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Abstract 

Background: Understanding the relationships between nutrition, human health and plant food source is among the 
highest priorities for public health. Therefore, enhancing the minerals content such as iron (Fe), zinc (Zn) and selenium 
(Se) in barley (Hordeum vulgare L.) grains is an urgent need to improve the nutritive value of barley grains in overcom‑
ing malnutrition and its potential consequencing. This study aimed to expedite biofortification of barley grains by 
elucidating the genetic basis of Zn, Fe, and Se accumulation in the grains, which will contribute to improved barley 
nutritional quality.

Results: A genome‑wide association study (GWAS) was conducted to detect the genetic architecture for grain Zn, 
Fe, and Se accumulations in 216 spring barley accessions across two years. All the accessions were genotyped by 
single nucleotide polymorphisms (SNPs) molecular markers. Mineral heritability values ranging from moderate to high 
were revealed in both environments. Remarkably, there was a high natural phenotypic variation for all micronutrient 
accumulation in the used population. High‑LD SNP markers (222 SNPs) were detected to be associated with all micro‑
nutrients in barley grains across the two environments plus BLUEs. Three genomic regions were detected based on 
LD, which were identified for the most effective markers that had associations with more than one trait. The strong‑
est SNP‑trait associations were found to be physically located within genes that may be involved in grain Zn and Fe 
homeostasis. Two putative candidate genes were annotated as Basic helix loop helix (BHLH) family transcription factor 
and Squamosa promoter binding‑like protein, respectively, and have been suggested as candidates for increased 
grain Zn, Fe, and Se accumulation.

Conclusions: These findings shed a light on the genetic basis of Zn, Fe, and Se accumulation in barley grains and 
have the potential to assist plant breeders in selecting accessions with high micronutrient concentrations to enhance 
grain quality and, ultimately human health.
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Background
Micronutrient deficiency, also referred as hidden hunger, 
is now one of the most serious threats to human health 
in the twenty-first century. More than 2  billion people 
worldwide are affected by Fe and Zn deficiency-related 
disorders (Welch and Graham 2004). Recently, a high 

prevalence of nutritional deficiency and malnutrition 
has been reported in the countries relying on cereal diet, 
and high-risk communities include women and children 
(Graham 2008; Pandey et al. 2016). Every year, 5 million 
children die as a result of micronutrients deficiency (Lan-
cet 2007). Therefore, exploring the genetic architecture of 
grain micronutrients in barley helps in improving grain 
quality and its dietary value.

Zinc (Zn) is a vital cofactor for several enzymes and 
regulatory proteins and its deficiency causes immune 
system problems, taste perception, and retardation of 
growth (Kambe et al. 2014; Krishnappa et al. 2017). Many 
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enzymes in plants that are involved in the metabolism of 
auxin and carbohydrates, as well as the synthesis of regu-
latory proteins, require zinc as a cofactor (Cakmak 2000; 
Rehman et al. 2018).

Iron (Fe) is an essential micronutrient for human 
health, and its insufficiency has negative consequences 
such as slowing physical growth and negatively impact-
ing motoric development, resulting in fatigue and low 
growth (Bouis 2002, 2003). For plant, Fe is required for 
a variety of essential physiological and metabolic mech-
anisms (Briat et  al. 2007; Morrissey and Guerinot 2009; 
Rout and Sahoo 2015), also it is considered an essential 
part of vital processes such as photosynthesis, respira-
tion, and nitrogen fixation, as well as for participation in 
the electron transport chain and cytochrome. Therefore, 
Fe is suitable for agricultural production in both culti-
vated and natural species (Soetan et al. 2010; Tang et al. 
1990). Therefore, improving Fe and Zn concentrations in 
plant crops has a significant impact on grain yield, nutri-
ent intake, and human health by overcoming malnutri-
tion and its associated problems (Alomari et  al. 2018, 
2019; Graham et al. 1999).

Another essential mineral element for humans is sele-
nium (Se) (Haug et  al. 2007; Kumssa et  al. 2015). Since 
then, its active role as an antioxidant, anticancer, anti-
bacterial, antiviral activity, and general immune function 
regulator has been highlighted, while its insufficiency has 
been related to a number of diseases, such as hypothy-
roidism and osteoarthritis (Rayman 2000). The majority 
of selenium nutrient intake is less than the daily require-
ment of 50–55  µg (Rayman 2000; Schwarz and Foltz 
1957). Around 0.5–1 billion people worldwide do not 
consume sufficient Se and are at risk of several diseases 
(Haug et al. 2007; Kumssa et al. 2015).

Genetic biofortification of important crops, such as 
wheat and barley is the most feasible plant breeding strat-
egy, which used to alleviate micronutrient deficiency and 
develop mineral-rich crop varieties that are beneficial to 
humans health (Rawat et al. 2013; Singh et al. 2016).

Due to the complex genetic nature of micronutrient 
accumulation in barley grains, a genome-wide associa-
tion study (GWAS) as an effective tool was applied  for 
identifying the genetic factors controlling such com-
plex inherited traits (Alomari et al. 2021, 2017; Alqudah 
et  al. 2020; Hamblin et  al. 2011). Several QTLs, includ-
ing Zn and Fe, were found to be significantly associated 
with grain micronutrients in different plant crops, such 
as wheat, (Srinivasa et  al. 2014; Tiwari et  al. 2009; Velu 
et  al. 2017; Xu et al. 2012), barley (Hussain et  al. 2015), 
and rice (Pradhan et  al. 2020). Recently, hot spot QTLs 
of Se has been reported in lentils (Ates et  al. 2016) and 
rice (Norton et  al. 2010; Zhang et  al. 2010). Five QTLs 
were detected to be significantly associated with grain 

Se micronutrient accumulation in wheat (Pu et al. 2014). 
Therefore, it is an imperative to study the genetic factors 
controlling micronutrient concentrations, such as Zn, Fe, 
and Se in barley grains, as well as to validate and apply 
these findings in marker-assisted selection.

