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ABSTRACT: Hordeum vulgare L., commonly known as barley, is primarily used for animal feed and malting. The major storage
proteins in barley are hordeins, known triggers of celiac disease (CD). Here, sequential window acquisition of all theoretical mass
spectra (SWATH)-MS proteomics was employed to investigate the proteome profile of grain and malt samples from the malting
barley cultivar Sloop and single-, double-, and triple hordein-reduced lines bred in a Sloop background. Using a discovery proteomics
approach, 2688 and 3034 proteins were detected from the grain and malt samples, respectively. By utilizing label-free relative
quantitation through SWATH-MS, a total of 2654 proteins have been quantified from grain and malt. The comparative analyses
between the barley grain and malt samples revealed that the C-hordein-reduced lines have a more significant impact on proteome
level changes due to malting than B- and D-hordein-reduced lines. Upregulated proteins in C-hordein-reduced lines were primarily
involved in the tricarboxylic acid cycle and fatty acid peroxidation processes to provide more energy for seed germination during
malting. By applying proteomics approaches after malting in hordein-reduced barley lines, we uncovered additional changes in the
proteome driven by the genetic background that were not apparent in the sound grain. Our findings offer valuable insights for barley
breeders and maltsters seeking to understand and optimize the performance of gluten-free grains in malt products.

KEYWORDS: barley, malting, hordein, mass spectrometry, proteomics, SWATH-MS

Bl INTRODUCTION in water to start the germination process. Gibberellic acid
(GA) is naturally produced and can be added exogenously to
activate enzymes needed for breaking down the grain
macromolecules such as proteins, starch, and lipids. In the
final step, germinated grains are dried with a gradual increase
in temperature to halt the germination process.” Various
techniques have been employed to study how malting affects
grain protein composition and the different types of storage
proteins.”~'> With advances in proteomics, high-throughput
quantitative approaches like MS-based proteomics by
sequential window acquisition of all theoretical mass spectra
(SWATH)-MS can shed light on the proteome level changes
by quantifying the global proteome profile in the experimental
samples.

Previous research investigated the impact of suppression of
hordeins on the proteome and nutritional shifts in hordein-
reduced barley grain samples, using proteomics a ?roaches
including SWATH-MS and targeted proteomics."”~"> How-
ever, there is a lack of knowledge on the impact of malting on
hordein-reduced lines and the mechanism of how the
reduction of individual hordein subtype affects malting. In
this study, we used the bottom-up proteomics method using

Barley (Hordeum vulgare L.) is one of the oldest cereal crops
from the ancient agricultural system.' Barley is used as animal
feed, malt, or in various food preparations in modern days. The
main storage proteins in barley known as hordeins, belong to
the prolamin superfamily. The hordein sequences are primarily
enriched in proline and glutamine amino acids.” Hordeins,
homologous proteins of the wheat gluten proteins, gliadins,
and glutenins, are classified based on their molecular weights
to D- (~10S kDa), C (55—65 kDa), B- (~50 kDa), and y-
hordeins (~35—45 kDa).> The hordeins from barley can
trigger adverse immune responses in people who suffer from
celiac disease (CD). Upon ingestion of barley, the patients
show various symptoms like gastrointestinal discomfort,
respiratory problems, and skin rashes.”> To reduce the
gluten-protein amount in barley, scientists were successful in
developing an ultra-low gluten (ULG) barley variety, which is a
commercial product under the name of Kebari for the gluten-
intolerant population.’ To develop this ULG line, first the
single hordein mutants, i.e, B-, C-, D-hordein-reduced lines
were selected and then cross-bred multiple times with a
commercial malting variety Sloop to generate three double
hordein-reduced lines: BC-, BD-, and CD-reduced lines.® Due
to the presence of different quantities of storage proteins in
these lines, these hordein-reduced samples presented an
opportunity to study the effect of malting on lines with varied
protein compositions.

