and ghee vitamin fortification programme has a greater potential for success and is supported by government legislation and effective enforcement by the Punjab Food Authority in Punjab Province where much of the national oil and ghee is produced (3).

Biofortification of staple crops with key micronutrients is an alternative strategy for reaching some of the more remote areas of the country, where food fortification coverage is not practical (4, 5). This involves the enhancement of the nutrient content of the crop through traditional selective breeding techniques, genetic modification and/or agronomic techniques including the application of micronutrient fertilisers (4, 6). Globally, several biofortified crop varieties have been released, including iron-rich pearl millet in India (7), zinc-rich rice in Bangladesh (8), zinc-rich wheat in India and Pakistan (9), and vitamin A-rich sweet potato and maize in Africa (10).

To evaluate the success of an intervention, it is necessary to have a reliable and specific biomarker or health outcome measure for the target micronutrient(s). For zinc, this is particularly challenging at the individual level due to the lack of sensitivity and specificity of the indices currently used (11, 12). Plasma zinc concentration (PZC) is frequently used to assess zinc status in populations, however its concentration is under tight homeostatic control and at an individual level, the response to small changes in dietary zinc intake, such as those expected from the consumption of biofortified staples, are subtle, particularly when the additional zinc is consumed with food rather than taken as a supplement (13, 14). In addition, interpretation of PZC is complicated by the presence of concurrent infection, fasted or non-fasted state, and time of day (13, 15). Novel biomarkers have been explored, including enzymes involved in essential fatty acid (EFA) metabolism. Zinc acts as a cofactor in fatty acid desaturase and elongase enzymes, and recent studies have suggested that linoleic acid desaturation and elongation pathways may be sensitive to small changes in zinc intake (16–18). However, more studies are needed to explore this as a robust and sensitive functional indicator for zinc status, particularly from studies conducted in free-living, community settings where confounding co-morbidities may be present.

In Pakistan, a new variety of zinc biofortified wheat (Zincol-2016) was released by HarvestPlus in 2016. The BiZiFED programme was launched in 2017, with the overarching aim of exploring the potential for Zincol-2016 to improve dietary zinc intake with scale-up on a national level (19). The foundation phase of this programme included a double-blind, randomised controlled trial (RCT) with cross-over design. The primary aim of this RCT was to measure outcomes of consuming flour made from a zinc biofortified wheat grain variety, Zincol-2016, on dietary zinc intake and biomarkers of zinc status in a low-resource rural community setting in Pakistan. The secondary aim is to evaluate the potential usefulness of proposed novel biomarkers of zinc nutriture (20). In this paper we present the outcome of consuming Zincol-2016 on dietary zinc intake and plasma zinc and mineral concentrations in the study cohort. We also report the effect of the intervention on proposed novel functional zinc indicators, FADS1, FADS2, and ELOVL5, to explore their potential for the evaluation of the future, larger scale biofortification effectiveness trials.



MATERIALS AND METHODS

A double-blind, individually-randomised, placebo-controlled study with cross-over design was undertaken in a rural community in Pakistan between October 2017 and February 2018. The trial was registered with the ISRCTN registry, study ID ISRCTN83678069 and the study protocol has been published (20). Ethical approval was granted by the lead University (reference no. STEMH 697 FR) and the collaborating institution in Pakistan, Khyber Medical University. The study is reported according to CONSORT statement extension to randomised crossover trials (21).

The recruitment and consent process has been described previously (20). In brief, the target community was comprised of ~5,000 HHs, served by a Health Centre located near to the brick kilns close to Peshawar in Khyber Pakhtunkhwa (KP) province. The catchment area for this study was comprised of 10 villages, 5 of which were randomly selected for participation in the study. Ten HHs from each village were randomly selected and visited by the study manager to assess their eligibility and willingness to participate in the trial. The inclusion criteria were that the HH included a woman aged 16–49 years who was neither pregnant nor breastfeeding and not currently consuming nutritional supplements. There were no additional inclusion or exclusion criteria. If the head of the HH declined, another house from the same village was randomly selected and the invitation process repeated until 5 HHs had agreed to participate in each village. The primary outcome measure was PZC, and the target was to recruit 50 HHs, based on 5% significance level (two-sided) and 90% power, to detect an increase of plasma zinc concentration of 3.1 μg/dL with standard deviation (SD) 5.9 μg/dL taken from Hambidge et al. (22), with an attrition rate of 20%.

At the start of the 18-week protocol, HHs were randomised by a team member (MJK) to the intervention or control arm of the study using a block design whereby villages were blocks. One member of the team (MZam) who oversaw the logistics of the flour distribution but was not involved in the data collection or analysis, performed the allocation to the study arms. Flour distribution was undertaken by the store manager and community liaison officer, who also had knowledge of the allocation. The remaining team members and all participants were blinded to the allocation until data collection and preliminary statistical analyses were complete. The study comprised a 2-week baseline period, where all fifty HHs were provided with sufficient flour, milled from a standard wheat grain variety (Galaxy- 2013) to meet the HH needs. This was followed by two 8-week intervention periods, where HHs in the intervention arm (group A) received biofortified flour, milled from a zinc-rich variety of wheat (Zincol-2016) and those in the control arm (group B) continued to receive the standard wheat flour (Period 1). After 8 weeks the two groups crossed over with group A receiving the standard flour, and group B receiving the biofortified flour. A washout period between the two intervention periods was not required because part of the experimental design was to examine the shorter-term biomarker response to changes in dietary zinc intakes and zinc homeostatic mechanisms are known to respond rapidly to changes in dietary intake, so a “carry-over” effect was not expected. The participants were visited by the field team for data and sample collection at five timepoints (TP) during the study; during the baseline period (T1); the mid and endpoint of period 1 (T2 and T3, respectively); the mid and endpoint of period 2 (T4 and T5, respectively).

During the study, HHs were asked not to consume any other flour except that which was provided by the study team. Freshly milled flour was delivered to the HHs every 2 weeks, with sufficient quantity for all HH members based on self-reported HH consumption. Compliance was monitored by a member of the study field who visited each HH every 2 weeks to confirm the quantity of flour remaining. In addition, at the end of each timepoint, participants were asked for the number of occasions (meals) when she did not use the flour provided.


Grain Production and Analysis

The grain used to produce both the standard (control) and biofortified flours (intervention) were grown under carefully controlled conditions at a farm in Punjab province. Two genotypes of grain, a standard variety (Galaxy-2013) and a biofortified variety (Zincol-2016) were sown in November 2016 and harvested in May 2017 by our project partner, Fauji Fertilizer Company Ltd. Zincol-2016 had been selectively bred by HarvestPlus for its zinc accumulation properties as well as its resilience to common pests and pathogens, mainly fungal diseases. To increase the potential for zinc uptake into the grain, which is dependent on soil zinc availability (9), zinc fertiliser (Zn 13% as EDTA Zn) was applied to the soil (1.25 kg/ha) before sowing the crop; and foliage (ZnSO4·H2O 33% Zn, applied at 1 kg/ha of product dissolved in 250 L of water) four times during the booting and heading stage. The Galaxy-2013 wheat was grown under standard conditions without additional zinc. Both varieties of grain were manually harvested, threshed mechanically on site and the grain collected into pre-labelled sacks which were transported by road to the study field site in KP. Each sack of grain was manually cleaned to remove any straw and grit before being sent for milling at a local commercial flour mill. A sample of grain (10 g) from the bottom, middle and top of each sack was collected for analysis of the mineral content. An aliquot of each sample was transported to the UK for mineral analysis at the University of Nottingham (UoN) using methods previously described (9, 23). In brief, whole grain was pre-soaked overnight at room temperature in 70% Trace Analysis Grade (TAG) HNO3 and 2 mL H2O2. Samples were then microwave digested (Multiwave 3000 microwave system, Anton Paar Gmbh, Graz, Austria) and the whole-grain zinc and other mineral concentrations determined by inductively coupled plasma-mass spectrometry (ICP-MS; Thermo Fisher Scientific iCAPQ, Thermo Fisher Scientific, Bremen, Germany).



Participant Characteristics and Haematology

The characteristics of the participants, including indicators of socioeconomic status, HH demographics and anthropometric measures of the participating WRA were collected at baseline. These have been reported previously along with dietary diversity data (24). In addition, blood samples were collected at each T to monitor health status throughout the study. Whole blood (non-fasting) was drawn from the antecubital vein through a butterfly needle into plastic vacutainers (BD Diagnostics, Switzerland). Blood (2 mL) was collected into a tube containing Ethylenediaminetetraacetic acid (EDTA) anticoagulant for red blood cell count (RBC), haematocrit, haemoglobin (Hb), mean corpuscular volume (MCV) and mean corpuscular haemoglobin concentration (MCHC). These were measured on whole blood using an automated haematology analyzer (Sysmex XP-100, 19 Jalan Tukang, Singapore).



Dietary Analysis

Diet was assessed using five 24-h recalls collected during the 18-week protocol, at all five timepoints. A minimum of two 24-h recalls are required to estimate nutrient intakes (25). The intention was to establish the usual nutrient intakes in the community, not to examine the effect of the intervention on diet, thus the mean of the five timepoints were used to evaluate intakes in comparison with the dietary guidelines for Pakistan and also to identify any statistically significant differences in nutrient intakes between the two groups that may be confounding factors in the interpretation of the outcome measures. The dietary recalls were conducted by the study nutritionist (GK) using the multiple pass method and portion sizes were estimated using HH measures. In addition, detailed recipes for composite meals were collected to enable accurate entry of ingredients into the nutrient database (Windiets 2017). The Windiet database was augmented using food composition data from Bangladesh (26), and Pakistan (27) to improve the accuracy of the nutrient composition data for foods grown in the region. In addition, white beans, kidney beans and lentils, which are commonly consumed zinc containing foods in the study location, were purchased from the local market and the zinc content measured by ICP-MS at UoN. These values were added to the Windiet database and used in the dietary analysis. Values for the phytate content of individual food items were input manually from the Indian food composition database (28).



Plasma Mineral and Essential Fatty Acid Analyses

For plasma trace mineral analysis, non-fasting whole blood (5 mL) was collected at all five timepoints into trace-element-free tubes containing EDTA anticoagulant. Blood plasma was separated by centrifugation within 40 min of sample collection and stored at −80°C at Khyber Medical University prior to shipping on dry ice to UoN and Children's Hospital Oakland Research Institute (CHORI). Elemental concentrations of zinc in plasma samples were determined at UoN using inductively coupled plasma–mass spectrometry (ICP-MS; Thermo Fisher Scientific iCAPQ, Thermo Fisher Scientific, Bremen, Germany). Full details of the instrument conditions and quality control have been published previously (24). Essential fatty acid (EFA) concentrations in the plasma were measured at CHORI. An Infinity Quaternary liquid chromatography system in tandem with a 6490 Triple Quadrupole mass spectrometer (Agilent Technologies) was used to simultaneously quantify total plasma 18:2n−6 linoleic acid (LA), 18:3n−6 γ -linolenic acid (GLA), 20:3n−6 dihomo-γ -linolenic acid (DGLA), and 20:4n−6 arachidonic acid (ARA) as previously described (14). The proxy indices of the activity of enzymes involved in EFA metabolismwere determined from the ARA:DGLA (FADS1), GLA:LA (FADS2) and DGLA:LA (ELOVL5) ratios, respectively.



Statistical Analysis

The analyses were done on intention to treat basis, as a complete case analysis. Data were analysed using IBM SPSS Statistics Version 28 (Armonk, NY: IBM Corp). The statisticians were blinded to the intervention assignment until the analysis of the primary outcome was complete.



Primary Outcome Analysis

To test for an intervention effect, unadjusted analysis was performed with a paired samples t-test based on within participant differences for a PZC in two study periods. The normality assumption was checked and according to Kolmogorov-Smirnov and Shapiro-Wilk tests PZC data were normally distributed.

To explore the effect of the intervention on the primary outcome adjusted for baseline and over all timepoints, Linear Mixed Model (LMM) regression was used which provides a general and flexible approach to accommodate both fixed and random effects. The models included the treatment group (Intervention vs. Control), time and the treatment period (sequence) as fixed effects and the participant as a random effect. PZC at baseline was included as a continuous covariate. The model was chosen on the basis of Bayesian information criteria. To undertake the preliminary tests for carryover effect and period effect, required in cross-over trials (29, 30), a sequence parameter and period parameter were added into the model. Analysis for treatment effect at end points, T3 and T5, was complemented with comparisons of within-subject differences at interim collection points, T2 and T4, and across all four timepoints (T2–T5). An interaction term between study period and intervention effect was considered for inclusion in the model but was not found to be statistically significant so was therefore removed from the final model.



Secondary Outcome Analyses

The intervention effect for the secondary outcomes (plasma mineral concentrations of selenium, copper and copper:zinc ratio) was tested using a LMM with the same fixed and random effects as for the primary outcome, adjusted for baseline. General Linear Model (GLM) analyses with repeated measures were used to explore the within participant effects of time on consuming biofortified flour. According to the most recent dietary recommendations for zinc which were published by the European Food Safety Authority (EFSA) (31), based on a diet of >1,200 mg phytate per day, the Reference Nutrient Intakes (RNI) for WRA is 12.7 mg zinc per day. The Pakistan Dietary Guideline for Better Nutrition (32) set the recommended daily allowances for WRA at 20 mg zinc per day. Therefore, one-sample t-tests were utilised to compare the participants' dietary intake of zinc against the reference standards for both the EFSA and Pakistan Dietary Guideline for Better Nutrition. Overall mean nutrient intake between the two study groups were compared using an independent sample t-test.

Finally, to explore the linear association between PZC and FADS1 at T3 and T5, Pearson's product moment correlation analyses were adopted.




RESULTS

One hundred and fifty households were assessed for eligibility. Fifty households were recruited to participate in the study which began in October 2017 and ended in February 2018. Baseline participant characteristics have been reported elsewhere (24). Five participants withdrew from the study. The reasons for attrition were: unwillingness to provide a blood sample (n = 2), migration out of the area (n = 1), and severe illness (n = 2). The CONSORT flow diagram is provided in Figure 1. Some blood samples were lost to individual outcome measure analyses due to non-viability of the sample for various reasons including haemolysis or low sample volume. The number of samples analysed for each outcome are provided in Figure 1. The HH adherence to the protocol was good overall. There were no occasions reported during T1 or T3 where study flour was not used for every meal. At T2, one HH reported use of non-study flour for three meals and one HH for 2 meals. At T4, HHs reported using non-study flour for two (1 HH) or three meals (3 HHs), and at T5, there were reports of the use of non-study flour for two (2 HHs) or three (1 HH) meals. In this timepoint, one HH reported not using the study flour for 30 meals (10 days). Incidences of non-compliance were distributed between both study groups, with one from each group at T2, two from each group at T4 and three from group A and two from group B at T5. The HH with the long period of non-compliance was in the control period when this occurred. The HHs reporting non-compliance were different at each of the timepoints.
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FIGURE 1. CONSORT flow diagram.



Diet Analysis

The average macronutrient and zinc intakes for Groups A and B are presented in Table 1. The zinc intakes are based on the database analyses, which do not take into consideration the additional zinc intake from the biofortified flour. There were no significant differences in the overall mean (T1–T5) nutrient intakes between the two groups. No participants reported supplement use during the RCT.


Table 1. Daily dietary nutrient and phytate intake during the randomised controlled trial.

[image: Table 1]

Average nutrient intakes for all participants (Groups A and B combined) were compared with dietary recommendations (Table 2). The mean ± SD daily energy intake was 2,074 ± 483 kcal which is commensurate with recommended intakes women with low to moderate activity levels of 1,816–2,234 kcal according to the Pakistan dietary guidelines (32).


Table 2. Nutrient intakes for all participants compared with daily dietary recommendations.
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The overall mean ± SD dietary intake of zinc was 10.1 ± 3.0 mg per day, and phytate intake averaged 1,476 ± 487 mg per day, giving a mean phytate to zinc molar ratio of 14.9. One sample t-tests showed that dietary zinc intake was significantly lower than the EFSA recommendations of 12.7 mg/d (p < 0.001) and Pakistan Dietary Guideline for Better Nutrition value of 20 mg/d (p < 0.001). Based on the mean values for all timepoints completed, only 18% of the participants (9 of the 50) met the ESFA recommended intake, and none met the Pakistan guidelines for either zinc (or iron). For participants in this study, bread contributed almost 40% to the daily energy intake.



Grain Analysis

A total of 203 samples of Galaxy and 172 samples of Zincol-2016 grain were analysed for zinc content. Exploratory statistical analysis of the data revealed that for each wheat variety, a number of outliers were identified which we suspect were due to mislabeling of some of the sample bags during the aliquoting stage for transport to the UoN (UK). Outliers were therefore removed from the analysis if the zinc content was >1.5 × the interquartile range for the group. Based on this, 32 samples of Galaxy and 33 samples of Zincol-2016 were removed from the final data analysis, reported in Table 3.


Table 3. Zinc content of control (Galaxy) and biofortified (Zincol-2016) wheat grain.
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Estimation of the Daily Zinc Intake From Whole Wheat Flour

The average bread consumption of the women participating in this trial was 324 g per day, taken from the 24-h recalls. Using a local recipe, naan bread contains 69 g of dry wheat flour per 100 g fresh-weight bread, giving an estimated average wheat flour consumption per day of 224 g. Thus, if whole grain Zincol-2016 is consumed, then the daily intake of zinc from flour is 224 ×0.0493 = 11.0 mg. If whole grain Galaxy is consumed, then the daily intake of zinc from flour is 224 ×0.0222 = 5.0 mg (rounded to 1 decimal place). On the basis of consuming whole grain flour, the additional dietary zinc provided by Zincol-2016 is 6.0 mg per day (rounded to 1 decimal place).