The current investigation aims to mine genomic 
regions/candidate genes underlying the natural pheno-
typic variation of micronutrient grain concentrations, 
such as Zn, Fe, and Se in 216 worldwide spring barley 
accessions during two field growing seasons (2019/2020 
and 2020/2021). Here, we detected 222 SNPs associ-
ated with the natural variation of Zn, Fe, and Se ele-
ments using association genetics. Putative candidate 
genes responsible for mineral accumulation in barley 
grains were reported. The annotation of candidate genes 
showed their pivotal roles in improving grain and food 
quality that ultimately human health.

Material and methods
Plant material and field trials
A set core collection of 218 worldwide spring barley 
accessions was obtained from the genebank, IPK-Gater-
sleben, Germany. Two field trials were conducted at the 
Experimental Station of the University of Fayoum during 
two seasons (2019/2020 and 2020/2021). The trials were 
designed using a randomized complete block design with 
four replicates. Barley grains were planted directly into 
clay loam soil and were grown in plots of three 1   m2 of 
each accession spaced by two rows within each plot. The 
field plots were subjected to standard local agronomic 
practices. After harvest, fifty kernels of each accession 
were randomly selected to measure thousand-kernel 
weights (TKW) with a digital weighing balance and were 
used to prepare the grains for milling. After that, the 
milled barley grains were dried in an oven overnight at 
40 °C.

Determination of micronutrient accumulation
Micronutrient concentrations (Zn, Fe, and Se)  were 
determined according to the method of Zulfiqar et  al. 
(2020). Samples of barley grain flour were taken to be 
digested by di-acid  (HClO4:HNO3 at 3:10 v/v ratio) mix-
ture and placed on a digestion plate (Heidolph, USA 
model, MR3003). Afterward, the atomic absorption spec-
trophotometer (Shimadzu, UV-1201, Kyoto, Japan) was 
used to determine Zn, Fe, and Se concentrations in grain 
samples.

Statistical analysis
The broad-sense heritability (H2) was calculated using 
the following equation:
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VG/[VG + (Ge/nE)].where VG is the genotype vari-
ance, Ge is the residual variance and nE is the year 
number.

Analysis of variance (ANOVA) was calculated for 
each mineral across the years, and significant differ-
ences between genotypes and years were detected at a 
probability level of p ≤ 0.05. Pearson’s correlation coef-
ficient was used to assess the relationships among the 
measured parameters at a p value of 0.05 (Wei and 
Simko 2017). Using the lme4 package, Residual Maxi-
mum Likelihood (REML) was used to analyze the phe-
notypic data and the Best Linear Unbiased Estimates 
(BLUEs) were used to measure the phenotypic means of 
all micronutrient concentrations in barley (Bates et  al. 
2015).

Genome‑wide association scan for the studied traits
The barley population was genotyped with SNP molecu-
lar markers from next generation sequences. The physi-
cal positions of SNPs were defined according to Morex 
genome sequence v2 (Monat et  al. 2019). In the popu-
lation, around 8 K SNPs are distributed over the whole 
genome (Milner et  al. 2019). GWAS analysis was per-
formed using the FarmCPU model in the GAPIT R 
package (Lipka et  al. 2012), which evaluated the BLUE 
values for all the studied elements. The FarmCPU 
model, which was used  for the GWAS analysis, as an 
effective method for detecting and controlling false-
positive associations (Liu et al. 2016). The procedure of 
GWAS analysis and validation is described by Alqudah 
et al. (2020).

Candidate gene underlying the studied traits
Significant markers that located inside the linkage dis-
equilibrium (LD) were used to mine the potential can-
didate genes. High-confidence (HC) candidate genes 
were identified using Morex v2 (Monat et  al. 2019) and 

the BARLEX database https:// apex. ipk- gater sleben. de/ 
apex/f? p= 284: 10.

Furthermore, candidate genes expression profiles 
were measured as FPKM (fragments per kilobase of 
transcript per million mapped reads) using the RNA-
seq expression database. Only grain-related organs were 
explored in gene expression profiling research, includ-
ing CAR5, 15: caryopses at 5 and 15 DPA (days post-
anthesis), LEM: Lemma [6  weeks PA (post-anthesis)], 
LOD: Lodicule (6 weeks PA), PAL: Palea (6 weeks PA), 
EPI: Epidermis (4  weeks), RAC: Rachis (5  weeks PA). 
This approach has been recently reported by Alqudah 
et al. (2021).

Results
Description of phenotypic data
For all traits analyzed, significant differences were found 
in the population during both environments plus BLUEs 
due to G ×  E interactions (Additional file  1: Table  S1). 
High natural phenotypic variations was detected for Zn, 
Fe, and Se micronutrient accumulation across two sea-
sons (Fig. 1, Additional file 1: Table S2). Normal distribu-
tion for each trait measured in all barley accessions was 
detected (Figs.  2, 3, 4). In the season 2019, the highest 
measured grain Zn, Fe, and Se accumulation were 46.71, 
51.38, and 50.60  µg   g−1 DW, respectively while in 2020 
the highest Zn, Fe, and Se values were around 48.45, 
49.78, and 54.23  µg   g−1 DW, respectively (Additional 
file  1: Table  S1). The estimated BLUEs for Zn, Fe, and 
Se were 38.37, 35.56, and 39.45 µg   g−1 DW, respectively 
(Additional file 1: Table S1).

Markedly, Fe showed high heritability values of 75.65% 
for both environments, revealing that phenotypic values 
were relatively stable for all accessions over the 2  years 
(Additional file 1: Table S2). However, Zn and Se showed 
moderate heritability (30.81% and 58.52%), whereby a lot 
of the phenotypic variance was represented by the year 
and error variance components.