Malting involves three main steps: steeping, germination,
and kilning. During the steeping step, barley grains are soaked
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Table 1. Barley Grain Quality Traits”

line WT BD-reduced D-reduced
protein NIR (% d.b) 132 13.5 12.1
NIR moisture (%) 11.6 11.1 11.3
NIR barley extract (%) 79.2 78.1 79.8
Minolta a*: grains 5.7 S.S 5.8
Minolta b*: grains 23.3 22.2 22.9
Minolta L*: grains 64.9 64 65.8
protein (% d.b) 12.7 14.4 11.7
moisture 2 h ex. steep (%) 459 48.1 452
moisture after 24 h germ. (%) 45.1 47.3 44.3

B-reduced BCD-reduced C-reduced CD-reduced BC-reduced
12.2 12.7 10.7 11.6 12.5
114 12.6 10.5 11.8 11.1
78.3 77.9 79.8 78.7 79.5

5.5 4.8 54 5.3 S.1
22.8 20.4 214 21.3 21.6
65.7 60.3 62.7 63.8 62.6
12.7 15.9 12.2 13.4 14.7
46.6 54.9 50.1 51.3 53.2
45.5 54.4 49 50.5 52.6

“Abbreviations: NIR, near-infrared: a rapid and nondestructive analysis of various properties of barley grains; d.b, dry basis; Minolta, color
evaluation instrument in which values of L* vary from black (0) to white (100), values of a* range from green (—60) to red (+60) and b* values,

from blue (—60) to yellow (+60); h, hours; germ, germination.

Table 2. Malt Quality Traits”

line WT BD-reduced D-reduced B-reduced BCD-reduced C-reduced CD-reduced BC-reduced
malt yield (%) 90 89.5 90.4 90 88.9 88.3 89.2 87
extract: fine grind EBC (%) 784 73.6 77.5 75.5 65.6 73.1 69.9 69.7
malt NIR malt extract (%) 77.8 75 78 76.1 73.9 773 75.5 752
malt moisture (%) 3.9 3.6 42 3.9 32 3.5 3.1 34
wort clarity 1 1 1 1 S 2 1 N
wort color 32 S.1 3.5 3.8 7.4 6 6.7 7.8
wort pH 6.07 5.89 6.07 5.94 5.93 5.89 5.93 5.86
wort viscosity EBC 1.52 1.44 1.51 1.43 1.56 1.58 1.45 1.69
malt protein (d.b) 12 142 11.6 12.1 15 12.7 13.8 14.6
wort soluble nitrogen dumas (%N m/m) 1034 1381 989 1069 1620 1530 1527 1801
Kolbach index 47.8 53.2 46.9 48.4 58.8 66 60.2 67.3
friability (%) 94.4 99.4 98.5 98 98.8 992 99.1 98.8
diastatic power (WK d.b) 359 457 360 481 105 123 124 122
free amino nitrogen EBC (ppm) 170 254 170 175 341 339 346 413
beta-glucan EBC (ppm) 67 61 71 66 62 48 S0 46
malt limit dextrinase (U/kg) 715 1040 705 915 545 1137 1197 1169
malt alpha-amylase (U/g) 23S 320 203 257 229 486 418 417
beta-glucanase (U/kg) 545 655 485 564 421 709 762 636
Wort - aal% 84.4 85.4 84.3 85.3 70.7 82.8 82 80.8

“Abbreviations: NIR, near-infrared; d.b, dry basis; EBC, European Brewers Convention; d.b, dry basis; WK d.b, Windisch—Kolbach dry basis; ppm,

parts per million; kg, kilogram; g, gram; aal, apparent attenuation limit.

the SWATH-MS approach to identify and relatively quantify
changes in proteins due to malting in hordein-reduced barley
lines and their corresponding malt samples. By quantifying
proteins and establishing a relationship between the proteome
and genetic backgrounds, we determined the differentially
abundant proteins due to malting in hordein-reduced lines.
The results of this research will benefit breeding programs and
provide insight into protein changes caused by malting in
cereals.