The zinc content of the flour used for baking depends on the amount of bran retained in the flour during the milling process, and the treatment of the flour at the HH level. For this study, the flour was provided “whole” without the bran removed. However, at the HH level, it is common practise for the women to sieve the flour to remove some, or all, of the bran depending on the coarseness of the sieve used and the desired outcome. For example, a fine sieve may be used to produce the whitest flour when baking Paratha, but a coarse sieve used for flour used in the baking of naan or roti. Since the zinc concentration of the bran is typically 3 times greater than that of the white flour (23) and the bran constitutes approximately 25% of the grain weight, removing the bran will reduce the overall zinc content of the flour by ~50%. Therefore, with all the bran removed, the contribution to daily zinc intake from white flour is estimated to be 5.5 mg for Zincol-2016 and 2.5 mg for Galaxy, a difference of 3.0 mg per day. The increase in daily zinc intake from consuming 224 g biofortified flour per day is estimated to be within the range 3.0 to 6.0 mg per day depending on the bran content of the flour.



Plasma Mineral Analysis

Mean plasma zinc, copper, and selenium concentrations measured at each of the 5 timepoints are presented in Table 4.


Table 4. Plasma Zinc, selenium, and copper concentrations (μg/L) and copper:zinc ratio for groups A and B at each timepoint.
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Primary Outcome Measure PZC

Testing differences within participants at T3 and T5 for treatment effect with a paired t-test revealed that there was no evidence for a treatment effect [t = 0.77 (42 df) and p = 0.45]. When the analysis at mid points of period 1 and period 2 (T2 and T4) were performed, evidence of a treatment effect with statistically significant within-subject differences in PZC were demonstrated [t = 2.42 (40 df), p = 0.02]. The mean difference between the intervention and control at mid points T2 and T4 was 41.5 μg/L (SD = 109.7) and mean differences between T2 and T4 in Group A and B were 15.5 μg/L (SD = 118.1) and −66.2 μg/L (SD = 97.4), respectively (Figure 2).
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FIGURE 2. (A) Plasma zinc concentration measured in Group A at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. *Estimated marginal mean is significantly lower than at all other timepoints, p < 0.01. (B) Plasma zinc concentration measured in Group B at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. *Estimated marginal mean is significantly lower than at all other timepoints, p < 0.01.


From the LMM adjusted for PZC at baseline, the paired differences between the cross over intervention and control groups for the primary end points T3 and T5 are presented in Table 5.


Table 5. Primary end point (T3 and T5) analysis of differences between intervention and control groups.
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The observed p-value at the sequence parameter in the LMM (p = 0.46) indicates that the carry-over treatment effect is statistically insignificant, in agreement with the study assumption that the washout period is not required between the two periods.

To explore the trend of PZC over all four timepoints (T2–T5) (period effect), time was included in the LMM. There was a statistically significant difference in PZC between the four timepoints. Compared to T5, the PZC was greater at T2, T3, and T4, with mean increases of 53.8 μg/L (95% CI 17.6, 90.1 μg/L, p = 0.004), 88.2 μg/L (95% CI 52.0,124.5 μg/L, p < 0.001) and 73.6 μg/L (95% CI 37.0, 110.1 μg/L, p < 0.001), respectively.



Secondary Outcome Measures

The results of the LMM for plasma mineral outcomes are presented in Table 5.

Selenium – The treatment effect was not statistically significant. GLM with repeated measures indicated that in group A the plasma selenium concentration was significantly lower at T5 compared with T3 (p < 0.01). There were no differences between T2 and T4. A similar pattern was seen within group B, with Se at T5 being significantly lower than T3 (p < 0.01), but no significant differences between T2 and T4 (Figure 3).
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FIGURE 3. (A) Plasma selenium concentration measured in Group A at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. (B) Plasma selenium concentration measured in Group B at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error.


Copper – The treatment effect was not statistically significant. GLM with repeated measures indicated that in group A plasma copper concentration was significantly higher at T3 vs. T5. Within group B, plasma copper concentration was significantly greater in T3 vs. T5 and T4 vs. T2 (Figure 4).
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FIGURE 4. (A) Plasma copper concentration measured in Group A at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. (B) Plasma copper concentration measured in Group B at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error.


Copper:zinc ratio – The treatment effect was not statistically significant. GLM with Repeated measures indicated that there were no significant differences between timepoints in either group A or B (Figure 5).
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FIGURE 5. (A) Plasma copper:zinc ratio measured in Group A at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. (B) Plasma copper:zinc ratio measured in Group B at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error.




Essential Fatty Acid Analysis

Mean plasma GLA, LA, ARA, and DGLA concentrations for groups A and B are presented in Table 6. FADS1 and FADS2 activity indices were determined from the ARA:DGLA and GLA:LA ratios, respectively, and ELOVL5 activity index from the DGLA:LA ratio as previously described (14).


Table 6. Plasma essential fatty acid concentrations at all timepoints¶.
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FADS1: GLM with Repeated measures indicated that in group A there were no significant differences between timepoints T3 and T5, or T2 and T4. In Group B there was an increase in FADS1 activity index during the intervention period (between T 3 and 5) that came close to significance, p = 0.059, however this followed a marked dip in FADS1 activity at T3 (Figure 6). There were no significant differences in group B between T2 and T4. Pearson's correlation analyses showed that there were no significant linear associations between PZC and FADS1 at T3 (r = 0.04, p = 0.82) and T5 (r = 0.02, p = 0.91).
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FIGURE 6. (A) Fatty acid desaturase 1 activity measured in Group A at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. (B) Fatty acid desaturase 1 activity measured in Group B at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error.


FADS2, GLA:LA ratio: GLM with Repeated measures indicated that there were no significant differences between timepoints in group A. In group B, FADS2 activity was significantly lower at T5 compared with T3 (p < 0.001) (Figure 7).
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FIGURE 7. (A) Fatty acid desaturase 2 activity measured in Group A at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. (B) Fatty acid desaturase 2 and elongase-5 activity measured in Group B at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error.


ELOVL5, DGLA:LA ratio. GLM with repeated measures indicated no between timepoints in group A. In group B, ELOVL5 activity was significantly lower at T5 compared with T3 (p < 0.002) and higher in T4 compared with T2 (p = 0.012) (Figure 8).
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FIGURE 8. (A) Elongase-5 activity measured in Group A at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error. (B) Elongase-5 activity measured in Group B at baseline (T1), week 4 of period 1 (T2), week 8 of period 1 (T3), week 4 of period 2 (T4) and week 8 of period 2 (T5). Bars indicate estimated marginal means with standard error.




Routine Haematology and Adverse Effects

No adverse physical adverse effects attributable to the consumption of either the control or intervention flours were reported during the study. Routine haematological indices are summarised in the Supplementary Table 1 and fell within normal ranges at all timepoints. Following the observation that plasma zinc, selenium and copper concentrations all fell significantly at T5, further investigations into the haematological measures were made, specifically between T4 and T5. GLM repeated measures revealed a significant fall in Hc from T4 to T5 in both groups (group A, p = 0.048; group B, p = 0.003). This was accompanied by a fall in Hb, but only statistically significant in group B (group A, p = 0.085; group B, p = 0.027). There were no significant changes in MCV, or MCHC. There was a significant fall in RBC in both groups from T4 to T3 (group A, p = 0.042; group B, p = 0.03).





DISCUSSION

Biofortification of a staple food is potentially a low-cost, sustainable mechanism of increasing the zinc intake of a population, and for Pakistan, wheat has been selected as the target staple as wheat flour is used for bread that is consumed with every meal. Zincol-2016 wheat was grown specifically for this study under optimal conditions of zinc fertiliser application and was able to achieve a mean zinc concentration of 49.3 mg/kg. The study showed that replacement of non-biofortified flour with flour milled from Zincol-2016 has the potential to increase dietary zinc intake by 6.0 mg per day, based on the quantities of flour typically consumed by the study participants, depending on the proportion of the bran removed prior to consumption. This is a marked increase in daily zinc intake, against a mean daily intake of 10 mg per day in the study participants (Table 1). This compares favourably with a study of agronomically biofortified wheat conducted in India, where addition of zinc rich fertiliser to the foliage resulted in a grain zinc concentration of 30 mg/kg, which translated into an increase of 3 mg per day in the diet of WRA (33). The authors stated that grains should contain between 40 and 60 mg Zn/kg in order to meet the RNI of 15 mg/d. The Zincol-2016 grain zinc content produced in the present study fell within this range, although there was some variability with zinc content ranging from 27.3 to 61.3 mg/kg. It is common practise with HHs in this community to sieve flour prior to use, depending on the type of bread that it is being used for. For Paratha, an oily bread eaten for breakfast, white flour is preferred, whereas for Naan and Roti, a mixed flour is often used. The fractional zinc absorption (FZA) from food depends on the bioavailability which is largely determined by the phytate content of the diet (34). The phytate content of the Zincol-2016 flour is comparable to that of standard varieties (MR Broadley, unpublished data) thus the total amount absorbed from Zincol-2016 is likely to be greater than that of standard varieties due to the higher total zinc content. Further studies on zinc bioavailability from foods made from Zincol-2016 flour are needed to confirm this. In terms of generalizability, the increase in dietary zinc intake calculated from the grain zinc content is presented as a range, depending on the bran content of the flour consumed. Flour consumption for the WRA was estimated from local bread recipes and the amount of bread consumed per day recorded in the 24-h dietary recalls. The mean grain consumption arrived at from this method, 224 g/d, is lower than the estimated national per capita mean grain consumption of 124 kg per year (340 g/d), thus the potential contribution of zinc biofortified grain to the daily zinc intake of the general population of Pakistan could be higher than our estimates for WRA.

To inform the scale of the release of biofortified varieties on a national level, it is important to be able to demonstrate the effect on key indicators of nutritional status and health outcomes. To that end, we examined outcomes arising from consuming biofortified flour for 8 weeks compared with a standard variety in a double-blind cross over RCT. Within group comparisons revealed that there was a significant increase in PZC at the midpoint of the intervention period (4 week) compared with the midpoint of the control (Figure 2). However, the difference was not present at the end of the intervention period. A similar finding was reported by Aaron et al. who conducted a study to investigate the impact of consuming of fortified wheat bread on PZC in healthy Senegalese men (35). The RCT had 4 treatment arms: a moderate and a high zinc fortification arms, in which participants were provided with fortified bread containing 7.5 mg zinc or 15 mg zinc, respectively, for 4 weeks which were compared with a control arm (bread without added zinc) and a liquid zinc supplement (15 mg zinc). Fasting blood samples taken at the mid and endpoint of the intervention, and the authors reported that across all timepoints the zinc supplemented group was the only group where PZC increased from baseline. In addition, a RCT of zinc biofortified wheat in India where WRA consumed zinc biofortified flour 6 months also failed to demonstrate an increase in PZC compared to the control, despite a significant improvement in self-reported morbidity (33). Zinc present in blood plasma exchanges rapidly with the liver and other tissues where zinc is required for various functions including metabolism, immune response and protein synthesis (36). In chronic zinc deficiency, it is plausible that following a modest increase in dietary zinc, the additional absorbed zinc is rapidly distributed to restore metabolic functions while PZC remains low, at least until deficiency is more fully resolved. Pinna et al. explored the response of PZC and the exchangeable zinc pool (EZP) of which plasma zinc is a component, to dietary zinc depletion and repletion (37). Participants were provided with a diet containing 13.7 mg zinc per day during the 5-week baseline and repletion phases. Following the baseline period, a moderately deficient diet containing 4.6 mg per day was provided for a 10-week depletion period. The findings indicated that neither PZC nor the size of the EZP responded to this modest (9.1 mg/d) reduction or increase in dietary zinc intake over this time period. Further studies of the longer-term effect of modest increases in dietary zinc intake on PZC following chronic deficiency are needed to explore the homeostatic response and changes in the size of the EZP.

In both groups, a significant decrease in PZC was observed in both groups at T5 (Figure 2). This decrease was also observed in the other minerals measured (Table 4; Figures 3–5), suggesting either a haemodilution effect or a systematic analytical error. Sample batches were randomised for timepoint, therefore a systematic analytical error at T5 is unlikely. In addition, the EFA concentrations also follow a similar trend (Table 5), with the lowest values at T5 in both groups. For EFA analysis, sample batches were also randomised for timepoint, and samples were analysed in duplicate and the duplicates were randomised. Further investigation of haematological indices haematocrit (Hc) and haemoglobin concentration, indices of hydration status, also revealed a significant fall in Hc, Hb concentration and RBC between T4 and T5, all of which are consistent with haemodilution. The study took place from October to February 2019 with January and February being the coolest month of the year in Northern Pakistan. Data for T4 and T5 were collected in mid-January and mid-February, respectively, meaning that an impact of a difference in ambient temperature between these 2 timepoints on hydration status is unlikely. There is no evidence from the 24 h recalls for an increase in fluid intake across the 5 Ts. The reason for this fall in blood parameters at T5 therefore remains unclear. Plasma Cu:Zn ratios have also been suggested as an indicator of zinc status (38, 39), with an optimal Cu:Zn ratio of 0.7–1.00 and ratios above 1.5 reflecting an inflammatory response or a decreased Zn status (40). The mean Cu:Zn ratios for the study participants were above or close to 1.5 at all Ts in both groups, and commensurate decreased zinc status as suggested by the low dietary zinc intakes, and low plasma zinc concentrations.

The proxy indices for FADS1, FADS2, and ELOVL5 activities were estimated from the ratio of product to precursor in the pathway involving desaturation and elongation of linoleic acid (18:2 n-6) to form arachidonic acid (20:4 n-6) (14). Massih et al. examined the effect of zinc supplementation (25 mg per day for 13 days) with and without food on FADS1, FADS2, and ELOVL5 activity indices in adult men (14). After adjusting for baseline, they reported a significantly higher FADS1 activity index in participants consuming zinc with a meal, than in those consuming zinc without food. They did not report any significant difference in FADS2 activity index between the two groups and suggested that FADS2 may be less sensitive to changes in zinc nutriture than FADS1. The ELOVL5 activity index tended to increase when zinc was consumed without a meal, but did not reach significance. Data from the present study suggest a rise in FADS1 activity with increased zinc intake, however it failed to reach statistical significance (Figure 6). Some significant changes in FADS2 and ELOVL5 activity were observed in group B only but were inconsistent across the study periods (Figures 7, 8) In a study of healthy human volunteers, the LA:DGLA ratio was reported to be significantly higher in participants with relative low dietary intakes when compared with those with higher dietary zinc intakes (41). Similarly, an in vivo study using a chicken model (Gallus Gallus) reported that the LA:DGLA ratio measured in erythrocytes was higher in chickens fed a low zinc diet, compared to those consuming a zinc biofortified diet (42). This suggests a decrease in the activity of either FADS2 or ELOVL5 or both enzymes when dietary zinc is low. This would be consistent with an increase in FADS2 and/or EVOL5 when zinc biofortified flour was consumed in the present study, which was seen in group B at the mid- point of the biofortified flour period (T4) compared with the midpoint of the control flour period (T2), however the reverse was seen at the end of the biofortified period (T5), compared with the end of the control flour period (T3). The blood samples taken for all biochemical analyses were non-fasting, in contrast to previous studies that have reported a relationship between fatty acid metabolism and zinc nutriture from samples taken during the fasted state (14, 17). Perturbations in lipid profiles in response to a recent meal may be masking any subtle changes in EFA ratios due to FADS or ELOVL5 activity in the present study.

A strength of the study is that, to our knowledge, this is the first study that explores the efficacy of a zinc biofortified strain of wheat, Zincol-2016, to improve zinc intake and status in Pakistan. It also provides valuable data on the proposed novel indicators of zinc status, FADS1, FADS2, and ELOVL5, following modest increases in dietary zinc intake in a low resource community setting. The study was double-blind and the cross over design enabled repeated measures analysis under both the intervention and control arms of the study in all participants which enhanced the statistical power in comparison to a two-arm study without cross over as each subject acted as her own control. This provided mitigation to some extent of the limitation of a small sample size, as demonstrated by the power calculation. Another limitation was the relatively short duration of the intervention (8 weeks). In addition, we had intended to measure inflammatory markers of zinc status (CRP and AGP) so that PZC adjustments for the presence of infection could be undertaken, however this was not possible for technical reasons. Ideally, blood samples should be collected in the fasted state to improve consistency and reproducibility of blood biochemical parameters. This was not possible in the present study for logistical and cultural reasons. The study was not powered a priori to detect changes in FADS or ELOVL5 activities, therefore results should be interpreted within this exploratory context. Finally, the high-zinc variety of wheat evaluated in this study, Zincol-2016, was grown under optimal conditions of fertiliser application on a single farm in Punjab province. An effectiveness trial is currently underway to assess the potential of Zincol-2016 to increase dietary zinc intake when grown by farmers living in the vicinity of the study population in KP Province, with some technical support for zinc fertiliser application. Further work is underway to examine Zincol-2016 grain zinc content when grown in different soil conditions, with and without the use of zinc fertiliser.