Fig. 1 Box plots of genotypes for each year (2019/2020) and BLUEs in spring barley; a Zn concentration, b Fe concentration and c Se concentration

https://apex.ipk-gatersleben.de/apex/f?p=284:10
https://apex.ipk-gatersleben.de/apex/f?p=284:10
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The Pearson’s correlation measured for all mineral 
traits among the two environments and BLUEs is pre-
sented in Fig.  5. The highest correlation was found 
between Fe_BLUEs and Fe_2019 and Fe_2020 (r = 0.88*** 
and 0.92***), respectively. Positive correlation was sig-
nificantly obtained between Zn_BLUEs and Zn_2019 and 

Zn_2020 (r = 0.73*** and 0.81***), respectively. Moreo-
ver, highly positive correlation was observed between 
Se_BLUEs and Se_2019 and Se_2020 (r = 0.83*** and 
0.85***), respectively. On the other hand, moderate 
positive correlation was seen between Zn_BLUEs and 
Se_2019, Se_2020 and Se_BLUEs (r = 0.36**, 0.41** and 

Fig. 2 Distribution of phenotypic data in all genotypes for Zn concentration for each year (2019/2020) and BLUEs in spring barley

Fig. 3 Distribution of phenotypic data in all genotypes for Fe concentration for each year (2019/2020) and BLUEs in spring barley

Fig. 4 Distribution of phenotypic data in all genotypes for Se concentration for each year (2019/2020) and BLUEs in spring barley
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0.46**), respectively. Interestingly, a negative correla-
tion was found between Zn_BLUEs and Fe_2020 and 
Fe_BLUEs (r = −  0.02 and -0.01), respectively. The phe-
notypic correlation indicates that Zn and Se could share 
genomic regions (Fig. 5).

Genetic analysis and genes underlying minerals in Barley
Multi-locus GWAS identified 222 significant [−  Log10 
(p) ≥ 3.0] associations that harbors all micronutrients for 
each year in addition to BLUEs (Fig. 6, Additional file 1: 
Table S3). These SNPs were located over seven chromo-
somes, with 89 on chromosome 2H, followed by 5H (36 
SNPs), 4H and 7H (21 SNPs each), 1H and 6H (20 SNPs 
each), 3H (15 SNPs), (Fig. 6, Additional file 1: Table S3).

Interestingly, 167 SNP markers were significantly 
detected for Se accumulation, followed by Fe (42 SNPs) 
and Zn (13 SNPs), which were present in both seasons 
and BLUEs (Fig. 6).

Exclusively, three genomic regions were discovered 
based on LD and located on chromosomes 3H, 5H, and 

7H. For instance, on chromosome 3H, BOPA1_6402-691 
SNP (578,601,859  bp) was associated with Zn_BLUEs, 
Se_2019, and Se_BLUEs by three SNPs. In addition, 
BOPA1_2251-643 SNP at 7H (206,751,899 bp) was asso-
ciated with Se and Zn_BLUEs by two SNPs (Fig. 6, Addi-
tional file 1: Table S5).

The QQ plots demonstrated that the GWAS for most 
of the traits can be used for further analyses as there are 
little number of markers spreaded out of the confidance 
interval while the model was strong enough to control 
the markers with almost no over corrected markers.  It 
leads to  conclude that the observed association p value 
distribution was consistent with the expected association 
distribution (Fig. 7).

The gene content of the three genomic regions on chro-
mosomes 3H, 5H and 7H harbors 394 potential candi-
date genes that were found to be highly associated with 
Zn, Fe, and Se among the growing environments and 
BLUEs (Additional file  1: Table  S6). The first region is 
located on chromosome 3H and harbors two important 

Fig. 5 Correlations of all the studied traits including Zn, Fe and Se for each year (2019/2020) and BLUEs in spring barley
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candidate genes; HORVU.MOREX.r2.3HG0258450 
that annotated as Selenium-binding protein (SBP) at 
(578,710,262–578,713,489  bp) and HORVU.MOREX.
r2.3HG0258460 that encodes 2-oxoglutarate (2OG) 
and Fe(II)-dependent oxygenase superfamily protein 
(2-ODDs) at (578,715,293–578,716,369  bp). The second 
important region located on chromosome 5H harbors 
four candidate genes that regulated the variation of all 
the studied minerals including Zn, Fe, and Se in barley 
grains. For instance, HORVU.MOREX.r2.5HG0411320 
is the most well-known versatile gene, was mapped 
as An ATP-dependent zinc metalloprotease, FtsH at 
(500,037,722–500,044,141  bp). Interestingly, on chro-
mosome 7H (205,216,091–205,221,133  bp), the Squa-
mosa promoter binding-like protein (SPL) gene family is 
detected that enhanced barley Zn and Se micronutrients 
(Table 1).

Interestingly, most of these genes, such as HORVU.
MOREX.r2.7HG0567820 and  HORVU.MOREX.
r2.5HG0413150 are also expressed in grain-related 
organs such as CAR 5, 15 DPA, LEM, LOD, PAL, EPI, 
and RAC (Fig.  8). The differential expression reveal 
that such candidate genes act important biological spe-
cific role in grain filling and cell growth. The candidate 
genes were varied in expression within the grain organs 
whereas HORVU.MOREX.r2.3HG0258450.1, HORVU.

MOREX.r2.5HG0411320.1 and HORVU.MOREX.
r2.5HG0413150.1 genes were expressed in all tested 
grain-related  organs  (Fig.  8). Notably, HORVU.MOREX.
r2.3HG0258450.1, annotated as Selenium-binding pro-
tein is the most overexpressed gene in  all grain-related 
organs, particularly in CAR5 and CAR15.

