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Abstract: Nutrient deficiencies in humans are problematic on a global scale but are more prevalent
in regions where high-quality and nutrient-dense foods are scarce. Developing nutrient-rich crops
that thrive in these regions of the world would help alleviate the disparity. We leveraged the wild
barley (Hordeum vulgare spp. spontaneun) Diversity Collection (WBDC) (N = 232) to characterize the
variation in seed macronutrient (P, K, Ca, and Mg) and micronutrient (B, Cu, Fe, Mn, and Zn) contents
found in this subspecies and to reveal chromosomal regions associated with these traits. Most micro-
and macronutrients displayed variation in the WBDC and, except for boron and phosphorous, had
a modest level of heritability (>0.5). Variation due to environment was significant (p < 0.001) for
each element, except iron, and genotype was significant for all the tested nutrients, except boron.
Thirty-seven marker—trait associations (MTAs) were detected for three (K, Ca, and Mg) of the four
macro- and four (Cu, Fe, Mn, and Zn) of the five micronutrients. Several compelling candidate genes
harbored within MTAs were also identified, including ABC transporters, NAC transcription factors,
and bZIP transcription factors.

Keywords: genome-wide association; micronutrients; barley; hordeum; spontaneum

1. Introduction

Barley (Hordeum vulgare spp. vulgare) is a diploid, selfing cereal crop of the Poaceae fam-
ily first cultivated in the Fertile Crescent. Since its domestication approximately 10,000 years
ago [1], barley has been grown in many parts of the world, with the average global an-
nual production estimated to be 151 million MT [2]. While the US, the European Union,
and other Western cultures utilize barley for animal feed and malt production, elsewhere,
it is a primary dietary staple. The peoples of Northern Africa, mountainous East Asia,
and the Andean region rely heavily on barley as a food source since other cereals fail
to yield substantively in the rugged climates [3]. Generally, seed composition ranges
between 53 and 61% carbohydrates, 12 and 17% protein, 2 and 4% lipids, and 2 and 4%
nonorganic minerals [4]. The biochemical properties of barley kernels are dependent on
genotypic and environmental factors. Given its beneficial value with high dietary fiber
content, innate tolerance for harsh environmental conditions, and established use as a
direct and indirect component in the global diet, barley is in an advantageous position for
nutritional improvement.

The Food and Agriculture Organization (FAO) estimates that 418 million people in
Asia, 282 million people in Africa, and 60 million people from Latin America and the
Caribbean are plagued by undernourishment. Globally, the number of undernourished in-
dividuals is estimated to be between 720 and 811 million [5]. Undernourishment, as defined
by the Global Hunger Index (GHI), is a deficiency in calories, energy, protein, or essential
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vitamins and minerals [6]. There are 15 mineral elements considered essential for human
health, including Calcium (Ca), Chloride (Cl), Chromium (Cr), Cobalt (Co), Copper (Cu),
Fluoride (F), Phosphorus (P), Potassium (K), Selenium (Se), Sulfur (S), Magnesium (Mg),
Manganese (Mn), Iron (Fe), Iodine (I), and Zinc (Zn). Extended inadequate consumption of
any one element can negatively impact human health [7].

Adequate Ca intake, especially during adolescence, is critical to reducing the rate of
bone loss, rickets, and osteoporosis. In contrast, lower intake provokes health risks, such as
hypocalcemia, hypertension, colorectal cancer, bone weakness, and fractures accompanied
by aging [8-10]. Mg is the fourth most abundant mineral in the human body, with an esti-
mated daily requirement of 265 and 350 mg for adult females and males, respectively [11].
Mg serves as a key cofactor for more than 300 enzymes, playing a pivotal role in protein
synthesis, glucose metabolism, and blood pressure regulation [12]. Mg deficiency is associ-
ated with insulin resistance, cardiovascular diseases, and obesity [12,13]. Mn is considered
a trace element in human diets, although diets deficient in this micronutrient are gener-
ally rare. Despite the paucity of cases, Mn provides antioxidant properties and has been
attributed to strong bone development. The reduction potential of Cu and Fe ions allows
them to frequently serve in crucial roles of electron receptors, as in the electron transport
chain during photosynthesis and cellular respiration [14]. While both micronutrients are
undoubtedly essential to life, persistent inadequate Fe consumption negatively impacts
human health.

Insufficient Fe intake results in the most widespread nutrient deficiency globally,
impacting 66-80% of the population [15]. The resulting anemia has been reported in
1.2 billion cases globally, a sixth of the total population [16]. Iron deficient anemia is one
of the top five causes of disability and is a global health priority of the World Health
Organization (WHO) [17]. Fe is one of the five nutrient deficiencies reported as “hidden
hunger”, the others being Zn, Se, I, and Vitamin A. Lacking these minerals and/or vitamins
dramatically impacts an individual’s health and are reflected in the 65% of childhood deaths
worldwide due to hidden hunger [15]. In total, 2 billion (>25% of the global population) are
estimated to be negatively impacted by Fe and Zn deficiencies. As a principal ion in protein
composition, Zn serves multiple roles as a protein modifier, an enzyme activator, an RNA
regulator, and a direct inducer of gene expression. Insufficient human consumption of Zn
is known to negatively impact the epidermal, gastrointestinal, central nervous, immune,
skeletal, and reproductive organ systems [18]. Lack of Zn is especially impactful on the
growth and development of children. Ultimately, prolonged, and severe Zn deficiency is
fatal, resulting in acute interest by the scientific and humanitarian communities for methods
of improved Zn delivery.