In summary, the results of this study demonstrate that consuming zinc biofortified flour can have a marked impact on total dietary zinc intake in rural, communities, where diet diversity is low, and there is a reliance on a limited number of plant-based foods and staples to meet energy needs. An increase in the daily zinc intake of between 3.0 and 6.0 mg, did not lead to a sustained, measurable increase in PZC. Some interesting trends towards an increase in FADS activity with increased zinc intake were observed but these did not achieve statistical significance. ELOVL5 activity changed significantly, but inconsistently across the study timepoints. Further studies with a larger sample size and intervention duration are needed to further investigate whether FADS1 and FADS2 activities, estimated from plasma fatty acid ratios, respond sensitively and reliably to modest changes in daily zinc intake.
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Alleviating micronutrients associated problems in children below five years and women of childbearing age, remains a significant challenge, especially in resource-poor nations. One of the most important staple food crops, wheat attracts the highest global research priority for micronutrient (Fe, Zn, Se, and Ca) biofortification. Wild relatives and cultivated species of wheat possess significant natural genetic variability for these micronutrients, which has successfully been utilized for breeding micronutrient dense wheat varieties. This has enabled the release of 40 biofortified wheat cultivars for commercial cultivation in different countries, including India, Bangladesh, Pakistan, Bolivia, Mexico and Nepal. In this review, we have systematically analyzed the current understanding of availability and utilization of natural genetic variations for grain micronutrients among cultivated and wild relatives, QTLs/genes and different genomic regions regulating the accumulation of micronutrients, and the status of micronutrient biofortified wheat varieties released for commercial cultivation across the globe. In addition, we have also discussed the potential implications of emerging technologies such as genome editing to improve the micronutrient content and their bioavailability in wheat.
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INTRODUCTION

Micronutrient deficiency also known as “hidden hunger,” is one of the major global health problems afflicting more than 2 billion people globally (1). Micronutrient deficiency is common among population groups dependent on a single cereal (rice, wheat or maize) diet. These populations lack access to an adequate quantity of fruits, vegetables, dairy products, meats, etc. that are rich in essential minerals and vitamins. Globally, the human populations in Sub-Saharan Africa and South Asia bear the most significant burden of these micronutrient deficiencies (2). Among the micronutrient deficiencies, Iron (Fe), Zinc (Zn), Iodine (I), and Vitamin A deficiencies are the most widespread. Other micronutrient deficiencies include Calcium (Ca) and selenium (Se) that are relatively less widespread but could become more prevalent in the future if not addressed now. The daily intake of these micronutrients recommended dietary allowance (RDA) is vital to sustaining life as they are required for the proper physical and cognitive development, disease prevention, and overall human well-being. Children less than five years of age, pregnant women, and lactating women are amongst the most vulnerable group to such micronutrient deficiencies.

Fe is required for several processes in the human body, including oxygen transport, electron transport, and DNA synthesis (3). For example, it is a component of oxygen transport proteins, such as hemoglobin and myoglobin. Moreover, Fe is also required for many proteins and enzymes involved in the energy generation, synthesis of neurotransmitters, and proper functioning of the immune system (4). Deficiency of Fe is the leading cause of anemia; nearly 30% of the women of reproductive age (14-59 years of age) and 40% of the children under five years suffer from anemia, globally (5). Similarly, Zn is also a trace element required for proper growth and maintenance of the human body. It acts as an essential cofactor for over 300 enzymes that are involved in vital processes, including cell proliferation, healing of wounds, blood clotting, etc. (6, 7). Zn deficiency has also been associated with increased diarrheal diseases and acute respiratory infections in children under five years of age and is a critical factor contributing to disease burden in developing countries (8). In Africa, 58% of child deaths are estimated to be due to Zn deficiency (9). Se is another important essential trace element needed for a robust immune system, thyroid function and reproduction. It is an essential component of selenoproteins, which act as potent antioxidant protecting cellular components from free radicals (10). Globally, an estimated 1 billion population suffers from Se deficiency, and this number is expected to rise in coming decades, necessitating designing strategies to enhance its dietary intake (11). Ca has also been regarded as one of the essential micronutrients required for the proper growth and development of the human body. It is required for strong bones and teeth and is also involved in many fundamental processes, such as blood coagulation, muscular function, hormonal secretions, nerve impulse transmission, etc. (12). Its deficiency can cause many problems, such as rickets in children, and osteoporosis and osteopenia in adults.

For curbing hidden hunger in the developing world, increasing the content via biofortification vis-à-vis increasing the bioavailability of both Fe and Zn are the two major approaches. For the first approach i.e., biofortification, significant variation in the level of Fe (up to 88 mg kg–1) and Zn (14 to 190 mg kg–1) has been reported among wild wheat, especially wild emmer wheat (Triticum turgidum ssp. Dicoccoides) (13), which can be efficiently utilized by wheat breeders to transfer in the background of high yielding and disease resistant hexaploid wheat genotypes. A breeding target of > 59 μg g–1 Fe, and 38 μg g–1 Zn in wheat grains (14) against the baseline level of 30 μg g–1 Fe, and 25 μg g–1 Zn would be sufficient to meet the 30–40% of the average daily requirement of an adult. However, bioavailability of Fe and Zn in wheat is greatly limited due to the presence of phytic acid (PA, 0.4–2.0%), an anti-nutrient (15, 16). [PA]:[Fe and Zn] ratios are very vital in determining the potential bioavailability of the micronutrients and are inversely proportional i.e., higher the molar ratio, lesser the bioavailability and vice-versa. For [PA]:[Fe], the ratio should be < 1 (preferably < 0.4) to significantly improve Fe absorption (17), while for [PA]:[Zn] ratios of < 5, 5 to 15, and > 15 have been associated with high (50%), moderate (30%) and low (15%) Zn bioavailability, respectively (18). Therefore, it is desired that wheat genotypes be developed with suitable [PA]:[Fe and Zn] ratios for optimum bioavailability of Fe and Zn to humans and animals.

Generally, three major strategies i.e., dietary diversification, food fortification, and food supplementation were developed to address the problem of micronutrient deficiencies (19). Among these, dietary diversification focuses on modifying food consumption patterns at the individual household level, such as increasing the intake of more nutritious diets like fruits, vegetables, animal foods, etc. However, dietary diversification is not possible in many parts of the world due to poor socio-economic conditions and ethnic dietary choices. Other alternatives like food fortification and micronutrient supplementation for specific life stages and age groups can be considered stopgap measures for tackling micronutrient deficiencies. However, these strategies cannot provide a long-term sustainable solution for nutrient deficiencies in low and middle-income countries. These countries have a large population that lives in extreme poverty and does not have both physical as well as economic access to the adequate quantity of nutritious foods. Further, they cannot afford fortified food products or food supplements (20). Moreover, setting up the infrastructure to develop and distribute fortified foods or even food supplements would require a considerable investment that underdeveloped countries cannot afford. Agro-system diversification can assist local populations to expand their food baskets and solve the problem of micronutrient deficiencies, but it cannot be widely adopted in underdeveloped countries due to small landholdings. Therefore, in the past two decades, a greater emphasis has been laid on biofortification, which refers to increasing the bioavailable nutrient content of food crops either through conventional plant breeding or transgenic approaches. Biofortification is considered the most effective and sustainable approach for addressing the micronutrient deficiencies related problems in humans (21). A recent publication “Wheat and Barley Grain Biofortification” (Elsevier, United Kingdom), would serve as an important ready reckoner for different domains of wheat biofortification (22).

Wheat supplies approximately 20% of the human population’s total calories and protein intake worldwide. However, most of the commercial wheat cultivars grown across the world are deficient or have suboptimal levels of micronutrients. It is mainly due to the greater focus of national wheat breeding programs on increasing yield, which has resulted in the erosion of grain minerals and protein contents in improved varieties. For the development of nutrient-dense wheat varieties, the primary prerequisite is to identify donor lines with high concentrations of the targeted micronutrients. Therefore, the need of the hour is to explore natural genetic diversity among the landraces and wild wheat species for grain mineral content and utilize them in the breeding programs for developing biofortified varieties. In 2003, a program in this direction was initiated at CIMMYT, with the support from HarvestPlus. The breeding materials developed under this program have contributed to the development of few biofortified cultivars with higher grain Zn and Fe concentrations in India, Pakistan, Nepal, Mexico, and Bangladesh (23).

In wheat, conducting molecular studies, especially cloning of genes for any target trait, is considered a very challenging task due to the large and complex genome organization. Therefore, it took many years to clone a grain protein content (GPC) gene (Gpc-B1) from an accession of wild emmer wheat (Triticum turgidum, dicoccoides) (24). Even for the qualitative traits, such as disease resistance, which are generally controlled by a single major gene, cloning the resistance locus has never been easier due to the lack of information on the whole genome-level sequence as well as fully sequenced genes. However, in recent years, the availability of genomic resources such as the gold standard reference sequence of hexaploid wheat (25), reference genome sequences of its progenitor species (26, 27), transcriptome landscape of different tissues of wheat (28–31), single nucleotide polymorphism (SNP) genotyping arrays and genotyping by sequencing (GBS) methods (32) has led to a revolution in the field of wheat genomics. These tools have made it relatively easier to fine map and clone genes of essential traits in cultivated and wild wheat species (33). Further, in recent years, genome-wide association study (GWAS), which uses diverse germplasm lines or multiparent populations, has developed as a powerful tool for high-resolution trait mapping in crops and can be used to map nutritional quality traits using diverse association panels constituted from landraces, synthetics and wild species (34–36). Furthermore, recently, genome editing technologies, including prime editing and base editing have become promising targeted mutagenesis tools for crop improvement (37, 38). The first report of gene editing in wheat was the development of the targeted knockout for the Mlo gene that confers resistance against powdery mildew pathogen, Blumeria graminis f.sp. tritici (39). Since then, there are many reports of gene editing in wheat targeting genes associated with various agronomical and quality traits (40). Recently, nano-technology has also been explored for micronutrient biofortification in wheat. Khan et al. (41) have extensively reviewed the status of nano formulation-based wheat biofortification with a critical analysis of its merits and demerits.

In the present review, we have discussed the current state of knowledge on the existing natural genetic variations for micronutrients content among cultivated and wild wheat germplasm, genes and genomic regions controlling the micronutrient traits, current status of biofortified wheat varieties released for commercial cultivation around the world and potential applications of genome editing tools in the improvement of nutritional quality traits in wheat.



EXPLORING NATURAL GENETIC VARIATION FOR GRAIN MICRONUTRIENTS IN WHEAT AND ITS WILD RELATIVES

Understanding the extent and magnitude of natural genetic variations for various essential nutrients in wheat and its wild species is critical for improving these traits through classical and modern breeding tools. In this context, extensive screening of germplasm collection of wheat and its wild species conserved in genebanks of national and international institutions can facilitate the discovery of novel germplasm donors for various essential nutrients. These donor germplasms can be further exploited in the breeding programs for the development of biofortified wheat varieties. Over the past two decades, several studies have explored cultivated and wild wheat germplasm for variations in grain micronutrient contents. The key findings of some of these studies are briefly presented below.


Iron (Fe), Zinc (Zn), Selenium (Se) and Calcium (Ca) Content

Several studies have reported variation in grain Fe and Zn concentrations of bread wheat cultivars, landraces and wild wheat (42–44). Generally, breeding lines and cultivars have low genetic variation for grain Fe and Zn concentrations compared to landraces, cultivated wheat progenitors and related wild wheat species (unadopted wheat) (45). Several studies show a negative correlation between mineral concentrations and yield, implying that increase in grain yield of wheat varieties was accompanied by a significant decrease in their grain mineral content (45, 46). Evaluation of eighty Iranian wheat cultivars bred over a period of 70 years revealed a significant decrease in grain Fe and Zn concentrations that ranged from 63.56 to 102.19 and 31.65 to 54.06 mg/kg, respectively (46). On the other hand, a wide range of variations for grain Fe and Zn concentrations have been reported in landraces and other unadopted germplasms (43, 44, 47, 48). Qury et al. (43) analyzed a diverse wheat genotype panel comprising of French landraces, elite breeding lines, modern varieties and a set of worldwide germplasm collection which showed variation in grain Zn and Fe concentrations ranging from 15 to 35 mg/kg, and 20 to 60 mg/kg, respectively. However, some unadopted lines of this panel had Fe and Zn concentrations as high as 88 and 43 mg/kg, respectively, which can be exploited to improve the wheat cultivar’s mineral concentrations. Another study on fifty landraces and ten varieties revealed higher Fe (24.93 to 66.51 mg/kg) and Zn (18.68 to 38.66 mg/kg) concentrations in landraces as compared to commercial cultivars (48). Recently, novel sources of variation for whole-grain Fe and Zn concentrations were identified in a panel of 245 diverse bread wheat lines derived from crosses between landraces of Watkin collections with a United Kingdom wheat cultivar Paragon (49). Further, the above studies have found that wide variation in grain Fe and Zn concentrations of wheat genotypes across different studies may not be solely due to genotypic differences since environment and soil nutrient status are known to significantly affect these traits, so promising Fe and Zn rich lines identified in these studies must be validated in multilocation trails.

Contrary to widely cultivated wheat, the primary and secondary gene pool of wheat such as Triticum monococcum, Triticum boeoticum, T. turgidum dicoccoides, Aegilops tauschii, T. spelta and Triticum polonicum are reported to contain wider variation for grain Fe and Zn concentrations (34, 45, 50–52). Among these species, T. turgidum ssp. dicoccoides is considered the most promising donor for the grain Fe and Zn content. Cakmak et al. (53) screened a large number of accessions of several wild wheat species and their relatives for grain Fe and Zn concentrations and observed unique variations among the T. dicoccoides accessions, which ranged from 14 to 190 mg/kg for Zn and from 15 to 109 mg/kg for Fe. Studies have also identified some accessions with high grain Fe and Zn concentrations in other species as well. Tiwari et al. (52) screened a large number of accessions of T. boeoticum and found one accession (pau5088) with higher levels of grain Fe and Zn concentration, 40.1 and 44.6 mg/kg, respectively.

Additionally, some non- progenitor, wild wheat species such as S, U and M genomes have been reported to contain 3-4 times more Fe and Zn than cultivated hexaploid and tetraploid species (51). Velu et al. (54) reported wide genetic variability for Fe and Zn concentration among the introgression lines derived from cultivated species’ crosses with wild wheat rich in grain Fe and Zn content. In addition to wild species of wheat, a few non-Triticum species such as rye and Leymus spp are also rich in mineral nutrient contents. The wheat-alien introgression lines derived from the crosses with Leymus racemosus, and also those carrying introgression of 2R, 3R chromosomes of rye contain a high level of Fe and Zn (55).

There are a few reports on the genetic variability of Se concentration in cultivated wheat and its wild relatives as compared to that of Fe and Zn (45, 56, 57). Lyons et al. (56) analyzed the Se concentration of ancestral and wild relatives of wheat, landraces, population, and cultivars grown in Mexico and Australia. The grain Se concentration of this set ranged from 5–720 μg/kg; however, much of this variation was attributed to variation in soil Se content across the locations. Nevertheless, they reported higher variation in diploid species Ae. tauschi and rye. Similarly, Zhao et al. (45) also reported limited genetic variability for grain Se concentration in commercial wheat cultivars. Apart from Fe, Zn, and Se, there are very limited genetic variability studies for Ca content in wheat. A study on Indian and Iranian wheat lines showed phenotypic variability for grain Ca content in the range of 104.3 to 663.5 mg/kg (58). Another study that analyzed a diverse panel of 353 wheat varieties, including winter and spring wheat varieties, reported wide variations for grain Ca content ranging from 288.2 to 647.5 mg/kg. Nirvana, a wheat variety from France, had a very high concentration of grain Ca (647.5 mg/kg DW) (59). The wide variability for grain Ca content in the above two studies suggest ample scope for developing biofortified Ca wheat varieties.



Phytate Content

The phytic acid content in wheat grain can significantly affect the bioavailability of minerals such as Fe and Zn during digestion because of their strong ability to bind to metals. Therefore, wheat genotypes with low phytate and high mineral concentration could be immensely useful in breeding programs that aim to develop biofortified verities for essential mineral nutrients. Many studies have analyzed the variability of phytate content among wheat cultivars and germplasm lines (60–62). The analysis of phytic acid content of a set of 65 bread varieties of Pakistan showed variation in the range 0.706–1.113% (60). Another comprehensive study on the collection of global durum cultivars identified a 2-fold variation in phytic acid content ranging between 0.462 to 0.952% (62). Contrary, many other studies have identified higher values for phytic acids (more than 1%) in durum genotypes, which might be attributed to G × E effects (61, 63). The low phytate genotypes identified in various studies may be potentially used as parents for developing wheat varieties with enhanced bioavailable Fe and Zn levels.




GENOMIC REGIONS/GENES CONTROLLING MICRONUTRIENTS IN WHEAT AND ITS WILD RELATIVES

Advancements in genomics, especially the availability of high-throughput genotyping assays such as whole genome re-sequencing, GBS, SNP arrays, etc., have made it easier to perform trait mapping in plant species like wheat with a large and complex genome. Both bi-parental and association mapping approaches have facilitated identifying several QTLs/genomic regions controlling grain minerals content. A brief description of the genomic regions/genes identified in the various studies is presented below.