Discussion
Breeding of essential micronutrients in barley is a 
potential approach for implementing efficient routine 
selection in barley breeding programs. Understanding 
the natural genetic variation in 216 spring barley acces-
sions is therefore important for mining the genomic 
regions  and definening  the potential  candidate genes 
that contribute to improve  mineral accumulation in 
barley grains. A wide range of  natural variation was 
detected for the mineral concentrations including 
Zn, Fe, and Se based on BLUEs that equaled 38.37, 
35.56, and 39.45  µg   g−1 DW, respectively. Our find-
ings agreed with the report by Herzig et al. (2019) for 
grain minerals in spring barley. High heritability was 
detected for Fe concentration by 75.65% across the two 
environments. This is attributed to genotypic effects, 
which is consistent with previous research (Garcia-
Oliveira et al. 2009; Peleg et al. 2009; Vreugdenhil et al. 

Fig. 6 Summary of genome‑wide association scans of Zn (A), Fe (B), and Se (C) for all barley genotypes (216) which were genotyped with a 
high‑density 9 K SNPs array from Illumina™ for each year (2019/2020) and BLUEs. The horizontal red color line indicated the threshold of −  log10 (p 
value) of 3



Page 7 of 11Thabet et al. Botanical Studies            (2022) 63:6  

2004). However, Zn and Se showed moderate heritabil-
ity (30.81% and 58.52%), indicating that the phenotypic 
variance was due to the year and error variance. A 
similar range of heritability values was found by Her-
zig et al. (2019) for grain minerals in barley NAM pop-
ulation. A significant positive correlation was found 

between Zn and Se concentrations, indicating the 
presence of common genetic factors controlling the 
accumulation of both minerals. Hence, such outputs 
provide evidence to develop a cost-effective strategy to 
improve nutritional traits in barley breeding programs.

Fig. 7 Summary of quantile–quantile scale representing expected versus observed −  log10 (p value) of Zn (A), Fe (B), and Se (C) for all barley 
genotypes

Table 1 The list of candidate genes based on the linkage disequilibrium of multi‑traits associated marker

Genomic 
region

Gene Chr Start End Gene length Annotation

1 HORVU.MOREX.r2.3HG0258450 3 578,710,262 578,713,489 3228 Selenium‑binding protein

1 HORVU.MOREX.r2.3HG0258460 3 578,715,293 578,716,369 1077 2‑oxoglutarate (2OG) and Fe(II)‑dependent oxygenase 
superfamily protein

2 HORVU.MOREX.r2.5HG0411320 5 500,037,722 500,044,141 6420 ATP‑dependent zinc metalloprotease FtsH

2 HORVU.MOREX.r2.5HG0411850 5 501,094,176 501,094,607 432 Protein FAR1‑RELATED SEQUENCE 5

2 HORVU.MOREX.r2.5HG0412340 5 502,454,312 502,455,148 837 Basic helix loop helix (BHLH) family transcription factor

2 HORVU.MOREX.r2.5HG0413150 5 505,319,272 505,325,405 6134 Homeobox leucine zipper protein

3 HORVU.MOREX.r2.7HG0567820 7 205,216,091 205,221,133 5043 Squamosa promoter binding‑like protein
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Therefore, our study offers high nutritive accession 
which can be used to improve the nutritional quality of 
barley-based food products as flour or for improving 
grain quality through breeding high nutritional quality 
of new varieties. These are important ways to promote 
human health and dietary improvement using barley-
based products foods.

Candidate genes
Candidate genes were identified for the most effective 
markers that had associations with more than one trait. 
Based on GWAS analysis, 222 significant SNPs were 
detected for grain Zn, Fe, and Se accumulation, that were 
mapped across all chromosomes and clustered into sig-
nificant genomic regions based on LD. Exclusively, three 
genomic regions harboring 394 potential candidate genes 
were discovered on chromosomes 3H, 5H, and 7H that 
were found to be highly associated with Zn, Fe, and Se 
among the growing environments and BLUEs. The strong 
potential  candidate gene at 3H is HORVU.MOREX.
r2.3HG0258450 that annotated as Selenium-binding 
protein (SBP) and highly expressed during grain devel-
opment and in grain  related-organs demonstrating that 
this gene plays role in Se accumilation and other miner-
als (Zhao and Castonguay 2015).

HORVU.MOREX.r2.3HG0258460 candidate gene that 
encodes 2-oxoglutarate (2OG) and Fe(II)-dependent 
oxygenase superfamily protein (2-ODDs), act as a co-
factor for iron and found to be involved in the oxida-
tive reactions of the plant metabolic pathways (Farrow 
and Facchini 2014). The expression of this gene in grain 
related-organs was very low that does not fit with the 
hypothesis of playing a role in mineral accumulations in 
the barley grain.

The second important genomic region located on chro-
mosome 5H harbors four candidate genes that regulated 
the variation of all the studied minerals including Zn, 
Fe, and Se in barley grains. The most prominent multi-
functional gene is HORVU.MOREX.r2.5HG0411320 at 
(500,037,722–500,044,141  bp) annotated as an ATP-
dependent zinc metalloprotease, FtsH is the major thy-
lakoid membrane protease required for photosynthetic 
pathways in plants (Kato and Sakamoto 2018). Substan-
tial proportions of the micronutrient metals (i.e., Cu, Fe, 
Mn, and Zn) are assigned to proteins required for plant 
photosynthetic process, indicating their significance in 
plant-specific biochemistry (Yruela 2013). Markedly, this 
gene was relatively highly expressed in all tested grain 
organs suggesting its crucial role in mineral accumulation 
in barley grains that needs further molecular validation.

Fig. 8 Expression pattern of the candidate genes in different barley grain related‑organs at different developmental stages. The connection of the 
candiate genes with the grain organs showed in a while the expression level and pattern has been shown as alluvial plot in b 
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In the same genomic region, two candidate genes 
are coding transcription factors; HORVU.MOREX.
r2.5HG0411850 that encodes Protein FAR1-RELATED 
SEQUENCE 5 and HORVU.MOREX.r2.5HG0412340 
that encodes a Basic helix loop helix (BHLH) tran-
scription factor. Both FAR1 and BHLH were shown to 
explain the variation of Zn, Fe, and Se, implying that 
they attributed to improving grain mineral accumula-
tion. FAR-RED ELONGATED HYPOCOTYLS3 (FHY3) 
and its homolog. Recent studies have demonstrated 
that FHY3/FAR1 are key regulators in a wide range of 
many metabolic, developmental and physiological pro-
cesses in different plant species during photoperiod (Li 
et al. 2011). Together, FHY3/FAR1 play important role 
in the development of chloroplasts and the chlorophyll 
biosynthetic pathway during early seedling develop-
ment (Tang et al. 2012).