Furthermore, the lack of any one micronutrient can negatively impact crop growth and
yield, an indirect impact of nutrient deficiency on human health. Ca plays an essential role
in cell wall structure, plant architecture, quality, and yield formation, while its deficiency
makes the plant more sensitive to biotic and abiotic stresses [9]. Mg deficiency in plants
leads to stunted growth and reduced yield. Since more than 35% of Mg is in chloroplasts,
chlorosis, and leaf yellowing are common symptoms of its deficiency [19]. Mg is released
from the roots to chelate the excess aluminum in the soil, thus minimizing Al toxicity to
the plants [20]. In common bean, the Mg concentration was 0.33-1.52 mg kg’1 [21]. B
is a micronutrient critical for plant growth and defense that can negatively affect plant
growth when deficient but can also accumulate to levels toxic to the plant. B is easily
taken up by roots, and elevated grain B levels are found in regions with high levels of this
micronutrient in the soil and irrigation water [22]. Genetic factors controlling B assimilation
and sensitivity have been described in several plants, including maize [23], barley [24],
rice [25], and brassica [26]. Major intrinsic factor protein (MIF) and BOR transporters, two
transporters common to most plants, have been shown to control B uptake and transport,
and their modulation of source-sink redistribution has been attributed to the maintenance
of B within subtoxic levels of accumulation [27,28]. In plants, Mn is a critical component of
several classes of enzymes, including superoxide dismutases (SODs) and oxalate oxidases.
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Furthermore, it can modulate the activation of enzymes in the tricarboxylic acid cycle and
shikimic acid pathway [29]. When barley is grown in soils depleted in Mn, genotypes
with naturally higher levels of grain Mn yield more grain per acre compared to genotypes
with low grain Mn [30]. Mn deficiency can significantly affect development and plant
structure, including a decrease in lignin content [31], increases in leaf chlorosis, and an
overall decrease in stress tolerance [32]. Lack of Cu or Fe leads to chlorosis, decreased
biomass, and potentially negatively impacts yield [33].

Nutrient accumulation in comestible material represents a significant challenge for
agriculturalists, as it is not simply increasing caloric production but rather the quality of
grains through mineral enrichment. Agricultural research seeks to address the complexity
of nutrient deficiency through a multifaceted approach [34,35] that includes the utilization
of soil additives, precision agriculture [36], conventional breeding, and biotechnological
methodologies [37-39]. Ultimately, biofortification emphasizes the supplication of sufficient
nutrients for plant growth and human consumption. Current research pertaining to biofor-
tification emphasizes the micronutrients Fe and Zn in response to diet deficiencies globally.
Utilization of biofortification has been reported for several important crops, including rice,
wheat, maize, sweet potato, lentils, squash, and sorghum [40—44]. In barley, genome-wide
association (GWA) studies have identified genomic regions associated with variable concen-
trations of micronutrients in grain samples. Three micronutrient Marker Trait Associations
(MTAs) were recently identified in a spring barley population [45]. Seventy-six MTAs
related to six micronutrients were reported by Detterbeck et al. 2019 [46], and fourteen
associated with Fe and Zn were reported in a world barley collection [47]. An Ethiopian
barley collection reported an MTA for zinc on the long arm of chromosome six [48]. Of
note, these reports only examined the grain nutrient of landraces and cultivated barley.
Thus, addressing grain nutrient content by examining the allelic diversity found in wild
accessions is an exciting avenue of inquiry, given that wild relatives of cultivated cereal
germplasm often possess considerable endogenous nutrient variation [34].

The wild barley diversity collection (WBDC) consists of 314 accessions of Hordeum vul-
gare spp. spontaneum previously described and utilized in identifying QTLs linked to
disease resistance [49-52], vitamin E isoforms [53], and malt quality traits [54]. This popu-
lation colocalizes with the FAO-identified African and Asian regions of undernourishment,
making it a valuable resource to leverage for improving grain nutrient content. Within this
paradigm, this project seeks to utilize a subset of the WBDC (232 lines: Fertile crescent:
N =174 (75%), Caucasus region: N =9 (3.87%), N. Africa: N = 6 (2.58%), Central Asia:
N =34 (14.65%), and S. Central Asia: N =9 (3.88%)) to: (1) examine the diversity of micro-
and macro- nutrient contents in the WBDC, (2) assign MTA to genomic regions for each
micro- and macro- nutrients, and (3) identify potential candidate genes within the MTA for
use in crop biofortification.

2. Materials and Methods
2.1. Plant Material

The Wild Barley Diversity Collection (WBDC), H. vulgare spp. spontaneum, was grown
in field conditions at UC Davis during the 2006-2007 and 2015-2016 field seasons [49,53,54].
Twenty seeds from each line of the WBDC were sown in hill plots during December 2006 and
2015, then harvested in May 2007 and 2016. Mature spikes from each line were harvested
manually and threshed clean of all chaff, broken kernels, and aborted seeds. Of the 314
accessions, 297 accessions yielded sufficient samples in the two replicate experiments.
Harvested and cleaned seeds from both replicate field trials were stored at 4 °C.

2.2. Micronutrient Analysis

Samples of the wild barley accessions were provided to the Research Analytical
Laboratory (University of Minnesota, St. Paul, MN, USA) for micronutrient analysis. Seed
samples were dried and ground in accordance with the North Central Region (NCR-13) and
Association of Official Agricultural Chemists (AOAC) recommendations. The dry-ashing
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method described for Ethiopian and Eritrean barley landraces was used [48]. Briefly, all
samples were ashed in a muffle furnace for 12 h at 485 °C. Then, the ash was dissolved
in 5 mL of 20% HCI, followed by a dilution with 5 mL of deionized water. Elemental
determinations were performed with a simultaneous multi-element inductively coupled
plasma-optical emission spectrometer (ICP-OES) (Perkin Elmer Optima 3000 ICP-OES;
Perkin Elmer, Waltham, MA, USA). The ICP-OES provides concentration assays for several
elements, including B, Ca, Cu, Fe, K, Mg, Mn, P, and Zn. These nutrients were measured in
both the 2006-07 and 2015-16 field samples. The analysis also included checks following
the analytical laboratory’s quality control policy. Of the 297 samples, 232 were common
and comprise the final data set on which computational analyses were performed.

2.3. Statistical Analysis

General statistics such as mean, standard deviation, error, and range were calculated
using base R [55] for each micronutrient trait. Due to a skew, data were transformed
using a cube root transformation [56]. Transformed data were then used to perform an
Analysis of Variance (ANOVA). Broad-sense heritability was calculated using the equation
H? = Vg /(Vg + Ve), where Vy is the genetic variance, and V. is the variance of the envi-
ronment, as described in Sallam et al. 2017 [49]. For micronutrients within and across
years, Pearson’s correlation coefficient was calculated and visualized using the R package
corrplot [57]. Distributions were visualized in histograms and boxplots.