Genomic Regions/Genes Associated With Grain Fe, Zn, Ca, and Se

In the past two decades, several studies have reported QTLs/candidate genes for grain Fe and Zn concentrations in wheat and its wild species using both QTL and association mapping methods (Table 1). Expectedly, most QTLs for Fe and Zn were identified from wild wheat and their relatives because there is a minimal variability for both these minerals in cultivated wheat germplasm. Tiwari et al. (52) were the first to report genetic mapping of grain Fe and Zn using an interspecific mapping population derived from the cross of T. boeoticum accession pau5088 (high grain Fe and Zn concentration) with T. monococcum accession pau14087. They identified two QTLs for grain Fe and one QTL for Zn. After that, many other studies have employed bi-parental mapping approach and identified QTLs for grain Fe and Zn concentrations on various chromosomes of wheat and its wild relatives (64–69). In the past few years, the association mapping approach has also facilitated identifying genomic regions/QTLs associated with grain Fe and Zn concentrations in diverse association panels constituted using diverse genotypes, including synthetic hexaploid wheat, advanced breeding lines, landraces and cultivars etc. However, most of the reported grain Fe and Zn QTLs have not been found stable across various locations suggesting profound effects of environment and genotype X environment on both these traits. Further, many identified regions have minor effects on grain Fe and Zn concentrations. Therefore, only the significant QTLs for Fe and Zinc identified in various studies should be focused on improving cultivated wheat’s mineral contents. Some of the significant QTLs for zinc concentration has been identified on chromosome 1B, 2B, 5A, 1B, 6B (65, 70). Moreover, some studies have identified common genomic regions for grain Fe and Zn concentrations, and even some are also associated with other valuable traits such as thousand-grain weight, protein etc. (65, 71). Tiwari et al. (65) had identified two major QTL for grain zinc concentration on 1B and 2B; of these, the QTL on 2B was colocalized with the QTL for grain Fe concentration. Similarly, a significant QTL for grain Zn on 2B co-located with the QTL for grain Fe concentration (66). These studies suggest that simultaneous improvement of both traits is possible using MAS. Compared to Fe and Zn, the QTL mapping studies for grain Se concentration in wheat are rare. A total of five QTLs for Se content were identified on chromosome 3D, 4A, 4D, 5B, and 7D, using two different RIL populations (72). Moreover, in a recent study, Wang et al. (73) identified nine Se concentration QTLs in a mapping population derived from the cross of winter wheat cultivars Tainong18 and Linmai6.


TABLE 1. Genomic regions/QTLs identified for grain Zn and Fe concentrations in cultivated and wild wheat using biparental and association analysis methods.
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In contrast to grain Fe and Zn content, there is very limited information on genomic regions/QTLs for grain Ca accumulation. A total of 9 QTLs for grain Ca were reported in the RIL mapping population derived from durum and wild emmer wheat (64). In another study, association mapping using a diverse panel of European wheat accessions identified genomic regions for grain Ca accumulation on all the wheat chromosomes except 3D, 4B, and 4D (59). Recently, Alomari et al. (74) identified a major genomic region for grain Ca on the long arm of 5A, which overlapped with gene TraesCS5A02G542600 that encoded for a transmembrane protein.




INTEGRATION OF GWAS WITH MULTI-OMICS DATA TO ACCELERATE THE DISCOVERY OF CANDIDATE GENES FOR BIOFORTIFICATION TRAITS FROM WHEAT GERMPLASM

Biofortification traits have complex regulations and are governed by many QTLs/genes, which are significantly affected by environment and genotype-environment interactions (75). The expression of some biofortification traits such as grain mineral content involves many processes such as mineral absorption, translocation, redistribution, and re-mobilization to sink, and each of these processes is controlled by many genes. This makes genetic dissection of such traits challenging by utilizing any single genetic or molecular analysis approach (69, 76). The conventional GWAS approach identifies a large number of genomic regions/QTLs that can not be directly utilized in a breeding program (34). Moreover, GWAS does not go beyond simple marker-trait correlation with no proof of causality; therefore, this approach alone may not provide insights on the functional basis of variation in biofortification traits. The above two limitations of GWAS can be overcome by incorporating functionome (multi-omics) data (77). In the past decade, significant technological improvements in the field of “omics” have made it feasible to generate large-scale omics data such as transcriptome, proteome, and metabolome, etc., from a large number of samples at a low cost (78). Integration of GWAS with various multi-omics data would enable a system-level understanding of biofortification traits and has great potential to precisely pinpoint the actual causal variant/candidate gene. There can be two approaches for integrating multi-omics data in GWAS analysis; 1) GWAS is independently performed using biofortification trait profiling data as well as associated omics data i.e., gene expression, proteome and metabolome data of association panel genotypes, and then marker-trait associations results are integrated to interpret pathways and identify causal variant/candidate genes associated with the traits; 2) GWAS is performed only using genome-wide DNA markers and biofortification traits, and then expression, proteome, and metabolite profiling data generated from a few contrasting genotypes of the association panel are mapped to genomic regions associated with the targeted trait to identify the candidate genes (Figure 1). The integration of functionome data in GWAS analysis of biofortification traits may not only help identify causal variants responsible for these traits but would also enable their comprehensive understanding at the cellular, biochemical and molecular levels.
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FIGURE 1. Scheme for integration of omics and genomic selection approaches for accelerating improvement of biofortification traits in wheat.




IMPLEMENTATION OF GENOMIC SELECTION AND SPEED BREEDING HAS THE POTENTIAL TO ACCELERATE WHEAT BIOFORTIFICATION

In recent years, with the availability of high throughput and cost-effective genotyping assays, genomic selection (GS) has emerged as a promising genomics-based tool for the improvement of complex traits in crops (79). In GS, the selection of elite genotypes is made using genomic estimated breeding values (GEBVs), which consider all marker effects across the genome. GS enhances breeding efficiency for quantitative traits by reducing breeding cycle duration and selection gain per unit time1. This approach has great potential for improving the quality traits with low genetic variance (80). Joukhadar et al. (81) have discussed in detail the potential application of GS in the biofortification of spring wheat. There are already some reports on genomic predictions of micronutrient traits in crops (82–84). Owens et al. (82) were among the first to estimate genomic prediction for a biofortification trait in a crop. They predicted pro-vitamin A content in maize using genome-wide as well as carotenoid pathway-based markers and identified a small number of candidate genes that can be targeted for conversion of elite genotype with low carotenoid content to one that has an orange color grain with higher levels of high pro-vitamin A. In wheat, Velu et al. (83) reported genome-wide predictions for grain Fe and Zn concentrations in a diverse panel of 330 genotypes with prediction accuracies ranging from 0.331 to 0.694 and 0.324 to 0.734, respectively. Another study in wheat also found moderate to high genomic prediction accuracies for various major and minor elements concentration in grains (85). The high genomic prediction accuracies for mineral nutrient traits suggest that GS holds great potential in accelerating breeding for biofortification traits. Further, speed breeding that enables taking up to six generations in one year under glasshouse can be very well combined with GS in different breeding schemes to accelerate genetic gain for biofortification traits (Figure 1).



A BRIEF ACCOUNT OF BIOFORTIFIED WHEAT VARIETIES DEVELOPED THROUGH CONVENTIONAL BREEDING

In addition to basic research on micronutrients acquisition, the development of biofortified wheat varieties has recently upscaled with several successful examples. The conventional breeding approach has demonstrated great potential to biofortify hexaploid wheat genotypes by identifying suitable donor genetic resources such as synthetic, wild and primitive wheat genotypes for high Fe and Zn content with enhanced bioavailability. The most promising high Zn and Fe sources are diploid progenitors of hexaploid wheat (Aegilops tauschii), wild emmer (T. dicoccoides), einkorn (Triticum monococcum), T. spelta, T. polonicum, and T. aestivum landraces. Among wild wheat tested so far, the collections of wild emmer wheat, Triticum turgidum ssp. dicoccoides, showed a prominent genetic variation of Zn ranging from 14 to 190 mg kg–1 and Fe up to 88 mg kg–1 (13). Translocation from different Aegilops spp. and rye to Pavon 76 background at the International Maize and Wheat Improvement Center (CIMMYT, Mexico) has generated several synthetic hexaploids (SHW), T. spelta, and several pre-breeding lines having wider variation in Zn (38 to 72 mg kg–1) and Fe content (32 to 52 mg kg–1) (34).

With these concerted efforts, CIMMYT wheat breeders, in collaboration with other major institutions of India, Pakistan, Bangladesh, Nepal, and Bolivia, have facilitated the development and release of 40 biofortified wheat varieties for commercial cultivation (Table 2). Since 2014, A total of 24 biofortified wheat varieties (T. aestivum; 16 and T. durum; 8) for Fe, Zn and protein have been developed by ICAR-Indian Institute of Wheat and Barley Research, Karnal, Punjab Agricultural University, Ludhiana, ICAR- Indian Agricultural Research Institute, Delhi, Agharkar Research Institute, Pune, University of Agricultural Sciences, Dharwad, Banaras Hindu University, Varanasi and private seed companies and released to Indian farmers for common cultivation at different wheat growing zones of India. Similarly, CIMMYT, in collaboration with important wheat research institutions of Pakistan, Bangladesh, Bolivia, Nepal and Mexico, has developed and released 2, 1, 1, 2, and 1 biofortified wheat varieties, respectively (Table 2). Overall, utilization of wild relatives and SHW of wheat in conventional breeding programs have significantly impacted the development of micronutrient biofortified wheat varieties, which is expected to continue with increased bioavailability. Over the next two decades, developing and mainstreaming Zn and Fe in the wheat breeding program at CIMMYT and partner institutions across the globe would undoubtedly enable the release of high-yielding and Fe and Zn biofortified wheat varieties to a more significant percentage of farmers of South Asia to curb hidden hunger of children and pregnant and lactating mothers.


TABLE 2. List of biofortified wheat varieties developed through conventional breeding and released for commercial cultivation around the globe.
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GENETICALLY MODIFIED BIOFORTIFIED WHEAT

While conventional breeding is globally accepted, the absence of desired genetic diversity within the primary, secondary and tertiary gene pools for targeted traits within species (e.g., golden rice) or difficult to breed crops (e.g., banana) can efficiently be managed through genetic engineering technologies as a viable alternative. Also, the development of multi-nutrient cultivars by stacking multiple genes coupled with superior physiological and agronomic traits is often limited with conventional breeding, which can be circumvented by the genetic engineering approach (Figures 2A,B). However, wheat being hexaploid is comparatively challenging to transform and therefore needs the development of a robust transformation protocol to harness the full potential of the transgenic approach. As demonstrated in Figure 2B, the genetic engineering approach offers limitless cross-kingdom utilization and tacking of desired genes for multi-nutrients target traits improvement, including biotic and abiotic stresses, making it more attractive for farmers to adopt nutritionally improved nutrition wheat varieties. Moreover, it offers simultaneous biofortification of multi nutrients by metabolic engineering (86). However, the three significant bottlenecks of the transgenic approach are the lack of availability of suitable transformation protocol in polyploidy crop such wheat, fear of environmental escape of transgene and global genetically modified organisms (GMO) regulation. Knowledge gained in identifying and functional characterization of different genes actively associated with uptake and translocation of Fe and Zn can efficiently be used to increase Fe and Zn content in wheat by transgenic approach. Several proofs of concepts using the genetic engineering approaches have been tested with apparently stirring results in wheat for grain Fe and Zn. For example, The NAM-B1(Gpc-B1) transcription factor provides an entry point to increase Fe and Zn content. Knowing the critical control points, we can modify expression patterns, downstream targets or binding specificities to augment micronutrient content in grains. Wheat biofortification for Fe and Zn has been achieved using the transcription factor NAM-B1 (24), which was initially identified for increasing protein content in wild emmer (Triticum turgidum ssp dicoccoides). In recombinant substitution lines (RSL), the presence of NAM-B1 allele of T. dicoccoides increased Fe and Zn grain concentrations by 18 and 12%, respectively, in addition to 38% higher protein as compared with RSLs carrying the allele from cultivated wheat (Triticum durum) (87). Further, the increase in grain Fe and Zn content did not significantly correlate with yield reduction across the five environments (87). This gene is being widely used in breeding programs across several continents (88, 89).


[image: image]

FIGURE 2. Schematic representation of conventional (A) genetic engineering (B) and genome editing (C) approaches in wheat for targeted biofortifcation of micronutrients. Genetic engineering and genome editing approaches in combination with conventional breeding offers simultaneous incorporation of multi-nutrient (minerals and vitamins) traits along with improved physiological and agronomic features.


Transgenic approaches involving endosperm-specific expression of wheat ferritin, TaFer1-A (90) or soybean ferritin (91) led to 1.5- to 1.9-fold and 1.1- to 1.6-fold increase in grain Fe, respectively alongside increased phytase activity (92). However, the stability of wheat TaFer1-A in subsequent generations remains a question. Two independent workers have depicted that the overexpression of NICOTIANAMINE SYNTHASE 2 (OsNAS2) gene in wheat produced Fe up to 93.1 mg g–1 (93) and 80 mg g–1 (94) under greenhouse and field conditions, respectively. Connorton et al. (95) demonstrated the doubling of total Fe content in wheat flour by using VACUOLAR IRON TRANSPORTER 2 (TaVIT2) gene, which effectively enhances vacuolar Fe and manganese (Mn) transport in the endosperm. In addition to micronutrients, progress has been made to discourse the challenges of most deficient nutrients like vitamin A and quality proteins in wheat. The provitamin A content of wheat has been enhanced by expressing bacterial Phytoene synthase (CrtB) and Carotene desaturase gene (CrtI) (96, 97). To increase Fe bioavailability, phytase activity was increased by expressing the Phytochrome (phyA) gene (98), while phytic acid content was decreased by silencing the wheat ABCC13 transporter gene (99). Protein content, especially essential amino acids lysine, methionine, cysteine, and tyrosine contents in wheat grains, were also attempted to enhance using Amaranthus albumin gene ama1 (100). Wheat has also been targeted to improve the antioxidant activity by expressing maize regulatory genes C1, B-peru involved in anthocyanin production (101). The development of biofortified crop varieties either by conventional breeding or transgenic methods is considered a sustainable solution to the problem of micronutrient deficiency. The advantage of this strategy over others like dietary diversification, food fortification, and food supplementation is that once the initial research and development is completed, the benefits of the nutritionally enhanced crops will be sustainable with little further investment. With the advent of powerful reverse genome editing tools such as transcription activator-like effector nucleases (TALENs) and Clustered regularly interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9) coupled with fully sequenced genomes of wheat can be tested as a proof-of-concept for multiple micronutrients biofortification by targeting genes associated with micronutrients uptake and redistribution in different tissues. This will increase the biochemical and physiological pathway’s efficiency system biology (pathway reconstruction) and decrease the anti-nutritional factor to increase the bioavailability.



UTILIZING NATURAL GENETIC VARIATION FOR IMPROVING NUTRITIONAL QUALITY THROUGH GENOME EDITING TECHNOLOGIES

Genome editing technologies have emerged as advanced biotechnological, new plant breeding techniques, which offer efficient, target-specific and accurate approaches to engineer genome of a plant. The recent development of CRISPR/Cas9 based genome editing technologies in wheat has shown a ray of hope for improving the nutritional quality of wheat grains (Figure 2C). Edited gene constructs generated by these techniques have been delivered to the host genome by PEG-mediated protoplast fusion, particle gun bombardment, or ribonucleoprotein complex. Since wheat carries a complex hexaploid genome, CRISPR/Cas9—mediated wheat geminiviral based DNA replicons, delivering RNPs by biolistic method and multiplex editing has proved to be a more appropriate method of genome editing (102, 103). The TALEN and CRISPR/Cas9 systems have already demonstrated their utility for generating abiotic and biotic stress-resistant engineered wheat plants (37). For instance, the mildew resistance locus O (TaMLO) gene was edited by CRISPR/Cas9 and TALEN through PEG-mediated protoplast fusion method (39, 104), to achieve resistance to the fungal pathogen. Further, CRISPR/Cas9 genome editing system was applied to engineer dehydration responsive element-binding protein 2 (TaDREB2) and wheat ethylene-responsive factor 3 (TaERF3) to increase abiotic stress tolerance (105). A more sophisticated technique of multiplexed genome editing with CRISPR/Cas9 has also been demonstrated for wheat using TaGW, TaLpx and TaMLO genes (103). The gene editing approach has been deployed to improve wheat’s grain traits by utilizing the CRISPR/Cas9 RNP delivery of TaGW2 and TaGASR7 (negative regulators of grain traits and kernel weight) for increasing kernel weight (102). However, some recent studies have highlighted the use of genome editing for breeding varieties with improved grain quality and increased nutritional value in wheat. CRISPR/Cas9 system was applied to obtain a wheat variety with hypoimmunogenic gluten content by editing α-gliadin genes (40, 106). Similarly, high-amylose modern wheat varieties, needed for better human health, were developed through targeted mutagenesis of the gene TaSBEIIa by CRISPR/Cas 9 system (107). Further, the CRISPR/Cas9 editing tool has been demonstrated to be effective in simultaneous editing of multiple genes such as large α- and γ-gliadin gene families in the polyploid bread wheat (106). Other grain quality characteristics such as hardness, starch composition and dough color have been altered in wheat by targeting the pinb, waxy, ppo and psy genes (108).