The bHLH transcription factor FER, a regulator of iron 
uptake responses in the root, was identified in the tomato 
mutant (Ling et al. 2002). This gene is known as one of the 
most key regulators of Fe homeostasis, which modulates Fe 
levels in Arabidopsis (Tanabe et al. 2019). Recently, wheat 
studies revealed that bHLH was found in all TaMTP pro-
moter regions, and plays a critical role in metal homeosta-
sis, which indicates its involvement in the Zn accumulation 
in grain cereals (Menguer et  al. 2018; Vatansever et  al. 
2017). Even though their expression in the tested organs 
was not high compared with other candidates, we still 
believe our GWAS-based findings declared the potentiality 
of this cluster of genes in conferring mineral accumulation 
in barley. Moreover they are pleiotropic genes thus; a selec-
tion for the region harboring them can improve many traits 
at once.

A homeobox-leucine zipper protein HOX4 that is anno-
tated as HORVU.MOREX.r2.5HG0413150 and control 
the variation of all the studied minerals (i.e., Zn, Fe, and 
Se). Similar results were found by Alomari et  al. (2018) 
who reported that TaHDZIP1 is a candidate gene that has 
been linked to Zn concentrations in wheat grain. Several 
TabZIP genes may have a significant role in ion transpor-
tation in wheat (Li et al. 2015). A subset of TabZIP genes 
(Inaba et  al. 2015) were shown to be upregulated under 
Zn deficiency. This gene was moderately expressed in all 
grain related-organs that suggests its importance in grain 
development and mineral accumulations.

Interestingly, on chromosome 7H (205,216,091–
205,221,133 bp), the candidate gene from SPL gene family 
was detected, which is coding for transcription factor. This 
gene plays vital roles in plant development and grain-related 
traits (Birkenbihl et al. 2005; Klein et al. 1996). In the cur-
rent study SPL genes controlled the variation of Zn and Se 
content, this agrees with other studies in Arabidopsis, SPL 
genes have a siginficant role in the regulation of transition 

metal homeostasis including Cu and Zn (Schulten et  al. 
2019). In rice, expression analysis of OsSPL13 positively 
enhanced the regulation of cell size in the grain hull, result-
ing in improved grain-related traits, especially grain length 
(Si et al. 2016). Jiao et al. (2010) demonstrated that overex-
pression of OsSPL14 has been shown to improve shoot and 
panicle branching, resulting in greater grain yield and per-
formance. Furthermore, Wang et  al. (2012) demonstrated 
that OsSPL16 is involved in cell division and grain filling, 
as well as all grain-related traits. Interestingly, Thabet et al. 
(2021) identified many candidate genes that play significant 
roles in plant growth, and seed germination in response to 
salt stress, of which HvSPL6 was reported for the first time 
in barley. The expression of the HvSPL candidate gene in 
this study was detected during caryopses and lemma devel-
opment suggested the important functions of HvSPL genes 
in micronutrient accumulation, particularly Zn and Se in 
different grain-related organs.

Conclusion
The current study uncovers the genetic factors that control 
the natural variation in grain Zn, Fe, and Se accumulation 
in barley’s grain, providing basis for targeted plant breed-
ing programs towards major crop cereals with improved 
micronutrient levels. Three genomic regions harbor puta-
tive candidate genes such as HOX4 and SPL, that have 
been suggested as candidates for increasing grain Zn, Fe, 
and Se accumulation. Such outputs provide evidences 
that grain quality can be improved through exploiting the 
genetic variation that in turn improve food barley-based 
and promote human health.

Abbreviations
Zn: Zinc; Fe: Iron; Se: Selenium; BLUEs: Best linear unbiased estimates; GWAS: 
Genome‑Wide Association Study; FarmCPU: Fixed and random model Circu‑
lating Probability Unification.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40529‑ 022‑ 00334‑z.

Additional file 1: Table S1. Phenotypic data of grain micronutrient 
concentration values among 2 years (2019/2020) and BLUEs for 216 
barley genotypes. Table S2. Analysis of variance (ANOVA) and herit‑
ability of Micronutrient concentration in 216 barley accessions among 
two environments. Table S3. Marker trait associated with the studied 
traits. The physical position of markers which are passing ‑log10 (p value) 
of 3. Table S4. Marker trait associated with the multi traits. The physical 
position of markers which are passing ‑log10 (p value) of 3. Table S5. The 
list of genomic regions based on the linkage disequilibrium of multi‑traits 
associated marker. Table S6. The list of candidate genes based on the 
linkage disequilibrium of multi‑traits associated marker.

Acknowledgements
Not applicable.

https://doi.org/10.1186/s40529-022-00334-z
https://doi.org/10.1186/s40529-022-00334-z


Page 10 of 11Thabet et al. Botanical Studies            (2022) 63:6 

Authors’ contributions
SGT and AMA designed the experiment, performed the experiments, and 
drafted the manuscript. AMA analyzed data, SGT, DZA, HBP, and AMA, were 
responsible for the correction and critical revision of the manuscript. All 
authors read and approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB). This study was part of GRAINY “NNF20OC0064295” project funded by the 
Novo Nordisk Foundation for A.M.A.