2.4. Genotyping Association Analysis

Genotypic data for each line of the WBDC were previously generated using a genotyping-
by-sequencing (GBS) approach with reference to the barley reference genome, Morex
v2 [49,58]. SNP data for this project were generated utilizing the barley reference genome,
Morex v3 [59], reporting 62,654 SNP markers across the genome. The resulting data were
analyzed and filtered using PLINK (https://www.cog-genomics.org/plink/ (accessed
on 10 July 2022)) [60]. The success rate of SNP call was 94.19% and filtering for taxa and
missing data at value > 20% removed no individuals or SNP loci. Following filtering,
62,654 markers were utilized in the identification of Marker Trait Associations (MTAs),
approached with both single and multiple loci models. Utilization of both methodologies
enabled corroboration of results in and across years further limiting risks of false positives.

A mixed linear model (MLM), also known as the Q + K methodology [51,61], was
utilized via the R package GWASpoly [62]. A multi-locus GWAS approach was also under-
taken utilizing Fixed and random model Circulating Probability Unification (FarmCPU) [63]
using the R package GAPIT (version 3) [64]. Briefly, a MLM accounts for multiple levels
of relatedness within a studies population through inclusions for a population structure
(Q) and kinship (K), preventing spurious association. FarmCPU employs the calculation
and utilization of pseudo-quantitative trait nucleotides (QTNs) to identify functional as-
sociations, limiting false positives and kinship confounding through testing markers and
cofactors simultaneously. The phenotypic variance explained by each MTA was calcu-
lated using the equation R? = SSregression/ SStotal, s described in Sallam et al., 2017 [49].
Manhattan plots for MTA data points across chromosomes for both years were generated.
An initial cutoff of —logjy > 3.5 [65,66] (p < 0.000316) was employed. To limit the risk of
false positives, a stricter cutoff of —logjg > 4.79 (1/N, where N= number of SNPs) [67]
(p < 1.62 x 10~°) was used as a threshold for MTA significance.

2.5. Candidate Gene Identification

Candidate gene identification for each significant MTA was undertaken in a multi-step
approach. A 1 Mb window (500 Kb up and downstream of SNP location) was selected
to extract stable gene identifiers with the Plant Ensembl (IBSC v2) [68] barley database.
Gene-stable IDs tagged with Gene Ontologies (GOs) were given special consideration.
Specifically, ontologies associated with known nutrient-associated functions such as ion
binding and transportation, DNA replication [69], electron transport chain proteins, chloro-
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phyll biosynthesis [70], and regulatory genes, especially transcription factors, were of
particular interest.

3. Results and Discussion
3.1. Macro and Micronutrient Content and Correlation Analysis

Two hundred thirty-two wild barley accessions were represented in analyses for the
2006—2007 and 2015-2016 crop years. Phenotypic results from both years demonstrated
nutrient concentrations significantly varied across years, except in the case of K (Figure 1,
Supplementary Table Sla,b, Supplementary Figure S1).
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Figure 1. Histograms and boxplots demonstrating and comparing the distribution of mineral element
concentrations (ppm) in 232 accessions of the WBDC. ** p-value < 0.01, *** p value < 0.001, NS = no
significant difference.

In a few instances (e.g., B), the nutrient concentration fell below method detection
limits; this was accounted for in the analysis by setting the concentration value to the
limit detection cutoff (0.01 mg/kg). ANOVA (Supplementary Table S2) and broad sense
heritability (Table 1) analysis indicate that not all traits have strong genotypic components,
nor are the genetic basis of accumulation necessarily transferable through generations.
Speculation as to significant variation in grain nutrient accumulation could be attributed to
environmental variations, as indicated by ANOVA results. Furthermore, there are known
correlations between soil nutrient availability and plant nutrient accumulation; therefore, it
is worth noting variations in growing conditions.

In 2007, the recorded average temperature during the period of flowering and grain
fill (March-May) at the University of California-Davis was 25 °C with 56.9 mm of recorded
precipitation. The temperature during the same period in 2017 was slightly cooler, 23.9 °C,
but 168.1 mm of rain was recorded (http://atm.ucdavis.edu/weather/uc-davis-weather-c
limate-station/ (accessed on 28 October 2021)). Furthermore, while soil chemical properties
for the UC Davis during the 2006-07 and 2015-16 growing seasons were not taken and not
publicly available, open data sets enable general commentary on the region’s soil composi-
tion. The US Geological Survey has published mineralogical data, sampling five locations
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during July 2010 in the Davis, CA region (site 2399 [38.6329°, —121.2743°], site 6495 [38.517°,
—121.694°], site 9567 [38.0909°, —121.6868°], site 10,591 [38.3503, —121.2308°], and site
11,615 [38.758°, —121.495°]). Soil nutrient concentration ranges taken at depths ranging
between 0-32 cm, depending on site, are as follows, B: Not Available, Ca: 0.81-1.85 wt. %,
Cu: 34.9-82.7 mg kg~ !, Fe: 2.04-4.23 wt. %, K: 0.94-1.4 wt. %, Mg: 0.3-2.44 wt. %, Mn:
320-766 mg/kg, P: 220-850 mg kg !, and Zn: 85-124 mg.kg~! [71]. However, broad re-
gional measurements do not apply directly to mineralogical composition in field plots, nor
do soil nutrient concentration explicitly translate into nutrient plant availability. Soil chemi-
cal characteristics such as the calcium carbonate equivalent, the cation exchange capacity,
organic matter percentage, sodium absorption ratio, and pH have a dramatic impact on
and are indicative of plant nutrient availability [72]. Comprehensively, in Davis, CA, USA,
calcium carbonate equivalent ranges from 5-150 kg m 2, cation exchange capacity ranges
from 5 to 15 cmol. kg1, soil organic matter is approximately 17-31 kg m 2, sodium ab-
sorption ratios in the region have a large range of <1-25, and pH falls between neutral and
moderately alkaline (6.6-8.5) (https://casoilresource.lawr.ucdavis.edu/soil-properties/
(accessed on 29 October 2022)).