Application of gene-editing techniques is required to be utilized furthermore for biofortification of wheat for enhancing Fe, Zn, Se, Ca and other micronutrient contents. Through QTL mapping and association mapping, information on genomic regions/QTLs responsible for grain Zn and Fe concentrations in different wheat varieties is now available, which can enhance Fe and Zn content in the high yielding varieties. Transgenic technology has been used to generate genetically modified plants with enhanced Fe content as well as better absorption by deploying different genes such as NAM-B1 transcription factor gene (24), TaFer1-A (90, 91), NAS2 (93, 94), TaVIT2 (95), and Phytochrome (phyA) (98). However, it is recommended that genome editing by CRISPR/Cas9 strategy be applied to provide marker- and foreign DNA- free genetically engineered plants with high Fe content and increased absorption. Attempts are needed to identify and validate genomic regions/QTLs contributing to phytic acid level in wheat grain which can then be engineered to modulate its level by the gene-editing system. For instance, ABCC13 can be knocked out to reduce the quantity of phytic acid to enhance the concentration of bioavailable minerals. Similarly, future research should focus on enhancing essential amino acid concentration and vitamin levels in wheat. Moreover, CRISPR/cas9—based genome editing systems can also be utilized to trim the unwanted sequences like marker gene, T-DNA region, etc. from the transgenic plants. It is highly recommended that the genome-edited wheat genotypes with improved grain quality characteristics be deployed regularly in wheat breeding programs to enrich the agronomically superior varieties with high nutritional value. It is also envisioned that more recently developed techniques like precise genome editing through base editors, and prime editors are utilized to improve grain quality efficiently and effectively (38, 109).



CONCLUSION AND FUTURE PROSPECTS

Wheat is the most widely cultivated, prominent food crop. There have been several attempts to improve wheat quality and crop yield after the “green revolution”. However, the main focus of wheat improvement programs has been on high yield, resulting in high yielding wheat varieties over time but with suboptimal levels of minerals and micronutrients. In order to achieve food and nutritional security, and to provide an adequate supply of calories and nutrients, it is imperative to improve both qualitative and quantitative traits of wheat. Biofortification of wheat can be achieved by exploring natural genetic diversity in wheat and its wild species for higher minerals and phytonutrients through utilizing advanced genomic tools such as QTL mapping and genome-wide association study (GWAS) for mapping nutritional quality traits in wheat, molecular breeding approaches, genomic selection, and genome engineering by transgenic technology and genome editing strategies. Genetic diversity studies have been performed, and few wild relatives of wheat, T. dicoccoides, Aegilops tauschii, T. dicoccoides, T. boeoticun, T. spelta, T. polonicum, and T. aestivum landraces have been identified that carry relatively higher concentrations of Fe, Zn and Mn. Similarly, QTL mapping and GWAS studies on wheat led to identifying loci responsible for grain Zn and Fe concentrations. Many attempts have been made using transgenic technology to generate wheat with better mineral and micronutrient content and transgenic wheat lines with higher content of Fe, Mn and Vit A have been reported. However, more recently, genome engineering tools like gene editing via CRISPR/Cas system, prime editors and base editors have gained much more popularity among scientists over conventional breeding and transgenic technology because of their efficacy, precision, simplicity and robustness.

The significant advantage of genome editing is that it eliminates the foreign DNA/transgene from the final engineered plants. Genome editing by TALEN and CRISPR/Cas 9 system has been employed in wheat to improve stress tolerance and grain yield; however, this system has not been explored as much for biofortification of wheat. Therefore, considering that biofortification of wheat is essential for improving grain quality, genome editing needs to be deployed to improve the content of Fe, Zn, Se, Ca, essential amino acids and decrease the concentration of antinutrients such as phytic acid. Other methods such as multiplex gene editing, transiently expressing CRISPR/Cas9, base editing, prime editing and CRISPR/Cas9 ribonucleoproteins are also promising and should be considered for future research. Exploring natural genetic diversity and broadening the narrow genetic base of hexaploid cultivated wheat varieties is essential and warrants greater attention through whole-genome sequencing of large number of accessions (e.g., the composite core set), and functional genomics for gene discovery associated with agronomic and nutritional traits (110, 111). Such efforts could help generate useful genetic information and genomic resources for accelerating wheat improvement through genome editing (112). Gene editing in germline cells and the CRISPR system carrying RNA interference elements need to be explored in wheat. Similarly, epigenetic genome modifications deserve attention. Also, simulation model-based prediction of superior wheat quality traits under different environmental conditions (113) might accelerate the global wheat nutritional quality program. Hence, utilization of these techniques to improve the nutritional quality of wheat grains and combine them with high yielding traits is emphasized.
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368 3618
381 374A
368A

.39; TxC = ns

Number of tillers (m~2)

331
362
359
369
3568

T=5.65;

2018-2019

360 345C
379 871B
371 3658
387 878A
374A

=40, TxC=ns

2017-2018

Plant height (cm)

1019 988  100.3C
106 1033 104.6B
104.7 103 103.8B
107.9 105.3 106.6A
105.1A  102.6B
T=180;C=127;TxC=ns

=

101.6
105.7
104.7
107.2
104.8A

2018-2019

99
1032
102.7
105.1

102.58

100.3C
104.4B
103.78
106.2A

74;,C=123;TxC=ns

Different letters within the same column indicate statistically significant differences at p < 0.05, T, treatment; C, cultivar; T x C, interaction; ns, nonsignificant.

95
10.1
99
104
1008

2017-2018

9.7
10.6
10.3
109

10.4A

Spike length (cm)

9.6C
10.3AB
10.1B
10.7A

T=036;C=025TxC=ns

2018-2019

Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T)

96 99 9.7C
10.1 10.7 10.4AB
10 104 1028
105 108 10.6A
100B  10.5A

T=027,C=0.19; TxC=ns
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Treatments Number of spikelet's per spike Number of grains per spike 1,000-grain weight (g)
2017-2018 2018-2019 2017-2018 2018-2019 2017-2018 2018-2019

Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T) Zincol-16 Anaj-17 Mean (T)

Control 16 18 17c 17 18 18C 41 a4 43¢ 42 44 43¢ 324 847 335D 327 349 338D
Sole Zn 18 19 188 18 19 198 a1 49 488 48 49 48AB 368 878 8738 874 382 8778
Sole Fe 18 19 188 18 19 198 46 48 478 a7 a7 478 355 862  859C 358 364  36.1C
Zn+Fe 19 20 20A 19 20 20A 49 51 50A 49 51 500 381 892  886A 884 397  B90A
Mean (C) 188 19A 188 19A 468 48A 468 48A 3578  37.0A 3608 87.3A

LsD T=065C=046TxC=ns T= .48; Tx C=ns T=127,C=08%TxC=ns T=182,C=12%TxC=ns T=103;,C=073TxCx=ns T=1.10;C=078TxC=ns

Different letters within the same column indlicate statistically significant differences at p <0.05, T, treatment: C, cultivar; T x C, interaction; ns, nonsignificant.
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Treatments
2017-2018
Zincol- Anaj-  Mean
16 17 m

Control [RRRTE] 11.10
Sole Zn 11.9 121 12.08
Sole Fe "7 12 11.98
Zn +Fe 121 124 12.3A

Mean(C) 1178 11.9A
LsD

=0.13;C=0.09; TxC =ns

Biological yield (t ha~')

2018-2019
Zincol- Anaj-  Mean
6 17 m

112 115 11.3C
122 125 12.3AB
12 124 12.28

124 127 12,5
11.98 12.3A
T=0.13;C=0.09; TxC =ns

Grain yield (tha=')

2017-2018
Zincol- Anaj-  Mean
16 17 m
32 350 3.30D
374 412 3.938
361 893 3770
398 429 4.13A
3.638 3.98A

f=

.10; C = 0.07; TxC = ns

2018-2019
Zincol- Anaj-  Mean (T)

16 17 m

327 362 3.45D

38 417 3.988
367 401 384C
403 435 4.19A
3698 4.04A
T=007;C=014TxC=ns

Different letters within the same column indicate statistically significant differences at p < 0.05, T, treatment; C, cultivar; T x C, interaction; ns, nonsignificant.

2017-2018
Zincol- Anaj-  Mean
16 17 m
288 827 30.7D
309 347 32.88
302 3835 31.8C
322 354 33.8A
3058 84.1A
T=0.78;C =056 TxC=ns

Harvest index (%)

2018-2019
Zincol- Anaj-  Mean
16 17 m

294 316 30.5C
314 334 32.4AB
3807 323 31.5BC
326 343 33.5A
31.0B 32.9A
T=1.19;C=084;TxC=ns
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Chromosomes

4Ds

6AS

7BL

Flanking markers

AX-89593703-AX-89398511

AX-108951317-AX-110968221

AX-95658138-AX-89745787

Physical position (Mb)

16.0-17.1

77.1-100.3

721.8-725.4

Traits (Environment)

GZn (E1, E2, E4, €6, E7, E8, E9, BLUE value)
GFe (E1, E2, E4, ES, E6, E7, E8, E9, BLUE value)
GZn (€1, E2, E4, E6, E7, BLUE value)

GFe (E1, E2, E4, E6, BLUE value)

GZn (E1, E3, E6, E7, E8, E9, BLUE value)

GFe (E6)
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Chromosome  SNP name KASP primer Primer sequence

4Ds AX-89703298 16.9 K-AX-89703298 5 -GAAGGTGACCAAGTTCATGCTCTAACCATTGGATAGGGCGAC-3
5 -GAAGGTCGGAGTCAACGGATTCTAACCATTGGATAGGGCGAA-3'
5'-CCCAGCTTCAGCCCATGA-3'

6AS AX-110640576 124.3 K-AX-110640576 5 -GAAGGTGACCAAGTTCATGCTCACAGATGTTCTCCACTCTCTG-
5'-GAAGGTCGGAGTCAACGGATTCACAGATGTTCTCCACTCTCTC-3
5'-COCTCCAAGGTCCATGGGT-3'

7BL AX-89745787 725.4 K-AX-89745787 5'-GAAGGTGACCAAGTTCATGCTGGAGGACATTGTGCAACCG-3'
5 -GAAGGTCGGAGTCAACGGATTGGAGGACATTGTGCAACCT-3'
5 -AGGATTGGTTCTGCAATCCA-3'
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Timepoint 1 Timepoint 27 Timepoint 37 Timepoint 47 Timepoint 57 All timepoints, 1-5

Mean  SD Mean sD Mean sD Mean sD Mean sD Mean sD
Intervention group A' (N =25) (N =25) (V=23 (N=23) (N=23)
Energy (keal/d) 2,002 721 2,071 484 2076 721 2,081 568 2079 510 2,048 424
Fat (g/d) 737 356 69.6 177 749 37.6 748 34.7 745 253 734 175
Protein (g/d) 603 302 60.3 276 605 325 611 296 64.1 35 611 193
Carbohydrate (g/c) 2661 1037 293 78 2812 1049 2827 824 2799 909 2776 652
Iron (mg/c) 17.3 92 182 72 187 82 187 82 192 9.1 18 57
Zine (mg/d) 96 55 98 42 98 49 97 46 104 51 o7 33
Phytate (mg/d) 1455 804 1,711 779 1489 833 1,530 786 1,335 694 1,482 562
Phytate/Zn (molar ratio)  15.3 3.4 17.2 39 152 5 157 33 129 3 153 19
Intervention group BY (N =25) (N =25) (V=24) (V=23 (V=22
Energy (keal/d) 2077 821 2130 520 2,087 714 2,169 603 2106 671 2,101 459
Fat (g/d) 833 416 65.7 287 715 257 68.9 22 779 332 732 158
Protein (g/d) 648 37.9 69.6 239 66.1 402 708 302 595 256 65.4 177
Carbohydrate (g/cl) 2509 118 8074 674 2869 1279 3081 1019 284 1004 287.4 683
Iron (mg/c) 193 123 203 7.7 193 108 216 87 17 62 19.4 52
Zine (mg/d) 104 57 1.2 43 104 6.1 1.4 43 9.1 36 104 26
Phytate (mg/d) 1,205 664 1,741 642 1562 1085 1471 564 1311 550 1,469 an
Phytate/Zn (molar ratio) 132 42 16 46 144 5 136 39 145 32 145 21

Sintervention group A received biofortified flour i period 1 and control flour in period 2 of the study. Intervention group B received control flour in period 1 and biofortiied flour in period
20f the study.
Timepoint

baseline; Timepoint 2 = week 4 of period 1; Timepoint 3 = week 8 of period 1; Timepoint 4 = week 4 of period 2: Timepoint

week 8 of period 2.





OPS/images/fnut-08-680391/fnut-08-680391-t007.jpg
Trait QTL

GZn QZn.caas-4DS
QZn.caas-6AS
QZn.caas-7BL

GFe QFe.caas-4DS
QFe.caas-6AS

QFe.caas-7BL

“Significant at P < 0.05.

Marker

K-AX-89703298

K-AX-110640576

K-AX-89745787

K-AX-89703298

K-AX-110640576

K-AX-89745787

Genotype

cc
AA
GG
cc
GG

2384

cCc
GG

Number

8
66
19
126
1
134
79
66
19
126
1
134

Mean (mg/kg)

32.4
30.7
34.0
312
347
31.4
39.4
38.0
396
386
43.1
38.4

T value

—2.28"

—2.54"

—2.41"

—2.58"

-1.18

—2.55"
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Bran granularity Bran addition (%)

0
5
Coarse bran 10
15
20
0
5
Medium bran 10
15
20
0
5
Fine bran 10
15
20

The same alphabets in right side of the same list show no significance (P > 0.05), on the contrary, having significance (P < 0.05).

CK

90.53a
88.56b
87.30c
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85.83¢
90.53a
88.47b
86.82¢c
85.48d
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90.53a
88.83b
86.79¢c
84.82d
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L

Zn

90.64a
89.08b
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87.08c
86.31d
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0.66b
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1.37d
2.02e
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0.59b
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Flour Bran granularity Bran addition (%)

o 5 10 15 20
coarse 27.50+0.71a 23.00b 13.00c 9.50 £ 0.71b 937 £0.71d
CK medium 27.50+0.71a 18.00b 16.50 £0.71b. 1450 +£0.71b 1210+ 0.71c
fine 2750+ 0.71a 1750+ 0.71b 14.50 £2.12b 1550+ 0.71b 14.00 + 1.41b

Those with the same letters in the same row indicated that the diference in the same period did not reach the significant level (P > 0.05), while those with different letters indlicated that
the difference reached the significant level.
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E5S 0.40*
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E8 041
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“Significant at P < 0.001.

Upper right triangle: Correlation coefficients between environments for GZn.
Lower left triangle: Correlation coefficients between environments for GFe.

E2

0.45

0.52**
047"
0.46*
051"
0.54*
047
0.28"*

E3

032
0.25**

0.47**
042t
0.44**
046
045t
031+

E4

0.40**
041
0.40**

0.40**
053"
0.55**
051"
0.38"*

ES

087
Qg
083
0.49"

051
051+
048
082

E6

0.48
0.52"*
0.40*
0.57*
0.50**

0.63
0.53**
0.38"*

E7

0.36"*
Lob
0.34*
0.40"*
0.31*
050"

062+
0.41*

E8

0.47++
0.43*
0.34
0.52***
0.58*
0.67**
0.47*

0.39**

E9

0.48"
0.39"
0.36*
051
0.46***
0.60**
0.43*
0.55**

E1-E9, Shijiazhuang 2016-2017, Gaoyi 2016-2017, Bejing 2016-2017, Shijiazhuang 2017-2018, Gaoyi 2017-2018, Bejing 2017-2018, Shiiazhuang 2018-2019, Gaoyi 2018-2019,

and Beijiing 2018-2019.





OPS/images/fnut-08-761708/fnut-08-761708-g001.gif
.......
Fe———






OPS/images/fnut-08-680391/fnut-08-680391-t004.jpg
Trait QTL

Zn QZn.caas-1DS

QZn.caas-2AS

QZn.caas-3BS

QZn.caas-4DS

QZn.caas-6AS

QZn.caas-6DL

QZn.caas-7BL

Fe QFe.caas-3BL

Qfe.caas-4DS

QFe.caas-6AS

QFe.caas-7BL

Environment

E3
E6
E8
ES
E8
B2
E4
El
E2
E4
ES
E6
E7
E8
=]
E4
E6
E3
E4
El
E3
EB
E8
E9
ES5
E6
E1
E2
E3
E4
ES
E6
E7
E8
E9
E1
E6
El
E6

Physical interval® Marker interval

32.5-388 AX-95235028-AX-94939596
46.1-48.4 AX-94592263-AX-108732889
42.5-59.1 AX-110975262-AX-109911679
16.0-19.5 AX-89593703-AX-89445201
77.1-100.3 AX-108951317-AX-110968221
454.1-459.4 AX-109058428-AX-111841126
721.8-725.4 AX-95658138-AX-89745787
764.7-822.9 AX-111016352-AX-94835626
16.0-17.1 AX-89593703-AX-89398511
77.1-106.9 AX-108951317-AX-109304443
718.5-725.4 AX-95631535-AX-89745787

9Physical interval; Mb, according to WWGSC RefSeq v1.0 (31), http://www.wheatgenome.org/.
bLOD; likeliood of odds ratio for genetic effects.
°PVE; percentege of phenotypic variance expleined by indlviduel QL.
9Add; Additive effect of QTL; negative values indicate that the superior allle came from Jingdong 8, whereas positive values indicate that the superior allele was from Bainong AK5.

E1-E9, Shijazhuang 2016-2017, Gaoyi 2016-2017, Bejing 20162017, Shiiazhuang 2017-2018, Gaoyi 2017-2018, Bejing 2017-2018, Shiiazhuang 2018-2019, Gaoyi 2018-2019,

and Bejjiing 2018-2019.