Availability of data and materials
All data generated during the study are interpreted in the manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 8 August 2021   Accepted: 9 February 2022

References
Alomari DZ, Eggert K, von Wiren N, Pillen K, Roder MS (2017) Genome‑wide 

association study of calcium accumulation in grains of European wheat 
cultivars. Front Plant Sci 8:1797

Alomari DZ, Eggert K, von Wiren N, Alqudah AM, Polley A, Plieske J, Ganal MW, 
Pillen K, Roder MS (2018) Identifying candidate genes for enhancing grain 
Zn concentration in wheat. Front Plant Sci 9:1313

Alomari DZ, Eggert K, Von Wirén N, Polley A, Plieske J, Ganal MW, Liu F, Pillen 
K, Röder MS (2019) Whole‑genome association mapping and genomic 
prediction for iron concentration in wheat grains. Int J Mol Sci 20:76

Alomari DZ, Alqudah AM, Pillen K, von Wiren N, Roder MS (2021) Toward 
identification of a putative candidate gene for nutrient mineral 
accumulation in wheat grains for human nutrition purposes. J Exp Bot 
72:6305–6318

Alqudah AM, Sallam A, Baenziger PS, Börner A (2020) GWAS: fast‑forwarding 
gene identification and characterization in temperate Cereals: lessons 
from Barley—a review. J Adv Res 22:119–135

Alqudah AM, Sharma R, Borner A (2021) Insight into the genetic contribu‑
tion of maximum yield potential, spikelet development and abortion 
in barley. Plants People Planet 3:721–736

Ates D, Sever T, Aldemir S, Yagmur B, Temel HY, Kaya HB, Alsaleh A, Kahra‑
man A, Ozkan H, Vandenberg A (2016) Identification QTLs controlling 
genes for Se uptake in lentil seeds. PLoS ONE 11:e0149210

Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear mixed‑effects 
models using lme4. J Stat Softw. https:// doi. org/ 10. 18637/ jss. v067. i01

Birkenbihl RP, Jach G, Saedler H, Huijser P (2005) Functional dissection of the 
plant‑specific SBP‑domain: overlap of the DNA‑binding and nuclear 
localization domains. J Mol Biol 352:585–596

Bouis HE (2002) Plant breeding: a new tool for fighting micronutrient mal‑
nutrition. J Nutr 132:491S‑494S

Bouis HE (2003) Micronutrient fortification of plants through plant breeding: 
can it improve nutrition in man at low cost? Proc Nutr Soc 62:403–411

Briat JF, Curie C, Gaymard F (2007) Iron utilization and metabolism in plants. 
Curr Opin Plant Biol 10:276–282

Cakmak I (2000) Tansley review no. 111: possible roles of zinc in protect‑
ing plant cells from damage by reactive oxygen species. New Phytol 
146:185–205

Farrow SC, Facchini PJ (2014) Functional diversity of 2‑oxoglutarate/
Fe(II)‑dependent dioxygenases in plant metabolism. Front Plant Sci 
5:524–524

Garcia‑Oliveira AL, Tan L, Fu Y, Sun C (2009) Genetic identification of quantita‑
tive trait loci for contents of mineral nutrients in rice grain. J Integr Plant 
Biol 51:84–92

Graham RD (2008) Micronutrient deficiencies in crops and their global signifi‑
cance. Micronutrient deficiencies in global crop production. Springer, 
Dordrecht, pp 41–61

Graham R, Senadhira D, Beebe S, Iglesias C, Monasterio I (1999) Breeding for 
micronutrient density in edible portions of staple food crops: conven‑
tional approaches. Field Crops Res 60:57–80

Hamblin MT, Buckler ES, Jannink JL (2011) Population genetics of genomics‑
based crop improvement methods. Trends Genet 27:98–106

Haug A, Graham RD, Christophersen OA, Lyons GH (2007) How to use the 
world’s scarce selenium resources efficiently to increase the selenium 
concentration in food. Microb Ecol Health Dis 19:209–228

Herzig P, Backhaus A, Seiffert U, von Wiren N, Pillen K, Maurer A (2019) Genetic 
dissection of grain elements predicted by hyperspectral imaging associ‑
ated with yield‑related traits in a wild barley NAM population. Plant Sci 
285:151–164

Hussain S, Rengel Z, Mohammadi SA, Ebadi‑Segherloo A, Maqsood MA (2015) 
Mapping QTL associated with remobilization of zinc from vegetative tis‑
sues into grains of barley (Hordeum vulgare). Plant Soil 399:193–208

Inaba S, Kurata R, Kobayashi M, Yamagishi Y, Mori I, Ogata Y, Fukao Y (2015) 
Identification of putative target genes of bZIP19, a transcription factor 
essential for Arabidopsis adaptation to Zn deficiency in roots. Plant J 
84:323–334

Jiao Y, Wang Y, Xue D, Wang J, Yan M, Liu G, Dong G, Zeng D, Lu Z, Zhu X, Qian 
Q, Li J (2010) Regulation of OsSPL14 by OsmiR156 defines ideal plant 
architecture in rice. Nat Genet 42:541–544

Kambe T, Hashimoto A, Fujimoto S (2014) Current understanding of ZIP and 
ZnT zinc transporters in human health and diseases. Cell Mol Life Sci 
71:3281–3295

Kato Y, Sakamoto W (2018) FtsH protease in the thylakoid membrane: physi‑
ological functions and the regulation of protease activity. Front Plant Sci. 
https:// doi. org/ 10. 3389/ fpls. 2018. 00855

Klein J, Saedler H, Huijser P (1996) A new family of DNA binding proteins 
includes putative transcriptional regulators of the Antirrhinum majus 
floral meristem identity gene SQUAMOSA. Mol Gen Genet 250:7–16

Krishnappa G, Singh AM, Chaudhary S, Ahlawat AK, Singh SK, Shukla RB, 
Jaiswal JP, Singh GP, Solanki IS (2017) Molecular mapping of the grain iron 
and zinc concentration, protein content and thousand kernel weight in 
wheat (Triticum aestivum L.). PLoS ONE 12:e0174972

Kumssa DB, Joy EJ, Ander EL, Watts MJ, Young SD, Walker S, Broadley MR (2015) 
Dietary calcium and zinc deficiency risks are decreasing but remain 
prevalent. Sci Rep 5:10974