Table 1. Nutrient Heritability.

Trait Variance Components Heritability (H?)
Genotype (Vg) Residuals (V)

Boron (B) 0.006 0.043 0.115
Calcium (Ca) 0.149 0.095 0.612
Copper (Cu) 0.011 0.005 0.696

Iron (Fe) 0.022 0.023 0.481

Potassium (K) 0.423 0.345 0.551
Magnesium (Mg) 0.090 0.085 0.512
Manganese (Mn) 0.016 0.009 0.636

Phosphorus (P) 0.187 0.348 0.350
Zinc (Zn) 0.014 0.013 0.515

A correlation analysis between traits is important for selecting genotypes with the best
trait of interest in a breeding program. If two traits are positively correlated, then selecting
the genotype based on one trait can also improve the other trait. Pearson’s correlation
(Figure 2) measured a significant impact in nutrient interactions, mirrored across years.
Notable is the positive correlation between P and Mg (2006-07: r = 0.71, 2015-16: r = 0.56)
and P and K (2006-07: r = 0.71, 2015-16: r = 0.57). Significant positive correlations were
also reported for P and K in faba beans [73] and common beans [74].

The positive correlation between K and Mg may be explained partially by the role
of Mg in plants in Mg—ATP complexes [75], such as the one for plasma membrane-bound
ATPases in maize roots, as maximal activity requires the presence of both Mg?* and K* [76].
Such complexes in the seeds could be important for germination processes when the
conditions are ripe. Synergistic effects of Mg and K on photosynthesis [77], carbohydrate
transport and allocation [78], and N metabolism [79] further supports the observed positive
correlation between these two nutrients. Negative correlations between B and K across
years (2006-2007: BxK r= —0.19; 2015-2016: BxK r= —0.05) and B and Ca (2006-2007: BxCa
r = —0.09) were observed. A strong negative correlation between B and K was reported
for common beans [74]. However, the significance of this antagonism is currently not
clearly understood.

Pearson’s correlation for all mineral elements among both data sets is also presented
in Figure 2. Findings of this correlation demonstrate a moderate positive correlation of
phenotypic values over both years. The correlations of micronutrients across years roughly
mirror the calculated heritability. The extremely low B correlation could reflect limitations
in nutrient measurement, in which B concentration fell below method detection limits and
imposed values at limit detection cutoff were set. Furthermore, low-to-moderate P and K
correlations are potentially attributed to the field management applications of fertilizers.
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Figure 2. Pearson’s correlation plots. (left) looks at the relationship between traits from 2006-07
samples. (middle) looks at the relationship between traits from 2015-16 samples. (right) looks at the
relationship between traits from across years samples.

3.2. Marker Trait Association

Interestingly, while initial analysis calculated significant MTAs with two methods, the
iterative approach towards fixed and random effects employed by the FarmCPU model
returned higher confidence results within this data set. This interpretation is not surprising,
considering the polygenic nature of many micronutrient traits. A number of these SNPs
were corroborated with returns in the GWASpoly methodology (Supplementary Table S2,
Supplementary Figure S2). However, the results reported here are predominantly based on
FarmCPU SNP returns (Figure 3, Table 2). The exception is the emphasis of an MTA for Cu
identified across years via GWASpoly parameters and the discussion of MTAs related to
Mg and Mn identified with GWASpoly.
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Figure 3. Manhattan plots for the genome wide association study, utilizing the FarmCPU GAPIT model,
of seed mineral nutrient accumulation in the WBDC. The —log(p-value) > 4.79 threshold is indicated by

a solid red line. The dashed line is representative of an initial lenient —log(p-value) > 3.5 cutoff.
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Table 2. SNPs Associated with Seed Micronutrients and Genes of Interest in that Genomic Region.
Trait Year SNP Chr Position Allele p-Value R? maf Stable Gene ID IPK Descriptions

HORVU.MOREX.r3.7HG0680110 Potassium transporter

B 15-16 S7H_177304153 7H 177304153 A/G 277 x 10 0014 | 0045 | HORVUMOREX.r3.7HG0680120 3-oxoacyl-reductase
HORVU.MOREX.r3.7HG0680130 i\;gﬁa(gfSﬁgf:};gﬁ;?f;‘;ﬂ"main transcriptional

Ca 15-16 S1H_514166709 1H 514166709 c/T 2.89 x 107° 0.062 0.409 HORVU.MOREX.r3.1HG0094570 Minichromosome maintenance 8

Ca 15-16 S2H_607230798 2H 607230798 A/C 1.91 x 1078 0022 | ooss | ORVUMOREXx32HGOIS3190 Growth-regulating factor
HORVU.MOREX.r3.2HG0193510 Gpcr-type g protein 2
HORVU.MOREX.r3.3HG0326120 Glutathione S-transferase T3
HORVU.MOREX.r3.3HG0326130 FBD-associated F-box protein
HORVU.MOREX.r3.3HG0326140 FBD-associated F-box protein
HORVU.MOREX.r3.3HG0326160 F-box protein-like protein

Ca 1516 S3H._ 610176767 3H 610176767 G/T 1.05 x 10-5 0.019 0.069 HORVU.MOREX.r3.3HG0326170 Nuclear transport factor 2 family protein
HORVU.MOREX.r3.3HG0326190 ABC transporter ATP-binding protein
HORVU.MOREX.r3.3HG0326200 Cofactor assembly
HORVU.MOREX.r3.3HG0326210 Mitochondrial-processing peptidase alpha
HORVU.MOREX.r3.3HG0326220 Leucine-rich repeat-containing protein 1
HORVU.MOREX.r3.3HG0326230 Vacuolar protein sorting 55 containing protein
HORVU.MOREX.r3.4HG0411440 Superoxide dismutase [Cu-Zn]