B MATERIALS AND METHODS

Plant Material. Previously, Tanner et al. described the process of
creating barley lines with reduced levels of hordein.’ Single- (B-, C-,
D-), double- (BC-, BD-, CD-), and triple- (BCD-) hordein-reduced
barley lines and wild-type barley (cv. Sloop) were grown together at
CSIRO Ginninderra Experiment Station (GES), Canberra. All lines
were micro-malted and tested for malt quality in 2019 by the
Australian Export Grains Innovation Centre (AEGIC) in Perth, WA,
Australia. The process of malting was carried out using an Automated
Joe White Malting Systems Micro-malting Unit, following a standard
program provided by Joe White Maltings. Before micro-malting, the
barley samples were cleaned and passed through a 2.2-mm screen
without any additional substances. A standard malting schedule that
was followed involved steeping the barley at 19 °C for 7 h followed by
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8 h of air rest, then 3 h of wetting, 4 h of air rest, and finally 1 h of
wetting. Germination was allowed for 96 h, with 48 h at 18 °C and
another 48 h at 16 °C, while maintaining the moisture level at 46%
after 24 h. The kilning process included 2 h at 45 °C,3h at 50 °C, 4 h
at 55°C,3hat 60 °C,3hat 65°C,3hat70 °C,2 hat75 °C, and 4
h at 80 °C. Finally, any malt rootlets were removed using a specially
designed deculming machine. Malting specification of experimented
lines is demonstrated in Tables 1 and 2.

Protein Extraction and Digestion. Barley grain and rootlet-
removed malt samples were prepared for proteomics analysis as
described by Bahmani et al.” In brief, four replicates comprising 100
mg grain flour were weighed precisely, mixed with 10 mL/g of 8 M
urea and 2% (w/v) dithiothreitol (DTT) in 100 mM Tris buffer, pH
8.4, and sonicated (Soniclean Ultrasonic Cleaner 250HD) for 5 min
with the aim of extracting highest number of proteins. Samples went
through protein reduction and cysteine alkylation on an Amicon 10
kDa molecular weight cutoff centrifuge filter (Merck, VIC, Australia).
Proteins were digested on-filter by trypsin (Promega, NSW,
Australia), and digested samples were collected in fresh collection
tubes by centrifugation at 20,800 X g for 15 min. Filters were washed
with 200 pL of 0.1 M ammonium bicarbonate, and the combined
filtrates were evaporated to dryness in a Savant SpeedVac
concentrator (Thermo Fisher Scientific, MA, USA).16 Dried peptides
were stored at —20 °C until proteomics analysis. Finally, the samples
were reconstituted in 100 yL of 1% formic acid and iRT reference

https://doi.org/10.1021/acs jafc.3c02292
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Figure 1. Analysis of identified proteins in barley grain and malt in hordein-reduced barley lines. (A) Upset plot of all identified proteins for the top
15 most frequent combination in the hordein-reduced lines for the grain samples. Rows represent each hordein-reduced line and columns depict
the shared proteins between a series of lines. Numbers on the columns refer to the number of shared proteins among lines highlighted and
connected by dots. (B) Upset plot of all identified proteins in malt samples of all hordein-reduced lines. (C) Venn diagram showing the overlap of
identified proteins between grain and malt samples. A total of 2688 and 3034 proteins were identified in grain and malt, respectively, at 1% FDR.