Lopb®

3.0
7
6.0
4.1
9.2
37
48
10.8
4.6
9.0
4.4
17.1
35
13.1
85
a4
37
73
3.0
4.2
5.4
5.4
6.3
5.0
3.1
28
16.8
18.7
12.3
244
6.2
20.6
20.8
1.2
4.6
a7
7.0
28
6.2

PVE(%)°

35
34
6.0
22
93
87
55
121
T2
10.7
24
26.1
49
143
1.2
52
4.8
85
35
43
6.4
6.9
6.3
6.2
58
29
204
27.0
19.4
243
9.0
25,6
30.4
55
23
5.1
75
29
6.9
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Source of variation

Line

Environment (Env)
LinexEnv

Rep (Env)

Error

Heritabilty

Significant at P < 0.01.

DF

253

2,024

2021

Sum square
Zn Fe
39,148" 50,429"
67,064 24,847+
74,960 91,715
3,385 1,658
46,076 49,910
036 +0.03 039+ 0.08
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Trait Environment

Zn (mg/kg) Ef
E2
E3
E4
E5
6
E7
E8
E9
Fe (mg/kg) Et
E2
E3
E4
E5
E6
E7
E8
E9

Parents
Jingdong 8

424
415
53.4
413
52.1
46.2
40.7
55.0
486
51.0
535
53.2
46.6
498
49.2
54.2
56.6
55.0

Bainong AK58

351
341
46.4
345
441
369
337
423
34.7
43.0
409
428
40.2
423
345
37.8
39.7
38.0

RiLs

Range

25.4-52.6
25.2-56.6
29.5-60.7
28.7-52.6
33.5-62.2
28.9-54.3
26.7-49.0
34.6-62.5
27.0-57.9
32.8-62.6
34.5-68.9
34.2-64.0
36.3-52.3
37.0-59.5
31.1-65.1
32.0-67.2
33.9-69.2
28.0-63.9

Mean + SD

389+46
39.1+56
435+£57
380+4.1
46.4 £ 4.7
413+£563
346£39
476+6.0
400+£58
473+562
480£6.5
485+63
422+£32
449+38
427+£55
450+6.7
492 +6.2
471£64

E1-E9, Shijazhuang 2016-2017, Gaoyi 2016-2017, Bejing 2016-2017, Shijiazhuang 2017-2018, Gaoyi 2017-2018, Bejing 2017-2018, Shiiazhuang 2018-2019, Gaoyi 2018-2019,

and Beijjiing 2018-2019.
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Bran granularity Bran addition (%)

0

5

Coarse bran 10
15

20

0

5

Medium bran 10
15

20

0

5

Fine bran 10
15

20

The same alphabets in right side of the same list show no significance (P > 0.05), on the contrary, having significance (P < 0.05).

Moisture content (%)

CK

13.94 + 0.04a
13.87 £ 0.04ab
13.0.84 £ 0.068b
1382+ 0.1bc
13.76 + 0.02¢
13.94 + 0.04a
13.64 £ 0.01e
13.47 +001d
13.19 + 0.06c
13.08 + 0.01b
13.94 £ 0.04a
13.31 £ 0.06d
1296 + 0.14c
12.73 £ 0.09b
12,66 + 0.01a

Zn

13.87 +£ 0.05a
1381+ 001e
13.78 £ 0.05d
13.74 + 0.06c
13.71 £0.07b
13.87 + 0.05a
13.87 £ 0.08d
13.66 + 0.04cd
13.11 £ 0.04b
12.49 + 0.01c
13.87 £ 0.05b
13.33+0.48a
12.58 + 0.02a
1259 £ 0.51a
1212+ 0.04a

CK

7385+ 021a
68.00b
63.7 £0.14c
61.35 + 0.35d
68.65 £ 0.21e
7385+ 021a
66.80b
63.65 + 0.07¢
60.90d
58.2 +0.14e
7385+ 021a
68.556 + 0.21b
65.35 £ 0.21¢c
63.35 +0.07d
61.15 £ 0.21e

Whiteness

Zn

73.40a
68.9 + 0.42b
66.65 £ 0.35¢
62.9 + 0.42d
60.95 £ 0.07e
73.40a
68.6 +0.14b
66.85 +0.07¢c
64.05 £ 0.07d
62.80e
73.40a
69.00b
66.76 £ 0.07c
63.60 £ 0.07d
62.10e
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Sample  Specific volume ~ Surface color Surface structure Appearance shape Internal structure  Spring Tenacity Viscosity Odor Total score

(20 (10) (10) 10 (15) 10 10 10 10

Zn 20 91 10.0 91 135 8.8 85 85 45 92

Zn-C-5 18 8.7 80 83 105 856 75 8.0 48 82.3
Zn-C-10 16.2 85 6.5 7.4 105 76 8.1 70 46 74.4
Zn-C-15 165 7.4 70 6.2 103 72 70 6.2 42 il

Zn-C-20 143 6.3 6.0 5.1 9.4 87 65 6.0 4.0 66.3
Zn-M-5 17.8 88 9.0 88 1.0 82 8.0 8.0 4.8 84.4
Zn-M-10 16 78 8.0 85 10.4 70 82 70 4.8 T
Zn-M-15 15.8 6.4 75 T2 9.8 72 8.5 6.3 46 73
Zn-M-20 14.7 6.0 70 7.0 9.0 6.2 5.0 5.0 45 64.4
Zn-F-5 16.4 2.0 8.0 8.8 1.8 88 8.0 75 42 80.5
Zn-F-10 16.5 7.7 8.0 8.0 10.4 75 57 T2 35 735
Zn-F-15 142 56 70 78 75 6.0 50 6.4 30 625
Zn-F-20 13 5.0 6.0 4.5 6.0 55 45 4.0 20 50.6

Zn-C-5, Zn flour with 5% coarse bran addtion level: Zn-M-5, Zn flour with 5% medium bran addition level, Zn-F-5, Zn flour with 5% fine bran addition level and so on.
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Bran granularity  Bran addition (%)

0
5
Fine 10
15
20
0
5
Medium 10
15
20
0
5
Coarse 10
15
20

Zinc content (mg/kg)

CK

16.056 + 0.78e
20.20 +0.14d
27.45+0.21c
34.00 +1.13b
3791 +0.71a
16.05 + 0.78e
19.90 + 0.28d
26.71 £ 1.84c
31.50 + 0.28b
36.00 % 0.71a
16.05 +0.78d
21.76 £ 0.265¢
26.47 £ 0.32bc
32.20 +2.83b
3725+ 1.21a

Zn

26.75 £ 4.59¢
40.04 + 0.42b
47.19 £ 0.7ab
50.35 +0.21a
53.90 + Oa
2575+ 4.6¢c
4015+ 1.41b
46.25 £ 3.18ab
499 + 1.27a
53.06 £ 0.78a
25.75 + 4.6¢c
39.26 + 0.35b
46.72 £ 0.642b
49.2 £ 0.14ab
52.75 £ 4.59a

At the same granularity, the same alphabets in right side of the same it of the item of
one stage show no significance (P > 0.05), on the contrary, having significance in same
column mean significant among treatments at 5% level.
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Granularity Bran addition/% Hardness/g Springiness/% Cohesiveness Gumminess Chewiness

) 2903.01 £ 57.28e 0.98a 0.85a 2519.32 £ 110.46e 2208.91 £ 120.09%
5 3641.23 +213.01d 0.97b 0.85a 283529 +61.11d 2667.12 + 149.28d
Coarse 10 5219.12 £ 282.84c 0.96c 0.84ab 4215.29 + 205.03¢ 3871.06 + 6.98¢c
16 6463.96 + 70.71b 0.94d 0.83ab 5181.61 + 513.02b 5076.69 + 180.562b
20 7410 £217.54a 0.93e 0.81b 6228.03 £ 342.17a 5749.17 £ 107.8%a
0 2903.01 + 57.28¢ 0.98a 0.85a 2519.32 + 110.46e 2208.91 + 120.09%
5 4432.88 £ 114.02b 0.96ab 0.84b 3508.16 + 358.75¢ 34529 £ 310.71c
Medium 10 5149.14 + 104.89c 0.94bc 0.83c 4176.20 £ 174.17¢ 4039.01 + 316.75¢
15 722215 £24.77d 0.94c 0.81d 5668.32 & 296.74b 5286.76 + 158.45b
20 8821.68 + 26.69¢ 0.92¢ 0.8e 6793.77 £ 291.42a 6366.42 + 327.36a
0 2903.01 £ 57.28e 0.98a 0.85a 2619.32 + 110.46e 2208.91 £ 120.09%
5 4649.69 + 7.4d 095b 0.83b 3836.78 + 21.3d 3650.63 + 31.07d
Fine 10 6146.43 £ 169.51c 0.93bc 0.80c 4911.46 £ 131.11¢c 449299 + 112.14c
15 824561 + 137.45b 0.92¢c 0.77d 6179.10 £ 123.33b 6650.93 £ 114.65b
20 9602.97 + 315.87a 0.89d 0.75e 7105.42 £ 149.32a 7053.01 + 175.52a

At the same granularity, the same alphabets in right side of the same it of the item of one stage show no significance (P > 0.05), on the contrary, having significance in same column
mean significant among treatments at 5% level.
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Granularity Bran addition/% Hardness/g Springiness/% Cohesiveness Gumminess Chewiness

0 2674.66 + 56.74e 0.97a 0.85a 2512.56 + 30.25¢ 2257.04 + 60.88e
5 3355.33 + 5.94d 0.96a 0.84ab 3036.01 £ 11.68d 2871.42 £ 20.34d
Coarse 10 4811.00 £ 23.21¢c 0.95ab 0.83b 4424.42 + 57.78c 3972.28 + 6.36¢c
15 6420.49 + 132.83b 0.93bc 0.81c 5390.94 £ 14.75b 4760.12 + 65.63b
20 7710.97 + 261.8% 091c 0.77d 5706.35 + 78.72a 5323.7 + 38.82a
0 2674.66 £ 56.74e 0.97a 0.85a 2512.56 + 30.25¢ 2257.04 + 60.88e
5 4008.29 + 140.86d 0.96b 0.85ab 3324.81 4 11.73¢c 3144.03 + 58.25d
Medium 10 5260.99 + 61.20c 0.94c 0.83b 4169.08 + 49.90b 4346.87 + 106.41c
15 7722.87 £ 141.25b 0.93d 0.81c 5909.49 + 64.42a 5320.59 + 82.28b
20 8205.33 + 91.96a 0.92¢ 0.80d 6240.47 + 36.54a 5846.62 + 128.10a
0 2674.66 £ 56.74e 0.97a 0.85a 2512.56 + 30.25¢ 2257.04 + 60.88e
5 4762.42 £ 7.40d 0.95a 0.81b 3798.44 + 51.20d 3562.63 + 49.28d
Fine 10 6346.43 £ 169.51c 0.93b 0.79¢ 5010.65 £ 122.11c 4502.99 £ 107.14c
15 8310.21 £ 47.32b 0.91c 0.77d 6167.32 + 89.35b 6579.42 + 111.75b
20 9588.75 + 126.24a 0.88d 0.76e 7028.33 % 152.04a 697121 £ 169.20a

At the same granularity, the seme alphabets in right side of the same It of the item of one stege show o significance (P > 0.05), on the contrary, having significance in same colurmn
mean significant among treatments at 5% level.
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Sample  Specific volume  Surface color ~ Surface structure  Appearance shape  Internal structure  Spring Tenacity Viscosity Odor Total

(20) (10) (10) (10) (15) (10) (10) (10 (10) score
20 92 90 90 135 85 85 85 47 %09
17 85 80 83 104 80 75 8.1 48 806
16 7.4 65 7.2 20 75 80 7.2 45 733

155 63 7.0 60 92 7.2 70 60 45 692

143 60 60 50 87 66 60 58 43 627
17 85 9.0 82 106 80 80 85 4.8 82.6
16 75 80 80 29 7.2 80 72 47 765

167 6.2 7.3 72 85 70 6.5 6.3 46 69.3

132 52 70 65 78 6.2 50 55 45 609

167 90 80 88 117 76 60 75 43 796
15 7.7 80 81 110 7.4 57 74 32 735

135 63 7.0 80 72 62 50 62 27 621
13 56 60 40 63 50 40 43 20 502

CK-C-5, CK flour with 5% coarse bran addition level: CK-M-5, CK flour with 5% medium bran addition level: CK-}

5, CK flour with 5% fine bran addition level and so on.
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Bran granularity Bran addition (%) Wet gluten content (%) Gluten index

CK Zn CK Zn

0 35.64 + 0.57b 37.65 £ 0.56b 7285+ 021a 73.40a

5 37.64 + 0.41ab 37.74 + 0.64ab 68.65 & 0.07b 68.70b
Coarse 10 38.31 & 022a 38.45 + 0.24a 63.70 £ 0.14c 66.65 £ 0.35¢
15 34.48 + 0.26cd 34.3+0.27¢ 61.36 + 0.35d 62.91 & 0.42d
20 30.62 + 0.58d 31.02 £ 0.53d 5865+ 0.21e 60.95 £ 0.07e

0 36.64 + 0.57bc 37.66 + 0.56ab 7385+ 021a 73.40a
5 37.98 + 1.12bc 38.57 + 0.54a 66.80b 68.6 +0.14b
Medium 10 3835+ 1.34a 38.53 + 0.09ab 63.65 £ 0.07c 65.85 £ 0.07c
15 38.21 + 1.09ab 37.42 £0.14b 60.90d 64.05 + 0.07d

20 33.46 % 2.70¢ 36.07 + 0.3% 5822+ 0.14e 62.80e

0 35.64 + 0.57b 37.65 £ 0.56b 7385+ 0.21a 73.40a

5 37.62 4 0.55a 38.02+0.51a 68.56 + 0.21b 69.00b
Fine 10 34.48 £ 0.26¢c 34.30 +0.57¢c 65.35 £ 0.21c 65.75 £ 0.07c
15 32.66 + 0.42d 32.45 £ 0.52d 63.35 + 0.07d 683.60 + 0.07d

20 318+ 0.61e 31.74 £ 0.47e 61.15 £ 0.21e 62.10e

Those with the same letters in the same row indicated that the difference in the same period did not reach the significant level (P > 0.05), while those with different letters indicated that
the difference reached the significant level.
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Bran granularity Bran addition Peak viscosity Trough viscosity Breakdown Finalviscosity ~ Setback  Peaktime Pasting temperature

(%) (RVU) (RVU) (RVU) (RVU) (RVU) (min) cc)
0 137214143 11467+ 1.41a 425+ 1182 207.92:+224b 93.25+082%bc 630052 67.79 £ 0.58¢
5 119794041  759241.06d 43884065a 178.79+265d 10288+150 6.05+£035a  70.45:+007b
Fine 10 12142£365a 955+3.18bc 4192+047a 23083+354a 13533+035a 6.11+0.12a 755+2.12a
15 12096359 86.71+1031cd 40264 683a 17158+507d 90.88+831c 6.08+0.12a 76.3+2.8%a
20 122084189 101.54£0.77ab 40.54+265a 19429+ 041c 92.75% 1.18bc 6.08 +026a 788+ 0.42a
0 137214143 11467203 425+118a 207.92+158c 9325+152bc 63+£005a  67.79:+058b
5 161,00 1.21c 112541092 485040652 21292:+3.11b 10042079 627+035a  67.45:+007b
Medium 10 159.83£0.62b 1165+041a 4350+ 047a 23583+ 154a 11950233 6.13+007a 725212
15 13483+£308c 9683+3541b 4025+683a 187.08+321d 90254183 620+0.12a 76.3+2.83
20 15092 £2.40b 94.42+3.187b 44.08+265a 18283+091d 87.92+201bc 6.19+0.26a 788+ 0.42a
0 187.21£1.43d 11467 £141d 425+ 118a 20792+224d 93.25+082%bc 630052 67.79 £ 0.58a
5 20042+1.21c 158254100 42.17+£065a 24692£3.11b 8867+07% 660+£035a  65.40007a
Coarse 10 22002:£062b 18667 +041a 4325+ 047a 306671542 120+0233a 666+007a 6445212
15 192:4308c 147.17£3541c 44.83+£683a 241.17£321d 94183 670+012a  6355+283b
20 19176 £2.40b 143568+ 3.18c 481742652 2385+£091c 9472+201bc 680+£026a  61.05+0.42

At the same granularity, the seme alphabets in right side of the same It of the item of one stege show o significance (P > 0.05), on the contrary, having significance in same colurmn
mean significant among treatments at 5% level.
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Bran granularity Bran addition Peak viscosity Troughviscosity ~Breakdown  Finalviscosity ~ Setback  Peaktime Pasting temperature