Ca 15-16 S4H_591716219 4H 591716219 C/G 5.86 x 1078 0.025 0.063 | HORVUMOREX.r3.4HG0411460 Peptide transporter
HORVU.MOREX.r3.4HG0411500 Werner Syndrome-like exonuclease
HORVU.MOREX.r3.5HG0503550 Serine/ threonine-protein kinase

Ca 15-16 S5H_511093353 5H 511093353 G/T 3.59 x 10-8 0.003 0.233 HORVU.MOREX.r3.5HG0503560 Serine/ threonine-protein kinase
HORVU.MOREX.r3.5HG0503570 Serine/threonine-protein kinase

Ca 15-16 S5H_541887313 5H 541887313 C/G 1.46 x 107° 0.029 0.108 HORVU.MOREX.r3.5HG0516830 Dehydrin
HORVU.MOREX.r3.6HG0555030 Pentatricopeptide repeat-containing protein

Ca 15-16 S6H_42492296 6H 42492296 c/G 3.06 x 10-1 0006 | 0043 | FORVUMOREX.r3.6HG0555040 fﬁﬁiﬁﬁﬁﬁfﬁfﬁgﬁﬁ* [ubiquinone] flavoprotein
HORVU.MOREX.r3.6HG0555060 Pentatricopeptide repeat-containing protein
HORVU.MOREX.r3.6HG0555090 CASP-like protein
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HORVU.MOREX.r3.7HG0675630 Pantothenate kinase

Ca 15-16 S7H_144772413 7H 144772413 A/G 3.80 x 10712 0.006 0.103 | HORVU.MOREX.r3.7HG0675670 Chaperone protein dnaJ, putative
HORVU.MOREX.r3.7HG0675690 F-box/RNI-like superfamily protein
HORVU.MOREX.r3.7HG0700320 Pentatricopeptide repeat-containing protein

Ca 1516 S7H 386796824 H 386796824 A/G 8.56 %1077 0097 0119 HORVU.MOREX.r3.7ZHG0700330 XH/XS domain protein
HORVU.MOREX.r3.1HG0009000 FAR1-related sequence 10

Cu 06-07 S1H_21462325 1H 21462325 A/C 9.47 x 1077 0.054 0.127 HORVU.MOREX.r3.1HG0009020 Werner Syndrome-like exonuclease
HORVU.MOREX.r3.1HG0009050 MYB transcription factor
HORVU.MOREX.r3.2HG0099760 Serpin
HORVU.MOREX.r3.2HG0099780 Maternal effect embryo arrest protein
HORVU.MOREX.r3.2HG0099790 Lectin receptor kinase

. 0607 S2H 10628764 oH 10628764 c/G 637 x 10-6 0.001 0.069 HORVU.MOREX.r3.2HG0099800 Carboxymethylenebutenolidase-like protein
HORVU.MOREX.r3.2HG0099810 NAD(P)-binding rossmann-fold protein
HORVU.MOREX.r3.2HG0099820 NAD(P)-binding Rossmann-fold protein
HORVU.MOREX.r3.2HG0099840 Nicotianamine synthase
HORVU.MOREX.r3.2HG0099870 Heat shock protein 90

Cu 06-07 SBHL 11066728 - 11066728 /T 132 % 107 0.028 0127 HORVU.MOREX.r3.3HG0224020 BED Zn finger, hATdimerization domain
HORVU.MOREX.r3.3HG0224040 Pentatricopeptide repeat-containing protein
HORVU.MOREX.r3.3HG0304030 Arginine N-methyltransferase (DUF688)

Cu 06-07 S3H_554863216 3H 554863216 A/G 3.96 x 10°° 0.035 0.297 HORVU.MOREX.r3.3HG0304070 Defensin
HORVU.MOREX.r3.3HG0304080 Glutaredoxin-like
HORVU.MOREX.r3.3HG0312640 AT5g16110

Cu 06-07 S3H_581535747 3H 581535747 G/T 3.38 x 107 0.008 0.162 HORVU.MOREX.r3.3HG0312670 Serine/ threonine-protein phosphatase 7
HORVU.MOREX.r3.3HG0312690 Potassium transporter

Cu 06-07 S5H_560889577 5H 560889577 A/G 841 x 107? 0.013 0.069 HORVU.MOREX.r3.5HG0525290 Amino acid transporter, putative

Cu 06-07 S7H_123030780 7H 123030780 C/T 1.58 x 10-13 0.022 0166 | ONVUMOREXx3 7HGO671730 Kanadaptin
HORVU.MOREX.r3.7HG0671750 RNA-directed DNA polymerase

Fe 06.07 S1H. 454616791 - 154616791 /G 716 % 106 0.009 0101 HORVU.MOREX.r3.1HG0071240 Polynucleotidyl transferase, RnaseH family
HORVU.MOREX.r3.1HG0071260 Receptor-like kinase
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HORVU.MOREX.r3.3HG0233410 Transmembrane protein, putative

Fe 06-07 S3H_31618512 3H 31618512 A/G 297 x 1076 0.026 0.153 HORVU.MOREX.r3.3HG0233420 LINE—1 reverse transcriptase like
HORVU.MOREX.r3.3HG0233430 Polynucleotidyl transferase, RNaseH family
HORVU.MOREX.r3.3HG0304800 SMC protein

Fe 06-07 S3H_557143396 3H 557143396 C/G 5.87 x 107° 0.011 0.121 HORVU.MOREX.r3.3HG0304810 Ethylene-responsive transcription factor
HORVU.MOREX.r3.3HG0304830 Protein kinase

Fe 06-07 S5H_356777800 5H 356777800 C/T 4.75 x 107° 0.031 0.252 None N/A
HORVU.MOREX.r3.5HG0510200 Protein OBERON 1
HORVU.MOREX.r3.5HG0510210 Tryptophan RNA-binding attenuator protein
HORVU.MOREX.r3.5HG0510220 Late embryogenesis abundant protein

Fe 06-07 S5H_526313021 5H 526313021 C/G 7.16 x 1077 0.000 0.453
HORVU.MOREX.r3.5HG0510230 Dirigent protein
HORVU.MOREX.r3.5HG0510240 Dirigent protein
HORVU.MOREX.r3.5HG0510250 Dirigent protein
HORVU.MOREX.r3.7HG0749550 Disease resistance protein RPM1