peptide solution was added to the samples (1 pmol/uL; Biognosys,
Zurich, Switzerland) for further proteomic analysis.
Data-Dependent Acquisition (DDA). For DDA analysis, pooled
samples (1 pL) were chromatographically separated on an Ekspert
nanoLC415 (Eksigent, Dublin, CA, USA) system and subjected to a
TripleTOF 6600 MS (SCIEX, Redwood City, CA, United States)
analysis, where previously established analysis methods were used.'”
Gas phase fractionation was employed for DDA data collection,"®
beginning with an MS1 scan of the mass range 350—595 m/z followed
by an autonomous injection that targeted the mass range 585—1250
m/z. In both cases, the MS1 accumulation time was 0.25 s, and the
top 30 precursor ions were selected for DDA-MS, with dynamic
exclusion of peptides for 15 s after two acquisitions, with a mass
tolerance of 100 ppm. MS2 spectra were acquired across mass ranges
of 100—1800 m/z with an accumulation time of 0.05 s per spectrum.
The process of identifying proteins was carried out using
ProteinPilot v5.0.3 software.'” The DDA data were compared against
a sequence database that included Hordeum vulgare proteins from
UniProt-KB [55,750 total entries accessed on 06/2022] were also
included from the common Repository of Adventitious Proteins
(thegpm.org/crap) and Biognosys iRT pseudo-protein sequence.
Data-Independent Acquisition by SWATH-MS. Samples were
divided into two batches and analyzed using SWATH-MS acquisition
with LC and MS source conditions as described for DDA-MS. The
SWATH variable window calculator v1.1 (SCIEX) was used to
generate a 65-window acquisition scheme across a mass range of
350—1250 m/z within a 2.9 s total cycle time. Collision energy (CE)
was determined for each window center by using the input m/z for
SCIEX CE equations, and a 5 eV CE spread was used for m/z
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variance over each SWATH window. To evaluate the instrument
performance over the data acquisition period, iRT peptides in the
samples were used. Additionally, a pooled biological quality control
sample was prepared by combining the pooled replicate samples and
was injected at the beginning and intermittently throughout each
batch.

SWATH-MS Data Processing Using DIA-NN. DIA-NN, a
software that corrects interference and uses a neural network for
quantitative proteomics using data-independent acquisition (DIA)
data, was used to analyze SWATH-MS data.*® The spectral library was
generated by DIA-NN using a FASTA file consisting of all protein
sequences identified in the GPF-DDA analysis of cultivar pools at a
global false discovery rate (FDR) threshold of 1%. Only fully tryptic
peptides with a length of 7—30 amino acids and no missed cleavages
were used. Carbamidomethylation of cysteine was selected as a fixed
modification, and no variable modifications were included in the
analysis. A precursor m/z range of 350—1250 and a fragment ion m/z
range of 200—1800 were chosen, and 1% precursor FDR was applied
for filtering. Mass accuracy, MS1 accuracy, and scan window were set
to automatic mode, and the software removed interferences predicted
by the neural network classifier in a single-pass mode. Quantification
was performed using a high-accuracy strategy, and cross-run
normalization was conducted in a retention time-dependent manner.

Data Analysis. Raw peak area data points were imputed using the
K-nearest neighbors imputation algorithm employing MetImp 1.2.>'
These measurements were used as input to remove batch effects using
the Limma R package®” whereafter the Most Likely Ratio method was
applied for data normalization.”* Peptide peak areas were summed to
obtain a protein measurement data frame for further analysis.

https://doi.org/10.1021/acs jafc.3c02292
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Table 3. Most Significant Terms for Identified Unique Proteins in Grain and Malt Samples Based on Figure 1°

sample number of identified unique
type line proteins proteins
grain C 70 CTP synthase activity
BC 61 maltose transmembrane transporter activity
CD 42 isocitrate dehydrogenase (NADP+) activity
malt D S5 ER retention sequence binding
BD S3 mannosyl-oligosaccharide 1,2-alpha-mannosidase
activity
B 41 UDP-glucose 4-epimerase activity
BC 35 RNA cap binding
C 34 UDP-glycosyltransferase activity
CD 34 Hsp90 protein binding