(%) (RVU) (RVU) (RVU) (RVU) (RVU) (min) cc)
0 14096£23a 10846+ 984a 3967 £577a 191.96+48% 10350+837a 6300142 7083+ 095a
5 137.96£109b 101204848 37.5+£106b 1815+865b 80214619 647+£028a  66.98 % 0.60b
Fine 10 137.08£3.650 99.50+094b 3658+ 4.60bc 18463501 9413+5950 620£0.1% 6278 0.67c
15 12960+ 605c 7313+ 147d 3558+106c 17542+047c 9627+103b 6.18+£007a  70.75+0.78a
20 108714£253d  89.17+£636c  335+£035d 170.58+566c 101.42+071a 620£002  69.07 % 0.94a
0 14096+£23b  101.29:£3.480 3967 +577a 191.96+4.8% 9067 +837c 630+014a  70.83+0.95a
5 12308+ 109c 8825+£9.84a 388341060 171.25:566b 80.42+619d 627£028a  67.18%0.60b
Medium 10 161.75£3.65a 111.76+094b  84+460c 16633+£501c 11458+595a 620£0.1%  61.75%067c
15 119714£253d 8083+ 147d 3817+ 106ab 16342+£047d 8258+£103c 607£007a  71.05%078a
20 12667 £6.05bc 8533+ 636c 34.33+085c 16827 £3.65c 8592+ 071bc 6.13+002a  69.07 +0.94a
0 14096+£23d  10129:£3.48b 3967 +577c 191.96+4.8%c 90.67+837b 630+01da  70.83:+095a
5 19242£109b 13508+ 984a 4075+4.60c 247.83+366b 112754619 6.27+£028a 6670+ 0.60b
Coarse 10 21267403652 17192+£094b 44.42+106b 27892+501a 107.00+£595 6804019  64.45+0.67c
15 169.00:£253 12458+1.47d 44834035 21358+047bc 8988+ 103d 647£007a  64.50%0.78c
20 171.17 £6.05bc 12633+ 6.36c 67.3341.06a 215004566bc 88.67+0.71d 647+002a  61.05+094d

At the same granularity, the same alphabets in right sice of the same lift of the item of one stage show o significance (o > 0.05), on the contrary, having significance in same colurmn
mean significant among treatments at 5% level.
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Bran granularity  Bran addition (%) Zine content (mg/kg)

CK Zn
0 7.50 £ 0.57d 11.85 £ 0.07d
5 16.06 + 0.64c 24.45+29¢c
Fine 10 17.00 £ 1.13¢ 27.95 +0.92c
15 21.85 4 1.06b 33.65 + 1.480
20 20.05 £ 0.92a 40.85 +0.78a
0 7.50 + 0.57d 11.85 +0.07e
5 13.10 £ 0.14c 2420 £0.14d
Medium 10 16.10+0.42bc  26.756 +0.21c
15 19,65 + 0.78b 32.65 £ 1.48b
20 20.01 £ 2.26a 39.30 +0.28a
[ 7.50 + 0.57¢ 11.85 +0.07e
5 13.70 £ 0.71d 21.90 £ 0.42d
Coarse 10 16.35 £ 0.07c 26.00 & 0.42c
15 29.20 £ 0.42b 3225 +£0.21b
20 28.75 £ 0.07a 37.65 & 1.06a

At the seme granularity, the same alphabets in right side of the same it of the item of
one stage show no significance (P > 0.05), on the contrary, having significance in same
column mean significant among treatments at 5% level.
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Flour Bran granularity

Bran addition (%)

o 5 10 15 20
coarse 29.00a 245+ 0.71b 19.00c 15.00d 10.50 £ 0.71e
Zn medium 29.00a 195+0.71b 12.00 + 1.4c 16.00 + 1.41d 12,00 1.41d
fine 29.00a 18.00b 11.00c 16.50 £ 0.71c 14.00 + 1.41d

Those with the same letters in the same row indicated that the diference in the same period did not reach the significant level (P > 0.05), while those with different letters indlicated that

the difference reached the significant level.





OPS/images/fnut-08-740286/fnut-08-740286-g006.gif
§
i

e

ST






OPS/images/fnut-08-740286/fnut-08-740286-t001.jpg
Genotype Neoxanthin Violaxanthin p-carotene
TILLING control 2036 £ 0.69° 2419£ 1212 47.31 £ 228
cod-Ad pll-A 21.48+1.01% 26.78 % 1.61° 45.33 % 2.67°
ccd-B4 pll-B 21.78 £ 0.98° 2713+ 1.81° 47.90 £ 4.16*
cod-Ad ced-B4 pll-A pi-B 22.48 £ 0.52° 26.14 2 0.91% 47.77 2141

Lutein

70.25 £ 1.73
72.38 £ 0.92%
7815 £ 1.17°
70.87 £ 1.09%

Total

162.11 4+ 3.02*
166.97 + 3.84%
165.95 + 1.86°
167.25 +3.37°

Data presented are mean = standard deviation of 4-8 biological replicates. Different letters indicate statistically significant differences (P < 0.05) within a column.
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Genotype Lutein
TILLING control 494+ 1140
cod-Ad pll-A 520 1.56°
cod-B4 pll-B 3.98+ 153"

ccd-Ad ccd-B4 pli-A pll-B 530+ 1.272

p-carotene

0.21 £0.06%
0.20 £ 0.04%
0.21 +0.06*
0.20 £ 0.05%

Total

616+ 1.16°
5.40 + 1.632
418+ 1.58°
5.50 + 1.26%

Data presented are mean  standard deviation of 5-6 biological replcates. Different letters

indicate statistically significant differences (P < 0.05) within a column.
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ime after Seren application (d)

N
3 0.495 (0.03)
10 1.44 (0.28)
17/34% 2.06(0.25)
Two-way ANOVA

Day <005

N <0.10
Day'N ns

“ns” denotes non-significant interactions at p < 0.05.

Serert uptake (g pot™")

ast
+N
0.946 (0.36)

2.11(0.49)
2.84(0.55)

*The last sampling was done 17 and 34 days after Seqy application at GS1 and GS2, respectively.

-N

2,40 (0.40)
285 (0.11)
2.90(021)

<0.05
ns
ns

as2

N

2.31(0.30)
3.12(0.32)
400 0.51)
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Treatments

SeMet
mg kg~!

FSe 0.16(0.02)

FSe+N 021 (0.02)

* denotes non-detectable concentrations of species.

% of total

92(0.3)
% (2.3)

Se species in grain

seV seV
mg kg™ % of total
0.014(0.00) 83(0.9) nd
0,010 (0.00) 63(23)

SeCys

nd
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pH (water) 79

Electrical conductivity (1S cm™") 1,300
Organic matter (%) 4.1
Clay (%) 13
Sand (%) 72
Extractable P (mg kg~") 30

Extractable S (mg kg~") 18
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Growth Days after
stage (GS) sowing
(DAS)

D

1 66
73
80
2 122
129
153

2-®Indjcate significant differences (p < 0.05).

Harvest time
following
Seqen
application

d

3
10
17
3
10
34

Dry matter
yield!

gpot™!

3.16(0.08)
465 (0.20¢
592 (0.29°
18.9(0.56)°
21.7 0.50)"
222(0.44p
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Mapping

Parentage/association

Chromosome

Number of

Phenotypic variance (%)

References

approach panel QTLs/genomic regions
Fe Zn Fe Zn
QTL mapping T. boeoticum (pau5088)x Fe: 2A, 7A (2 QTLs) 3 2 7.0-12.6 9.0-18.0 Tiwari et al. (52)
T. monococcum (pau14087) Zn: 7A (2 QTLs)
QTL mapping Durum wheat (cv. Langdon)  Fe: 2A (2 QTLs), 2B, 3A, iR 6 2-18 1-23 Peleg et al. (64)
X wild emmer (accession 3B, 4B 5A, 6A, 6B, 7A, 7B
G18-16). Zn: 2A (2 QTLs), 5A, 6B,
7A, 7B
QTL mapping Xiaoyan 54 and Jing 411 Fe: 2B, 5A, 6A 3 3 3.27-10.78 4.23-9.05 Xuetal. (70)
Zn: BA, 2A, 4B
QTL mapping PBW343X Kenya Swara Zn: 1B, 2B, 3A, 4A, 5B - 5 10.0-15.0 Hao et al. (71)
QTL mapping Berkut X Krichauff Fe: 1B 1 2 22.2 23.1-35.90 Tiwari et al. (65)
Zn:1B,2B
QTL mapping Two mapping populations Fe: 1B, 2A, 2B (2 QTLs), 7 10 9.0-17. 9.00-31.0 Velu et al. (66)
were used: 3A, 6B, 7B
Saricanak98 X MM5/4 Zn: 1B, 1D, 2B, 3A, 3D, 6A,
Adana99 x 70,711 6B, 7A (2 QTLs), 7B
Association 167 Ae. tauschii Fe: 1D, 2D, 3D, 4D, 7D 5 4 - - Arora et al.
mapping Zn: 2D, 4D, 6D, 7D (114)
QTL mapping WH542 X a synthetic Fe: 6D, 7D (2 QTLs) 3 6 5.61-42.12 5.05-13.07 Krishnappa
derivative [Triticum dicoccon  Zn: 1D, 3B, 2D (2 QTLs), 7D et al. (69)
P194624/Aegilops tauschii (2 QTLs)
(409)//BCN].
Association 369 European elite wheat Zn: 2A, 3A, 3B, 4A, 4D, 5A, — 40 = 2552 Alomari et al.
mapping varieties 5B, 5D, 6D, 7A, 7B, 7D (59)
Association 123 synthetic hexaploid Fe: 1A (2 QTLs), 3A 3 13 11.2-13.2 1.8-14.1 Bhatta et al.
mapping wheat derived from cross Zn: 1A, 2A (2 QTLs, 3A (2 (115)
Triticum turgidum QTLs), 3B (3 QTLs), 4A, 4B,
L. x Aegilops tauschii Coss. 5A (2 QTLs), 6B
QTL mapping Roelfs F2007X Hong Hua Fe: 1A, 2A, 3B, 3D, 4B, 5A, 9 10 2.10-14.56 2.71-14.22 Liu et al. (68)
Mai/./Blouk #1 6B (2 QTLs)
Zn: 1B, 2B, 3A, 3B, 3D, 4B,
5A (2 QTLs), 6B, 7A
Association HarvestPlus Association Zn: 1A, 2A (10 QTLs), 2B - 39 - 5-10.5 Velu et al. (34)
mapping Mapping panel consisted of (11 QTLs), 2D (2 QTLs), 5A
330 wheat lines. (2 QTLs), 6B (2 QTLs), 6D,
7B (7QTLs), 7D
QTL mapping WH542 X a synthetic Fe: 6D, 7D (2 QTLs) 3 6 5.01-13.07 5.61-42.13 Krishnappa
derivative [Triticum dicoccon  Zn: 3B, 1D, 2D (2 QTLs), 7D et al. (69)
P194624/Aegilops tauschii (2 QTLs)
(409)//BCN].
QTL mapping Kachu x Zinc-Shakti Fe: 1B, 1D, 2A, 6A 4 9 3.1-12.3 3.3-10.3 Rathan et al.
Zn: 1B (2QTLs), 1D, 2A, 2B, (116)
5A, 6B, 7D (2 QTLs)
Association 205 wheat genotypes Zn: 2B, 3B, 4B, 7B, 7A 20 16 8.07-16.23 7.94-12.12 Wang et al.
mapping comprising cultivars, Fe: 5A, 6B, 7B, 7D (117)
landraces,
and

breeding lines
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A Conventional Breeding Approach: Targeting Single Nutrient

\

Donor Parent /\\ \ / RC(?iPiCI.lt Par.ent
having superior hav%ng high }Tleld
single mineral or vitamin and disease resistance

X Crossing followed by selection of
superior progenies in multiple generations

Biofortified and high-yielding
wheat line having single mineral or vitamin

B Genetic Engineering Approach: Targeting Multiple Nutrient

Making multigene cassette for
multi-nutrient using genetic engineering

Minerals (M) Vitamins (V) Other plant traits
M-1 M-2 M-3 V-1 V-2 V-3 st @ g
BRCT g
Transformation of high-yielding Qxﬂs@“’% ago®

wheat varieties with multiple
disease resistance and development
of transgenic events in combination
with conventional breeding

ivid

Variety 1 Variety 2 Variety 3 Variety 4

Multi-mineral & multi-vitamin biofortified wheat varieties
alongwith superior physiologcal and agronomic traits

C Genome Editing: Targeted Mutagenesis for Biofortification
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Loss of Function Mutation Gain of Function Mutation Gain of Function Mutation

'

Plant Transformation
Plant Transformation

Genome Edited Biofortified Wheat
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Timepoint 1 Timepoint 2 Timepoint 3 Timepoint 4 Timepoint 5

Mean sp Mean sb Mean sD Mean sD Mean
Intervention group A N =24) (N=22) (N=23) N =21) ~N=
GLA, mM 0024 0011 0035 0016 0.032 0016 0026 0011 0023
LA, mM 1.421 0216 1.287 0.197 1.141 0.131 0957 0.103 0885
ARA, mM 0676 0.195 0705 0203 0679 0.120 0529 0.100 0.485
DGLA, mM 0.164 0.056 0.166 0055 0.167 0050 0.134 0,041 0.119
Intervention group B =22 (N=22) (N=18) N =21) =
GLA, mM 0026 0.009 0028 0.009 0.041 0019 0.027 0012 0022
LA, mM 1.457 0.283 1.301 0.196 1.119 0170 0978 0219 0858
ARA, mM 0696 0.193 0706 0.186 0682 0.130 0573 0.160 0.469
DGLA, mM 0.169 0.040 0.157 0.033 0.196 0070 0.148 0,050 0.118

Linoleic acid (LA); 18:3n—6 y -linolenic acid (GLA); 20:3n—6 dihomo-y -linolenic acid (DGLA); 20:4n~6 arachidonic acid (ARA).
“Timepoint 1 = baseline; Timepoint 2 = week 4 of period 1; Timepoint 3 = week 8 of period 1; Timepoint 4 = week 4 of period 2; Timepoint 5 = week 8 of period 2.

SD

23)
0.010
0.086
0.107
0.080

22)
0.009
0112
0.084
0.038
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Plasma mineral Intervention, mean (SD), n = 45 Control, mean (SD), n = 45
Zine (ug/l) 636.8(101.5) 627.3(113.8)
Selenium (ug/L) 91.4(15.5) 95.0(17.6)

Copper (ng/L) 976.7 (238.7) 959.2 (219.7)
Copper:zinc ratio 1.6 (0.4) 1.6(0.4)

lntervention minus control. P-values are obtained using Linear Mixed Model adjusted for baseline.

Paired differences”, mean with 95% CI

106 (~32.6,53.8)
~3.6(-9.4,2.2)
11.0(~64.9,86.9)
~003 (~0.2,0.09)

p-value

0.62
022
0.77
0.63
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T Flour Zine (ng/L) Selenium (1g/L) Copper (1g/L) CopperZine

N Mean sD Mean sD Mean sD ratio
Group A
il Control 25 690.8 118.2 %538 137 1,084.7 207.2 1.61
T2 Zn Biofortfied 22 664.0 1008 0.1 136 9885 2318 1.50
3 Zn Biofortfied 23 670.7 114.0 96 154 1,035.6 2522 1.56
T4 Control 22 634.2 937 8.7 1.6 902.2 1686 1.44
5 Control 23 572.2 89.4 842 129 9045 219.4 161
Group B
T Control 25 702.3 119.7 974 196 1,066.0 226.4 157
] Control 23 621.2 108.7 9.1 164 1,027.8 357.2 168
3 Control 22 685.0 107.1 106.4 145 1016.3 200.7 1.52
T4 Zn Biofortfied 21 685.9 131.1 982 134 10104 250.7 1.49
5 Zn Biofortified 22 601.5 734 83.0 152 9152 2120 154

ST = Timepoint, where Timepoint 1 = baseline; Timepoint 2 = week 4 of period 1; Timepoint 3 = week 8 of period 1; Timepoint 4 = week 4 of period 2; Timepoint 5 = week 8 of
period 2.
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Wheat variety N Mean (Zinc) mg/kg SD Min Median Max 95% CI

Zincol-2016 139 493 56 273 497 61.3 48.3-50.2
Galaxy 171 222 29 143 222 309 21.7-226
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Nutrient intake

All timepoints Mean
Energy (keald) 20743
Fat (g/d) 733
Protein (g/d) 632
Carbohydrate (¢/c) 2825
Iron (mg/c) 187
Zinc (mg/d) 10.1
Phytate (g/d) 1,475.5
Phytate/Zn (molar ratio)  14.9

“Mean weight at baseline = 66.3 kg.