Fe 06-07 S7H_623488700 7H 623488700 G/T 3.78 x 107 0.022 0.496 HORVU.MOREX.r3.7HG0749560 Coiled-coil domain-containing protein 12
HORVU.MOREX.r3.7HG0749570 Prolyl oligopeptidase family protein
HORVU.MOREX.r3.7HG0752330 2-oxoglutarate Fe(II)-dependent oxygenase

Fe 06-07 S7H_630244607 7H 630244607 A/G 1.10 x 10710 0.033 0.332 HORVU.MOREX.r3.7HG0752340 2-oxoglutarate Fe(II)-dependent oxygenase
HORVU.MOREX.r3.7HG0752350 AT hook motif DNA-binding family protein

K 1516 S3H. 19711917 - 19711917 A/G 560 x 10-6 0.003 0131 HORVU.MOREX.r3.3HG0228430 transmembrane protein, putative (DUF247)
HORVU.MOREX.r3.3HG0228450 ArfGap/RecO-like Zn finger domain protein
HORVU.MOREX.r3.3HG0325670 F-box domain containing protein
HORVU.MOREX.r3.3HG0325680 Histidine decarboxylase
HORVU.MOREX.r3.3HG0325700 KH domain-containing protein

K 15-16 S3H_609313148 3H 609313148 C/T 1.91 x 10°¢ 0.008 0.162
HORVU.MOREX.r3.3HG0325710 Serine/ threonine-protein phosphatase 7
HORVU.MOREX.r3.3HG0325720 Actin cytoskeleton-regulatory complex panl
HORVU.MOREX.r3.3HG0325730 Gamma-tubulin complex component

K 15-16 S5H_496079876 5H 496079876 C/T 411 x 1077 0.024 0.065 None N/A

K 15-16 S6H_403845268 6H 403845268 A/C 1.18 x 107° 0.001 0.043 None N/A

K 15-16 S7H_221025298 7H 221025298 A/G 9.44 x 107 0.020 0.123 None N/A
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HORVU.MOREX.r3.7HG0713790 Cellulose synthase
K 15-16 S7H_488772960 7H 488772960 C/T 6.52 x 107° 0.009 0.261
HORVU.MOREX.r3.7HG0713820 Transcription factor
HORVU.MOREX.r3.1HG0067260 NB-ARC domain-disease resistance protein
Mn 06-07 S1H_437852428 1H 437852428 C/G 495 x 107° 0.009 0.037
HORVU.MOREX.r3.1HG0067270 H/ACA ribonucleoprotein complex NAF1
HORVU.MOREX.r3.6HG0541060 Ubiquitin family protein
HORVU.MOREX.r3.6HG0541070 Outer envelope protein 61
Mn 15-16 S6H_7595410 6H 7595410 A/G 5.01 x 10°° 0.000 0.041
HORVU.MOREX.r3.6HG0541100 Polygalacturonase non-catalytic protein
HORVU.MOREX.r3.6HG0541110 F-box domain containing protein
HORVU.MOREX.r3.5HG0509880 Kinase
Zn 15-16 S5H_525224694 5H 525224694 A/C 1.00 x 107° 0.003 0.209 HORVU.MOREX.r3.5HG0509890 General transcription factor 3C polypeptide 3
HORVU.MOREX.r3.5HG0509900 Stem-specific protein TSJT1
N SSH 76074047 /T L HORVU.MOREX.r3.5HG0439860 Disease resistance protein RPM1
Fe Bot - o 76073047 / >31x10 0:008 | 050000 1 GRVU MOREX 13 5HG0439870 Dicer-like 3
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3.3. Primary Macronutrients: Phosphorus and Potassium

Aside from nitrogen, P and K are two of the three major macronutrients essential for
plant growth and development. In an association mapping panel of 336 spring barley seeds
from ICARDA, P content reported ranged from 2272 to 5428 mg kg~ !. The seed P content
in the WBDC showed a range spanning 2731-9479 mg kg !, suggesting that the range of
P concentrations in some wild barley seeds is close to twice the amount reported in the
spring barleys collected from low-input and high-input barley breeding programs [47].
In this same study, the reported range of K in the seeds was 4200-6000 mg kg~ com-
pared to 3728-10,967 mg kg ! observed in the WDBC, further showing the richness of the
macronutrient composition of these wild barley seeds.

Despite the widespread concentrations of P in both the cultivated barley [47] and
WDBC seeds, no significant MTAs were identified for this macronutrient in either popula-
tion. In another ionome study of a peanut diversity panel containing 120 lines, no QTLs
for P were identified [80]. Interestingly, in a GWAS of 96 common bean genotypes, five
significant MTAs for seed P content were identified on five different chromosomes [74]. We
speculate that this may have been made possible using more than 100,000 markers in the
bean study. These studies highlight that both sample sizes and SNP numbers can affect the
ability to identify significant MTAs associated with the nutrient content.

Six significant MTAs for K content in the WDBC were identified on three chromosomes,
two markers each on chromosomes 3 and 7 and one each on chromosomes 5 and 6. The
total variation explained for the seed K content based on these associations was only 6.4%,
assuming the additive nature of these markers. One of the genes in the proximity to a
K-associated SNP is annotated as a transmembrane protein, the well-known high-affinity
transporters of K (HAK) are transmembrane proteins [81]. The significant SNP on chromo-
some 7 is in proximity to a bZIP transcription factor. Recently, a rice bZIP TF was reported
to be involved in the transcriptional regulation of the high-affinity potassium transporter
genes OsHKT1 [82].