most significant term for molecular function of unique

most significant term for biological process of unique
proteins

regulation of alcohol biosynthetic process

maltose transport

isocitrate metabolic process

negative regulator of ethylene biosynthetic process

cellular heat acclimation

triterpenoid biosynthetic process

RNA splicing, via endonucleolytic cleavage and
ligation

polysaccharide biosynthetic process

immune effector process

“Abbreviations: CTP, cytidine triphosphate; ER, endoplasmic reticulum; NADPH, nicotinamide adenine dinucleotide phosphate; RNA,

ribonucleic acid; UDP, uridine diphosphate, Hsp, heat shock protein.
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Figure 2. Hierarchical tree graph of GO terms in molecular function of unique proteins identified in malt samples of hordein-reduced barley lines
showing the molecular functions. The graph shows boxes that display GO terms and their corresponding ID, statistical information, and definitions.
Significant terms are identified by an adjusted p-value of <0.05, colored, while the nonsignificant terms are white.

Statistical Analysis and Data Visualization. The results of
identified proteins were visualized by upset plots using the UpSetR
package.”* To visualize high-dimensional data in a 2D space and
understand the structures in the data, t-SNE (t-Distributed Stochastic
Neighbor Embedding) technique was used in R.>* Heatmap and
hierarchical clustering analysis (HCA) was performed in the
Phantasus R package.”® One-minus Pearson correlation coefficient
was used to calculate distances for constructing a tree diagram with
complete-linkage clustering method. To compare two conditions
(malt vs grain), within each hordein-reduced background (B, C, D) as
well as the wild type (WT), and to visualize the differentially
expressed proteins, we utilized the DEBrowser tool and generated MA
plots,”” i.e., scatter plots with log2 fold changes on the y-axis and the
mean of normalized abundance values on the x-axis.

The Mibiomics Shiny-R package was used for weighted gene
correlation network analysis (WGCNA) to determine the correlation
between genetic background, sample types, and proteome measure-
ments.”® In summary, to establish the relationship between protein
expression, genetic background, and sample type (barley grain or
malt), a protein coexpression network was created using a soft power
of 10 to establish scale-free topology. This network was then divided
into modules using the dynamic tree-cut algorithm, and the Pearson
rank correlation method was used for network construction. Pearson
correlation was used to determine the association between the first
principal component of each module (eigengene values) and genetic
background and sample type. Modules that showed significant
correlations (positively or negatively) were further analyzed using
each protein’s variable importance in projection (VIP) scores from
orthogonal partial least square regressions (o0PLSR), where it provides

https://doi.org/10.1021/acs jafc.3c02292
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Figure 3. Overview of quantified proteins in hordein-reduced barley grain and malt samples using SWATH-MS. (A) t-SNE plot showing proteomic
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proclivity to cluster within the two major groups.

a measure of the relative importance of each protein in explaining the
variation in the response variable of interest. To perform the oPLSR
analysis in Mibiomics, an R package was used” in which protein
expression data was used as the predictor variable, and the response
variable was the module groupings of different hordein-reduced
genetic backgrounds.”® Violin-box plots of top positively and
negatively correlated proteins were visualized using the ggplot2 R
package.”

The process of gene ontology (GO) term and network enrichment
analysis was carried out using agriGO®' and ShinyGO v0.741,>* with
the genome of H. vulgare as the background for the analysis.
Enrichment analysis was performed using hypergeometric distribution
followed by FDR correction with standard settings, 0.05 FDR p-value
threshold.

B RESULTS

This study used seven hordein-reduced barley lines, including
single-, double-, and triple-reduced lines and a WT for the
discovery of proteomics and relative protein quantitation with
SWATH-MS of both raw grain and finished malt.