Lancet AJ (2007) Global childhood malnutrition. Lancet 367:1459
Li G, Siddiqui H, Teng Y, Lin R, Wan XY, Li J, Lau OS, Ouyang X, Dai M, Wan 

J, Devlin PF, Deng XW, Wang H (2011) Coordinated transcriptional 
regulation underlying the circadian clock in Arabidopsis. Nat Cell Biol 
13:616–622

Li X, Gao S, Tang Y, Li L, Zhang F, Feng B, Fang Z, Ma L, Zhao C (2015) Genome‑
wide identification and evolutionary analyses of bZIP transcription factors 
in wheat and its relatives and expression profiles of anther development 
related TabZIP genes. BMC Genom 16:976

Ling HQ, Bauer P, Bereczky Z, Keller B, Ganal M (2002) The tomato fer gene 
encoding a bHLH protein controls iron‑uptake responses in roots. Proc 
Natl Acad Sci USA 99:13938–13943

Lipka AE, Tian F, Wang Q, Peiffer J, Li M, Bradbury PJ, Gore MA, Buckler ES, 
Zhang Z (2012) GAPIT: genome association and prediction integrated 
tool. Bioinformatics 28:2397–2399

Liu X, Huang M, Fan B, Buckler ES, Zhang Z (2016) Iterative usage of fixed and 
random effect models for powerful and efficient genome‑wide associa‑
tion studies. PLoS Genet 12:e1005767

Menguer PK, Vincent T, Miller AJ, Brown JK, Vincze E, Borg S, Holm PB, Sanders 
D, Podar D (2018) Improving zinc accumulation in cereal endosperm 
using Hv MTP 1, a transition metal transporter. Plant Biotechnol J 
16:63–71

https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3389/fpls.2018.00855


Page 11 of 11Thabet et al. Botanical Studies            (2022) 63:6  

Milner SG, Jost M, Taketa S, Mazon ER, Himmelbach A, Oppermann M, Weise 
S, Knupffer H, Basterrechea M, Konig P, Schuler D, Sharma R, Pasam RK, 
Rutten T, Guo G, Xu D, Zhang J, Herren G, Muller T, Krattinger SG, Keller 
B, Jiang Y, Gonzalez MY, Zhao Y, Habekuss A, Farber S, Ordon F, Lange M, 
Borner A, Graner A, Reif JC, Scholz U, Mascher M, Stein N (2019) Genebank 
genomics highlights the diversity of a global barley collection. Nat Genet 
51:319–326

Monat C, Padmarasu S, Lux T, Wicker T, Gundlach H, Himmelbach A, Ens J, Li C, 
Muehlbauer GJ, Schulman AH, Waugh R, Braumann I, Pozniak C, Scholz U, 
Mayer KFX, Spannagl M, Stein N, Mascher M (2019) TRITEX: chromosome‑
scale sequence assembly of Triticeae genomes with open‑source tools. 
Genome Biol 20:284

Morrissey J, Guerinot ML (2009) Iron uptake and transport in plants: the good, 
the bad, and the ionome. Chem Rev 109:4553–4567

Norton GJ, Deacon CM, Xiong L, Huang S, Meharg AA, Price AH (2010) Genetic 
mapping of the rice ionome in leaves and grain: identification of QTLs for 
17 elements including arsenic, cadmium, iron and selenium. Plant Soil 
329:139–153

Pandey A, Khan MK, Hakki EE, Thomas G, Hamurcu M, Gezgin S, Gizlenci O, 
Akkaya MS (2016) Assessment of genetic variability for grain nutrients 
from diverse regions: potential for wheat improvement. Springerplus 
5:1912

Peleg Z, Cakmak I, Ozturk L, Yazici A, Jun Y, Budak H, Korol AB, Fahima T, 
Saranga Y (2009) Quantitative trait loci conferring grain mineral nutrient 
concentrations in durum wheat × wild emmer wheat RIL population. 
Theor Appl Genet 119:353–369

Pradhan SK, Pandit E, Pawar S, Naveenkumar R, Barik SR, Mohanty SP, Nayak 
DK, Ghritlahre SK, Sanjiba Rao D, Reddy JN, Patnaik SSC (2020) Linkage 
disequilibrium mapping for grain Fe and Zn enhancing QTLs useful for 
nutrient dense rice breeding. BMC Plant Biol 20:57

Pu Z‑e, Yu M, He Q‑y, Chen G‑y, Wang J‑r, Liu Y‑x, Jiang Q‑t, Li W, Dai S‑f, Wei 
Y‑m, Zheng Y‑l (2014) Quantitative trait loci associated with micronutri‑
ent concentrations in two recombinant inbred wheat lines. J Integr Agric 
13:2322–2329

Rawat N, Neelam K, Tiwari VK, Dhaliwal HS (2013) Biofortification of cereals to 
overcome hidden hunger. Plant Breed 132:437–445

Rayman MP (2000) The importance of selenium to human health. Lancet 
356:233–241

Rehman A, Farooq M, Ozturk L, Asif M, Siddique KH (2018) Zinc nutrition in 
wheat‑based cropping systems. Plant Soil 422:283–315

Rout GR, Sahoo S (2015) Role of iron in plant growth and metabolism. Rev 
Agric Sci 3:1–24

Schulten A, Bytomski L, Quintana J, Bernal M, Kramer U (2019) Do Arabidopsis 
Squamosa promoter binding protein‑like genes act together in plant 
acclimation to copper or zinc deficiency? Plant Direct 3:e00150

Schwarz K, Foltz CM (1957) Selenium as an integral part of factor 3 against 
dietary necrotic liver degeneration. J Am Chem Soc 79:3292–3293