3.4. Secondary Macronutrients: Calcium and Magnesium

The Ca content showed a wide variation between the varieties, which ranged from
249 to 1275 mg. Kg~! DW. The heritability was high (0.61), indicating that a major part of
the variability was due to genotypic effects, in agreement with previous studies [83-85].
The results, across two growing seasons, showed significant genotypic variances (p < 0.001).
The ANOVA results indicated that genotypes and environmental factors significantly
affect Ca concentration in barley seeds. A similar conclusion for grain Ca in maize was
reported earlier [86]. Nine markers associated with variation in seed Ca were identified
in all seven barley chromosomes, with chromosomes 5 and 7 containing two SNPs each.
The proportion of phenotypic variance explained by the marker (R?) indicated a modest
proportion range between 0.2 and 9.7% for individual markers and summating to about 27%
in total, assuming additive effects. A SNP on chromosome 7 explained the highest variance.
Nuclear transport factor 2 family protein, ABC transporter, and two pentatricopeptide
repeat containing proteins were in proximity to the significant SNPs associated with the
Ca content in barley seeds. The AtMRP5 gene of Arabidopsis is an ATP-binding cassette
transporter protein that has been shown to be a central regulator of guard cell ion channel
during ABA and Ca signal transduction [87].

In the wild barley seeds, the observed range of Mg content was 1279-2547 mg kg~ !.
Interestingly, the SNPs significantly associated with the Mg content in barley were only
identified using the GWASpoly analysis but not in the FarmCPU. Two closely linked
markers on chromosome 6 and a marker on chromosome 2 were found to be associated
with the seed Mg content. The markers on chromosome 6 accounted for 24%, and the
marker on chromosome 2 accounted for 16.2% of the variation in Mg. The largest effect
SNPs, accounting for nearly 40% of the variation in Mg abundance, were identified in this
study. One of the genes in the vicinity of the significant SNP encodes for a Pentatricopeptide
repeat (PPR) superfamily protein [88]. Proteins of this superfamily were also identified
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in a GWA study to be allied with the Mg content in Turkish common beans [21]. This
family is characterized by a tandem 30—40 amino acid sequence motif and is involved in
the post-transcriptional processing of RNA in chloroplasts and mitochondria, which is very
important for plant development and evolutionary adaptation [89].

3.5. Micronutrients: Boron, Manganese, Copper, Iron, and Zinc

The WBDC panel grain B concentrations ranged from 0 and 7.55 mg kg~! DW. Three
significant B SNPs were detected using the GWASpoly approach (Supplemental Table S2):
two on chromosome seven (S7H_177304153, S7H_180179844) and one on chromosome
three (S3H_116597238). All MTAs for grain B concentration were detected in the 2015-2016
population. Within the year, both detection methods (FarmCPU and GWASpoly) pro-
moted the S7TH_177304153 as significant with an R? of 0.13. Significance attribution by
both methodologies increases confidence in the result, as there is less chance of false pos-
itives and parameter confounding. Combined with the SNP on chromosome 3, MTAs
for B explain about 15% of the genetic contribution of this trait. Candidate gene scan
within 1Mb of the SNP identified a NAC (NAM, ATAF, and CUC)-like transcription factor
(HORVU.MOREX.r3.7HG0680130). NAC transcription factors are induced in Arabidopsis
plants subjected to toxic levels of B [90]. In rice, a map-based cloning approach was used to
examine candidate genes in a QTL named BORON EXCESS TOLERANT 1 (BET1), and the
approach identified a novel NAC-like transcription factor (Os04g0477300) [91]. However,
the WBDC population exhibited a very low level of heritability (0.11), with ANOVA only
identifying the environment as significant (p < 0.001), suggesting that variation in grain
B levels is primarily due to location and year rather than genetic sources. Interestingly, a
GWA in cultivated barley (H. vulgare) reported higher heritability, up to 0.83 [27]. It is spec-
ulated that the domestication of cultivated barley (H. vulgare) from H. vulgare spontaneum
through the recurrent selection of each of these traits may have introduced heightened
genetic control of B uptake and assimilation efficiency.

Within the WBDC, Mn grain content was variable among genotypes and years, with
the lowest being 8.09 mg kg~! DW in a genotype from 2006/07 to 48.04 mg kg~! DW
in a genotype from 2015-16. ANOVA identified both the environment and genotype
as significant to Mn grain content (p > 0.001). Next to Cu, Mn had the second highest
heritability (0.63), suggesting an appreciable amount of genetic control that may be ex-
ploited. The genome-wide analysis using the GWASpoly method identified three MTAs for
Mn grain content: one on chromosome 1H (S1H_437852428) identified in 200607 grow
out, and two found in 2015-16 grow out, 5H (S5H_569184852) and 7H (S7H_24895773)
(Supplementary Table S3). FarmCPU identified the same MTA on 1H (S1H_437852428) and
another on chromosome 6H (S6H_7595410). Both the MTA on 7H and 5H have R? of about
0.13. However, the other MTAs, including the one on chromosome 1H found using both
methods have calculated R? close to zero. Thus, despite the substantial variance due to
genotype, the MTAs identified here only explain a small portion of the genetic control of
Mn in the WBDC. Previously, eight MTAs were identified from a diversity collection of
cultivated barley (H. vulgare), six of which are located on chromosome 7H and the other
two on 3H and 4H; all had an R? lower than 0.05 [47]. A review of genes within the 1 Mb
window did not reveal any compelling annotations. Therefore, a candidate gene is not
nominated for this MTA. While several association studies have highlighted chromosomal
regions controlling Mn content in cereal grains, candidate genes within Mn MTAs in cereal
grains are generally underrepresented in the literature. However, a metal ion transporter,
HvIRT1, identified in cultivated barley, is a member of the ZIP family of genes reported to
transport many trace elements [29].

In the scope of these analyses, the distribution of Fe and Cu concentrations were com-
parable across years, although the means were significantly different. The mean values of Fe
were 60.15 mg kg ! and 57.11 mg kg !, and for Cu, the mean values were 4.91 and 4.26 in
2006-07 and 2015-16, respectively. Similar Cu grain concentrations (1.5-9.8 mg kg~!) were
reported in cultivated barley [47]. Conversely, these Fe concentrations are slightly elevated
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compared to field condition trials in Ethiopian barley, mean of 56.07 mg kg~ [48], field
condition trials of 216 spring barley lines, BLUEs mean = 35.56 ug g~ ! [45], and larger than
the calculated mean (28.75 mg kg’l) in an expansive 496 world barley accession study [92].
ANOVA results for both micronutrients show strong variance association within accession
with p-values being less than 1 x 107° (Fe: p =4.14 x 107, Cu: p < 2.2 x 10716). However,
Cu is also tied to the environment, with the trial having a significant impact based on
ANOVA (p = 5.51 x 10~ 1%). The FarmCPU and GWASpoly MTA analyses revealed several
potentially impactful SNPs for both micronutrients. Changes in the mineral composition in
the field plots from year to year would certainly affect the overall Cu grain content.