SD

4383
165
18.4
66.3
5.4
3.0

487.3
20

% Energy

Mean

287
121
54.3

SD

4.3
29
4.0

PK guidelines

2,160 keal/d

052/kg=34.4g"

30 mg/d
20mg/d
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Trait QTL name

GFeC QGFe.iari-7D.1

QGFe.iari-7D.2

QGFe.iari-6D
GZnC QGZn.jari-7D.2

QGZn.jari-2D.2
QGZn.jari-2D.1
QGZn.jari-38
QGZn.jari-7D.1
QGZn.iari-1D
GPC QGPC.iari-58.1

QGPC.iari-7D.2

QGPC.jari-7A
QGPC.iari-1A
QGPC.iari-4D
QGPC.iari-5D
QGPC.jari-58.2
QGPC.iari-6B
QGPC.jari-3D
QGPC.iari-7D.1
TKW QTkw.iari-7D

QTkw.iari-18

Environment

ICAR-IARLY1
ICAR-IARLY2
GBPUAT_Y2

GBPUAT_Y1

PusaBihar_Y1
PusaBihar_Y2
Pooled mean
Pooled mean
GBPUAT_Y1

Pooled mean
Pooled mean
ICAR-IARLY1
ICAR-IARLY2
ICAR-IARLY2
PusaBihar_Y1
ICAR-IARLY1
Pooled mean
GBPUAT_Y2

PusaBihar_Y2
Pooled mean
ICAR-IARL_Y2
GBPUAT_Y1

GBPUAT_Y1

GBPUAT_Y1

GBPUAT_Y2

PusaBihar_Y1
PusaBihar_Y1
PusaBihar_Y1
ICAR-IARLY1
ICAR-IARLY2
GBPUAT_Y1

GBPUAT_Y2

PusaBihar_Y1
Pooled mean
PusaBihar_Y2
PusaBihar_Y2

Position

1
12
12
13
21
19
13
"
21
18
73
89
170
"
343
0
0
13
20
21
185
i3
199
522
450
87
[
10
30
28
20
27
27
26
27
323

Flanking markers

Xwmc550-Xgwm350

Xgwm350-AX-94958668

Xgwm32-Xbarc202
Xgwm350-AX-94958668

Xbarc11-Xgwm349
Xgwm349- Xwmc309
AX-94405870- AX-94940814
Xwmc550- Xgwm350
AX-95628763- AX-94385394
Xcfd7- Xbarc109

Xgwm350- AX-94958668

Xbarc222-Xwme525
AX-94600120-AX-95231896
AX-94383222-AX-94462801
AX-04940145-AX-95248961
Xgwm499-AX-95113708
AX-94974451-AX-95195535
Xgwm314-Xbarc132
Xwmc550-Xgwm350
Xgwm350-AX-94958668

Xbarc137-Xwmc626

LoD

14.07
17.92
6.26
5.90
6.73
7.76
18.48
257
3.58
4.39
3.26
2.98
267
297
255
5.72
2.60
257
4.05
3.38
3.37
2.87
4.09
4.79
252
2.69
324
2.62
6.70
10.78
873
6.22
7.01
11.85
8.84
268

PVE (%)

32.10
4213
16.21
15.42
16.00
20.19
37.44
5.61
13.07
10.65
505
8.11
5.01
6.05
5.28
11.39
4.76
4.67
957
12.91
1053
4.73
6.71
8.06
9.19
9.05
6.33
6.15
21.05
26.53
11.02
21.19
23.12
27.30
21.89
4.22

Add

-1.22
-1.68
-1.28
-0.55
-0.92
-1.16
-1.05
-0.41
-1.08
-0.80
-056
-1.23

0.95
-1.04
-1.26
-0.35
-0.19
-0.24
057
-0.31
-0.31
-0.25

031
-0.33
-0.33

0.32

0.26
-0.26
-2.18
-3.76
-1.32
-2.61
-1.93
-2.17
=327

1.45

Confidence interval

75-185
9.5-125
6.6-24.5
75-275
12.5-30.5
8.5-30.5
10.5-19.5
0-255
45-415
6.5-35.5
52.5-87.5
73.5-104.5
169.6-170.5
2.5-30.5
338.5-354.6
0-7.5
0-115
45-345
9.5-315
7.6-365
178.5-1935
70.6-72.5
194.56-199.5
508.5-622
430.5-465.5
69.5-100.5
0-85
25-315
20.5-39.5
19.5-37.5
12.5-32.5
10.5-41.5
13.5-37.5
18.6-35.5
13.5-36.5
311.5-336.6

GFeC, grain iron concentration; GZnC, grain zinc concentration; GPC, grain protein content; TKW, thousand kernel weight; Y1: 2012-13; Y2: 2013-14. Positive value indicates that the

allele was inherited from WH542, and negative value indicates that the allele was inherited from synthetic derivative.
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QTL Markers Marker type No. of RILs 1 2 3 4 5 6 Mean

Grain iron concentration

2A Xgwm249 + Xgwm359 B4B 45 421 411 887 386 853 857 883
0.4 Xwmc550 + Xgwm350 B+B 41 428 419 873 886 357 362 388
7D.2¢ Xgwm350 + AX-94958668  B+A 31 426 415 876 403 857 358 889
2A+7D.1 Xgwm249 + Xgwm359 + B+B+B+8 2 427 419 872 891 356 366 389
Xwmcs50 + Xgwm350
Grain zinc concentration
2A Xgwm?249 + Xgwm359 B+B 45 43 414 304 30 449 435 388
2D.1 Xgwm349 + Xwmc309 A+A 20 43.4 40.8 299 30.4 451 429 38.8
0.4 Xwmc550 + Xgwm350 B+B 4 434 424 805 805 445 433 891
0.2 Xgwm350 + AX-94958668  B+A 31 43 424 308 808 434 431 389
2D.4+47D.1* Xgwm349 + Xwmo309 + A+A+B+B 8 442 435 819 819 453 437 40
Xwmcs50 + Xgwm350
Grain protein content
2A Xgwm249 + Xgwm359 B+B 45 164 146 144 18 167 164 153
5B.1 Xefd7 + Xbarc109 B+A 22 166 144 141 18 169 165 153
0.4 Xwmcs50 + Xgwm350 B+B 41 166 148 147 133 169 165 155
7D.2 Xgwm350 + AX-94958668 B+A 31 16.5 14.7 145 129 169 16.2 163
5B.147D2 Xefd7 + Xbarc109 + B4A+BHA 4 174 155 143 141 178 174 160
Xowm350 + AX-94958668
2A46B.14+7D.1+7D.2*  Xgwm249 + Xgwm359 + B+B+B+A+B+B+B+A 3 17.8 15.8 146 143 182 17.2 163
Xefd7 + Xbarc109 +
Xwmcs50 + Xgwm350 +
Xowm350 + AX-94958668

*Best combination of QTL, A—Parent 1 type, B—Parent 2 type.
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QTL

QGZn.jari-2A
QGFe.ari-2A
QGpe.jari-2A

QGFe.iari-7D.2
QGZn.jari-7D.2

QGPC.jari-7D.2
QTkw.iari-7D

QGFe.iari-7D.1
QGZn.iari-7D.1

QGPC.jari-7D.1

Chr.

2A

70

7D

TraesID

TraesCS2A02G 192500
TraesCS2A02G 192400
TraesCS2A02G063800

TraesCS2A02G063900
TraesCS7D02G337800
TraesCS7D02G337900

TraesCS7D02G338100
TraesCS7D02G521800

TraesCS7D02G521700

TraesCS7D02G521500
TraesCS7D02G521400
TraesCS7D02G521200

TraesCS7D02G337800
TraesCS7D02G337900

TraesCS7D02G338100
TraesCS7D02G338200
TraesCS7D02G338300
TraesCS7D02G338400

Putative candidate genes
(overlapping/nearby)

Alpha/beta hydrolase fold
GIY-YIG endonuclease

Homeobox-ike domain superfamily/SANT/Myb
domain

Protein kinase-like domain superfamily
Reticulon-like protein

Ribulose-phosphate binding barrel, N-(5'
phosphoribosy) anthranilate isomerase (PRAI)

Aluminum-activated malate transporter

WD4O/YVTN repeat-ike-containing domain
superfamily, U3 small nucleolar
RNA-associated protein

RNA-binding S4 domain superfamily,
Pseudouridine synthase, catalytic domain
superfamily

Zinc finger, MYND-type
SWEET sugar transporter

Serine/threonine protein kinase domain
containing protein

Reticulon-like protein

Ribulose-phosphate binding barrel, N-(5'
phosphoribosy) anthranilate isomerase (PRAJ)

Aluminum-activated malate transporter
GAT domain superfamily, ENTHVHS
Domain unknown function DUF295

Peptidase C78, ubiqitin fold modifier-specific
peptidase 1/2

Molecular function

DNA binding
DNA binding

Protein kinase activity, ATP binding

Catalytic activity,
phosphoribosylanthranilate isomerase
activity

Malate transport
Protein binding

RNA binding, pseudouridine synthase
activity

Carbohydrate transport

Catalytic activity,
phosphoribosylanthraniate isomerase
activity

Mealate transport

Intracellular protein transport
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Trait Environment Parental mean RIL population h? (bs) and variance

WH542 (P1) Synthetic h2 (bs) Genotype LsD cv%.
derivative (P2) Variance

Grain iron (ppm) ICAR-IARL_Y1 33.8 49.6 0.76 6.44" 3.49 4.90
ICAR-ARLY2 338 450 078 10.80" 420 590

GBPUAST_Y1 303 4538 054 346 354 667

GBPUART_Y2 32.1 420 082 11.98" 410 59

Pusa Bihar_Y1 300 452 066 376 3.16 566

Pusa Bihar_Y2 300 447 072 598 362 608

Pooled mean 317 45.4 081 398 241 586

Grain zinc (ppm) ICAR-IARLY1 377 4838 081 17.98" 5.10 684
ICAR-IARI_Y2 37.2 523 0.87 2391 4.85 6.44

GBPUAST_Y1 277 393 073 981" 451 905

GBPUA&T_Y2 26.9 385 0.86 17.75* 4.42 8.19

Pusa Bihar_Y1 398 459 090 2657 455 565

Pusa Bihar_Y2 414 510 086 2056 469 605

Pooled mean 35.1 460 077 828" 381 687

Grain protein ICAR-IARLY1 14.6 186 078 121 1.43 504
content (%) ICAR-ARLY2 12.4 185 065 147 1.78 7.74
GBPUAST_Y1 12.8 16.3 078 1,407 1.54 624

GBPUART_Y2 1.3 146 067 141 1.69 816

Pusa Bihar_Y1 159 19.1 0.78 1.08"* 1.35 4.64

Pusa Bihar_Y2 15.7 178 078 188 1.80 6.45

Pooled mean 13.8 175 0.84 081" 1.01 6.34

Thousand kernel ICAR-IARLY1 28.1 350 092 12,98 283 4.49
weight (gm) ICAR-IARLY2 20.1 369 096 27.32 3.00 410
GBPUART_Y1 206 35.1 091 996" 266 436

GBPUAST_Y2 31.2 338 096 2501 294 399

Pusa Bihar_Y1 268 327 089 10,67 294 500

Pusa Bihar_Y2 25.1 359 093 2135 349 5.44

Pooled mean 283 349 091 11,99 291 457

*Significant at p < 0.001; Y1: 2012-13; Y2: 2013-14; P1: WH542: P2: synthetic derivative; h? (bs), heritability (broad sense); LSD, least significant difference; CV, coefficient of variation.
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Traits GFeC GznC GPC

ICAR-IARLY1 GZnC 0.65™

GPC 0.68"* 0.61*

TKW 0.43° 0.24*
ICAR-IARL_Y2 GZnC

GPC 0.76"* 0.56"*

TKW 058" 0.36"* 0.46"
GBPUAT_Y1 GZnC 078"

GPC 0.54* 0.34*

TKW 0.62"* 0.52*** 0.21*
GBPUAT_Y2 GZnC 0.45™

GPC 027 0.10

TKW 050" 037 027+
Pusa Bihar_Y1 GZnC 0.48™

GPC 053" 037

TKW 0.50"* 021 -0.08
Pusa Bihar_Y2 GZnC 0.38"

GPC 055" 032

TRW 051" 0.34* 0.10
Pooled mean GZnC 097"

GPC 0.95"* 0.57***

TKW 081" 094 0.52**

“Signifcant at p < 0.01; *"signifcant at p < 0.001; Y1: 2012-1; Y2: 2013-14; GZnC,
grain zinc concentration; GFeC, grain iron concentration; GPC, grain protein content;
TKW, thousand kernel weight.
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Variety Nutritional quality Year of release Developer/sources
India
DDW 48 (T. durum) Fe: 38.8; Zn: 39.7; Protein: 12.1 2020 ICAR-Indian Institute of Wheat and Barley
Research, Karnal, India
DDW 47 (T. durum) Fe: 40.1; Protein: 12.7 2020
DBW 303 Fe: 35.8; Zn: 36.9; Protein: 12.1 2020
DBW 187 Fe: 43.1 2018 and 2020
DBW 173 Fe: 40.7; Protein: 12.5 2018
WB 02 Zn: 42; Fe: 40 2017
PBW 771 Zn: 41.4 2020 Punjab Agricultural University (PAU),
Ludhiana, India
PBW 752 Fe: 37.1; Zn: 38.7; Protein: 12.4 2018
PBW 757 Zn: 42.3 2018
HPBW 01 Zn: 40.6; Fe: 40 2017
HI 8802 (T. durum) Fe: 39.5; Zn: 35.9; Protein: 13.0 2020 ICAR- Indian Agricultural Research Institute,
Regional Station, Indore, India
HI 8805 (T. durum) Fe: 40.4; Protein: 12.8 2020
HI 1633 Fe: 41.6; Zn: 41.1; Protein: 12.4 2020
HI 8759 (T. durum) Zn: 42.8; Fe: 42.1; Protein: 12.0 2017
HI 1605 Zn: 35; Fe: 43; Protein: 13 2017
HI 8777 (T. durum) Fe: 48.7; Zn: 43.6 2017
HD 3171 Zn: 471 2017 ICAR- Indian Agricultural Research Institute,
New Delhi, India
HD 3249 Fe: 42.5 2020
HD 3298 Fe: 43.1; Protein:12.1 2020
MACS 4028 (T. durum) Zn: 40.3; Fe: 46.1; Protein: 14.7 2018 Developed by Agharkar Research Institute,
Pune, Maharashtra
MAGCS 4058 (T. durum) Fe: 39.5 Zn: 37.8 Protein: 14.7 2020
UAS 375 Protein: 13.8 2018 University of Agricultural Sciences, Dharwad,
India
BHU-3 High Zn 2014 Banaras Hindu University, Varanasi, India
Abhay High Zn 2015 Nirmal Seeds, Harvest Plus and Participatory
variety selection
Chitra High Zn 2016 Participatory variety selection
Pakistan
NR- 421 (Zincol-16) High Zn (> 6 ppm Zn advantage compared 2015 Pakistan Agriculture Research
to best local check) Council/CIMMYT
Akbar-19 High Zn (> 7 ppm Zn advantage compared 2019 Faisalabad Agricultural Research
to best local check) Institute/CIMMYT
Bangladesh
BARI Gom 33 High Zn (7-8 ppm Zn advantage over best 2017 CIMMYT, Mexico
check, and also resistance to wheat blast)
Mexico
Nohely-F2018 High Zn (released in Mexico for the Mexicali 2018 CIMMYT, Mexico
valley of northern Sonora region)
Bolivia
Iniaf-Okinawa High Zn (> 6 ppm Zn advantage than the 2018 INIAF, Bolivia and CIMMYT, Mexico
local check)
Nepal
Zinc Gahun 1 High Zn (> 6 ppm Zn advantage than the 2020 NARC, Nepal and CIMMYT, Mexico
local check)
Zinc Gahun 2

Grain Fe and Zn conents are expressed in ppm while protein content is expressed in percentage (%).
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Character B. altitudinis WR10

PGP traits

1AA 31.5 pmol/ml
Cytokinin =

Gibberelin 74.6 pmol/mi
Phosphorus solubilization +
Siderophore production +

Ammonia production +

Biofilm formation +
Exopolysaccharide +

Early colonization +
Antagonistic traits

Antibiotic spectra Amp~, Om~, Erm-, Kan~, Spe~
HCN production +

ACC deaminase +
Hydrolytic enzymes

Chitinase +

Protease -

Cellulase +

Amylase +

Pectinase +

+, positive; —, negative; =, sensitive; Amp, ampicilin (100 ug/mi); Cm, chloramphenicol
(5 ug/m); Em, erythromycin (5 ug/mi; Kan, kanamycin (50 ug/mi); Spe, spectromycin
(100 ug/mi); HCN, hydrogen cyanide.
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Parameters Source of flour

Zn concentration (mg kg~ ") Self-cultivated
Supermarkets.
PA concentration (g kg™') Self-cultivated
Supermarkets

Estimated Zn bioavailability (mg Zn d=')  Self-cultivated

Supermarkets.

aMeans with the same letters indicate no significant difference between two sources of flour at the P < 0.05 level via independent t-tests.

Sample number

124
21
124
21
124
21

Minimum

4.08
456
1.30
1.37
0.59
0.52

Maximum

10.94
823
3.93
374
167
1.30

Median

8.34
7.02
2.83
257
0.85
0.76

Mean®

8.28a
7.05b
2.79a
251a
0.86a
0.79a

Coefficient of variation (%)

15.4
13.3
243
268
22
279
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Parameters Flour from Self-cultivated Flour from supermarket

Pessimistic scenario  Optimistic scenario  Pessimistic scenario  Optimistic scenario
Daily Zn intake (mg day~', status quo)
Infants 490 4.90 490 490
Children 6.00 6.00 6.00 6.00
Daily Zn intake with foliar Zn application (mg day~")
Infants 566 5.66 576 576
Children 6.76 6.76 6.86 686
% of recommended nutrition intake with foliar Zn application (RNI)
Infants 8203 8203 83.48 8348
Children 84.50 84.50 85.75 85.75
Health impact (“disability-adjusted life years” saved)
Quzhou Infants 40 120 a4 131
Children 217 649 287 707
Total 257 769 280 838
% redluction in the current health burden 1293 38.67 14.09 42.15
China Infants 117,924 353,772 128,389 385,168
Children 338,208 1,010,403 368,445 1,101,391
Total 456,132 1,364,175 496,835 1,486,560
% reduction in the current health burden 1233 36,67 13.43 40.18
Economic impact (RMB)
Quzhou 2.3E+06 11E+07 2.7E+06 1.26+07

China 5.5E4+09 2.1E+10 6.1E+09 2.3E+10
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