Si L, Chen J, Huang X, Gong H, Luo J, Hou Q, Zhou T, Lu T, Zhu J, Shangguan 
Y, Chen E, Gong C, Zhao Q, Jing Y, Zhao Y, Li Y, Cui L, Fan D, Lu Y, Weng Q, 
Wang Y, Zhan Q, Liu K, Wei X, An K, An G, Han B (2016) OsSPL13 controls 
grain size in cultivated rice. Nat Genet 48:447–456

Singh U, Praharaj C, Singh SS, Singh NP (2016) Biofortification of food crops. 
Springer, Berlin

Soetan K, Olaiya C, Oyewole O (2010) The importance of mineral elements for 
humans, domestic animals and plants—a review. Afr J Food Sci 4:200–222

Srinivasa J, Arun B, Mishra VK, Singh GP, Velu G, Babu R, Vasistha NK, Joshi AK 
(2014) Zinc and iron concentration QTL mapped in a Triticum spelta × T. 
aestivum cross. Theor Appl Genet 127:1643–1651

Tanabe N, Noshi M, Mori D, Nozawa K, Tamoi M, Shigeoka S (2019) The basic 
helix‑loop‑helix transcription factor, bHLH11 functions in the iron‑uptake 
system in Arabidopsis thaliana. J Plant Res 132:93–105

Tang C, Robson AD, Dilworth MJ (1990) A split‑root experiment shows that 
iron is required for nodule initiation in Lupinus angustifolius L. New Phytol 
115:61–67

Tang W, Wang W, Chen D, Ji Q, Jing Y, Wang H, Lin R (2012) Transposase‑
derived proteins FHY3/FAR1 interact with PHYTOCHROME‑INTERACTING 
FACTOR1 to regulate chlorophyll biosynthesis by modulating HEMB1 
during deetiolation in Arabidopsis. Plant Cell 24:1984–2000

Thabet SG, Moursi YS, Sallam A, Karam MA, Alqudah AM (2021) Genetic asso‑
ciations uncover candidate SNP markers and genes associated with salt 

tolerance during seedling developmental phase in barley. Environ Exp 
Bot 188:104499

Tiwari VK, Rawat N, Chhuneja P, Neelam K, Aggarwal R, Randhawa GS, Dhali‑
wal HS, Keller B, Singh K (2009) Mapping of quantitative trait Loci for 
grain iron and zinc concentration in diploid A genome wheat. J Hered 
100:771–776

Vatansever R, Filiz E, Eroglu SJB (2017) Genome‑wide exploration of metal 
tolerance protein (MTP) genes in common wheat (Triticum aesti-
vum): insights into metal homeostasis and biofortification. Biometals 
30:217–235

Velu G, Tutus Y, Gomez‑Becerra HF, Hao Y, Demir L, Kara R, Crespo‑Herrera LA, 
Orhan S, Yazici A, Singh RP (2017) QTL mapping for grain zinc and iron 
concentrations and zinc efficiency in a tetraploid and hexaploid wheat 
mapping populations. Plant Soil 411:81–99

Vreugdenhil D, Aarts MGM, Koornneef M, Nelissen H, Ernst WHO (2004) Natural 
variation and QTL analysis for cationic mineral content in seeds of Arabi-
dopsis thaliana. Plant Cell Environ 27:828–839

Wang S, Wu K, Yuan Q, Liu X, Liu Z, Lin X, Zeng R, Zhu H, Dong G, Qian Q, 
Zhang G, Fu X (2012) Control of grain size, shape and quality by OsSPL16 
in rice. Nat Genet 44:950–954

Wei T, Simko V (2017) corrplot: visualization of a correlation matrix, vol 230. R 
package version, Vienna, p 11

Welch RM, Graham RD (2004) Breeding for micronutrients in staple food crops 
from a human nutrition perspective. J Exp Bot 55:353–364

Xu Y, An D, Liu D, Zhang A, Xu H, Li B (2012) Molecular mapping of QTLs for 
grain zinc, iron and protein concentration of wheat across two environ‑
ments. Field Crops Res 138:57–62

Yruela I (2013) Transition metals in plant photosynthesis. Metallomics 
5:1090–1109

Zhang X‑W, Zhang T, Zheng J, Jin L, Zheng J (2010) Inheritance of sele‑
nium contents and QTL detection in rice grains. J Plant Genet Resour 
4:445–450

Zhao C, Castonguay TW (2015) Selenium binding protein 1. In: Watson RR 
(ed) Foods and dietary supplements in the prevention and treatment of 
disease in older adults. Academic Press, San Diego, pp 203–210

Zulfiqar U, Hussain S, Ishfaq M, Matloob A, Ali N, Ahmad M, Alyemeni MN, 
Ahmad P (2020) Zinc‑induced effects on productivity, zinc use efficiency, 
and grain biofortification of bread wheat under different tillage permuta‑
tions. Agronomy 10:1566

Cécile, Monat Sudharsan, Padmarasu Thomas, Lux Thomas, Wicker Heid‑
run, Gundlach Axel, Himmelbach Jennifer, Ens Chengdao, Li Gary J., 
Muehlbauer Alan H., Schulman Robbie, Waugh Ilka, Braumann Curtis, 
Pozniak Uwe, Scholz Klaus F. X., Mayer Manuel, Spannagl Nils, Stein 
Martin, Mascher (2019) TRITEX: chromosome‑scale sequence assembly 
of Triticeae genomes with open‑source tools. Genome Biol 20(1). https:// 
doi. org/ 10. 1186/ s13059‑ 019‑ 1899‑5

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/s13059-019-1899-5
https://doi.org/10.1186/s13059-019-1899-5

	Genetic analysis toward more nutritious barley grains for a food secure world
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Material and methods
	Plant material and field trials
	Determination of micronutrient accumulation
	Statistical analysis
	Genome-wide association scan for the studied traits
	Candidate gene underlying the studied traits

	Results
	Description of phenotypic data
	Genetic analysis and genes underlying minerals in Barley

	Discussion
	Candidate genes

	Conclusion
	Acknowledgements
	References