The total variation explained by the seven significant MTAs identified in FarmCPU
for Cu was 14.86%. SNP S7H_123030780 was returned via the FarmCPU mapping method
for 2006-2007 and identified across the years in GWASpoly. S7H_123030780 had the
highest calculated R? (6.2-8.8%) and was the most compelling due to its replicated re-
turn across years and models. It is worth noting that S7TH_123030780 was included as
a significant MTA although it failed to surpass the —log(p) > 4.79 due to its presence of
significance at an initial threshold of —log(p) > 3.5 in both years. Upstream and downstream
gene identification returned two potential genes, HORVU.MOREX.r3.7HG0671730 and
HORVU.MOREX.r3.7HG0671750. The functions of these genes are suggested to be related
to Kanadaptin, a kidney anion exchanger adapter protein [93], and RNA-directed DNA
polymerase (reverse transcriptase), respectively.

Eight MTAs were returned via FarmCPU; all but one was identified for the 2006-07
phenotypic data. Similar to the Cu results, the association analysis for Fe identified one SNP,
S5H_76074047, that was maintained as significant across the years via FarmCPU, albeit at a
lower confidence threshold, and as a SNP of interest via the GWASpoly parameters at a
more stringent threshold. Of further note, SNP S7H_630244607 was detected across method-
ologies within the 200607 season. Annotation of the region surrounding SSH_76074047
revealed two overlapping gene stable IDs, HORVU.MOREX.r3.5HG0439860, a disease
resistance protein RPM1, and HORVU.MOREX.r3.5HG0439870, a dicer-like 3 protein.
The SNP S7H_630244607 is downstream of three genes, HORVU.MOREX.r3.7HG0752330,
HORVU.MOREX.r3.7HG0752340, and HORVU.MOREX.r3.7HG0752350. Interestingly,
HORVU.MOREX.r3.7HG0752330 and HORVU.MOREX r3.7HG0752340 code for 2-oxoglutarate
(20G) and Fe(II)-dependent oxygenase superfamily proteins.

In this study, Zn accumulation in seeds ranged between 27.22 and 76.96 mg Kg~! DW
across years, with a mean of 42.96 (2006-2007) and 49.96 (2015-2016) and an approximate
two fold increase over the determined mean, 20.1, meta-analysis of Zn content in cultivated
barley [94]. Furthermore, the heritability analysis of the WBDC (H? = 0.51) indicates that
this accumulation is transferable across generations. WBDC heritability in this study differs
from those previously reported: 0.65 [48], 0.73 [46], and 0.30 [45]. However, the general
takeaway from the cumulative knowledge is that, to a moderate extent, seed Zn content
is a heritable trait and thus worth pursuing within a breeding program. To that end,
multi-locus mixed linear modeling via FarmCPU identified a single SNP, S5H_525224694,
associated with the Zn content in the 2015-16 trial. However, this SNP fails to account
for even 1% (R? = 0.0034) of the phenotypic variation in the Zn content. Three genes,
HORVU.MOREX.r3.5HG0509880, a kinase, HORVU.MOREX.r3.5HG0509890, a general
transcription factor, and HORVU.MOREX.r3.5HG0509900, stem-specific protein TSJT1,
were identified in the vicinity of SSH_525224694. The location of this identified SNP is
consistent with a previous study reporting chromosome 5H as a genomic region of interest
for the seed Zn content [45].

4. Conclusions

As shown in previous research, the WBDC has a substantial amount of variation in
the seed vitamin E content [53]. This study further expands the repertoire to useful mineral
nutrients that play an important role in both plant and human health. The identified SNP
markers can be utilized to select genotypes for further characterization in the context of
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“elemental pyramiding” in cereal grains. Further efforts, such as RNA-Seq, fine mapping,
and ultimately knocking-out or overexpressing candidates for functional validation, will
be needed to verify the candidate genes identified in this study.

However, assuming the identification and functional validation of candidate genes, the
endogenous variation of the wild barley diversity collection serves as an invaluable bank of
genetic resources. Current work on introgression breeding within [95-97] and outside [98-100]
the barley crop bolster confidence in the pursuit of introducing and utilizing wild relatives
in crop improvement. High-to-moderate heritability rates, substantial R?, and reliable
minor allele frequency provide several quality MTAs worth introducing into a traditional
breeding program. For example, Fe has a heritability of 0.48, and MTA S5H_76074047 (maf
=0.48, R? = 0.008) was determined across years and methodologies. Line WBDC-042 (https:
/ /barley.triticeaetoolbox.org/stock /96107 /view, accessed on 29 October 2022) carries the
major cytosine allele at the SSH_76074047 location and had consistently high levels of Fe
in both grow-out years (2006: 74.81 mg/kg~! Rank 28 of 232; 2015: 76.559 mg/kg ! Rank
15 of 232). This line is already utilized in an introgression breeding line with Rasmussen,
making it an ideal candidate should a program be interested in breeding for elevated Fe.

How plants integrate different signals to maintain mineral nutrient homeostasis and
modulate their growth capacity represents a key frontier in plant nutrition. Although
plant systems biology is still in its infancy, a rapidly growing list of omics data sets and
computational tools are becoming increasingly available. Unraveling the intricate mineral
nutrient signaling cross-talks will facilitate effective and sustainable biotechnological so-
lutions to enhance the mineral nutrition in crops in agrarian environments and provide
viable solutions to eradicate “hidden hunger” in the 21st century.
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by GWASpoly. Figure S1: Histograms and boxplots of untransformed phenotypic data. Figure S2:
GWASpoly Manhattan plots.
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