Discovery Proteomics Using DDA. Using discovery
proteomics, we identified 2688 proteins in barley grain and
3034 proteins in barley malt samples (combined 3495
proteins) at 1% FDR (Figure 1). The UpSet plots show that
out of these proteins, 1255 and 1194 were common to all
barley (Figure 1A) and malt (Figure 1B) samples, respectively.
Further analysis revealed ~64% overlap (2227 proteins)
between the identified proteins of grain and malt. Additionally,
there were 461 proteins unique to grain and 807 proteins
unique to malt (Figure 1C).

Upon analyzing the results depicted in Figure 1, our focus
was to identify the molecular functions and biological
processes that exhibited the highest enrichment among the
unique proteins discovered in hordein-reduced lines. A
summary of these findings can be found in Table 3. Our

analysis revealed notable enrichments in specific enzymatic
functions within the identified unique proteins from C-, BC-,
and CD-hordein-reduced grain samples. These functions
included cytidine triphosphate (CTP) synthase activity,
maltose transmembrane transporter activity, and isocitrate
dehydrogenase (NADP+) activities. Additionally, we observed
distinct molecular functions associated with the most
significantly enriched terms in D-, BD-, B-, BC-, C-, and
CD-hordein-reduced malt samples. These functions comprised
endoplasmic reticulum (ER) retention sequence binding,
mannosyl-oligosaccharide 1,2-alpha-mannosidase activity,
RNA cap binding, uridine diphosphate-glycosyltransferase
activity, and heat shock protein (HSP) 90 protein binding
activities.

We found 807 unique proteins from the malt samples. Next,
we performed GO enrichment analysis of molecular function
terms enriched in these proteins to further investigate the
functional properties of these unique proteins (Figure 2). The
most significantly enriched terms resulting from the GO
analysis for molecular function unique to malt samples were
hydrolase activity, peptidase, peroxidase, and oxidoreductase
activities. Amylases and dextrinase were identified from barley
grain and malt samples, and a list of identified enzymes with
their accession has been provided in Table S2.

Relative Quantitation of Proteins by SWATH-MS. In
the present study, a total of 2654 proteins were quantified from
SWATH-MS acquisition in both barley grain and malt. The
quantitative data matrix was initially assessed using a t-SNE
plot to display the high-dimensional proteomic dataset of
barley grain and malt for hordein-reduced lines and WT in a
lower-dimensional space (Figure 3A). The t-SNE plot revealed
a distinct cluster of malt samples with C-hordein-reduced lines
in their background (C, BC, CD, and BCD lines) in the lower
right quadrant of the plot where the grain samples of the
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different sample types (grain and malt).

abovementioned lines were clustered together. Grain samples
of WT, B, D, and BD formed a cluster, and their malt samples
excluding the BD-reduced line are grouped in a separate
cluster.

Next, HCA was performed to further delineate the patterns.
Results showed that all experimental samples are grouped in
two primary clusters of grain and malt (Figure 3B), which
reveals the separation of sample types and the impact of
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malting on changing the proteome. Furthermore, within the
main clusters, there are subclusters of hordein-reduced lines
dominated by their genetic background.

Relationship between Proteome Correlation Net-
work Modules and Genetic Background. To identify
and measure the relationship between the impact of the genetic
background of B-, C-, and D-hordein-reduced lines and the
proteome profiles of each line in barley grain and malt,
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WGCNA analysis was performed (Figure S1). This analysis
resulted in 17 significant (p value of <0.05) correlations
between module eigengenes, genetic background, and sample
type. Several significant correlations were identified through
the WGCNA analysis and establishing the relationship
between protein modules and the genetic background of
hordein-reduced lines. Proteins belonging to the black, blue,
purple, and red modules were significantly positively correlated

14085

(r value = 0.76, 0.7, 0.91, 0.9) with C-hordein-reduced genetic
background (C-, BC-, CD-, and BCD) (Figure S1). Each
protein’s VIP scores from PLS regressions were used to
identify proteins contributing significantly to the C-hordein-
reduced background (Table S1). From all positively significant
modules, we selected the top five proteins with VIP score > 3,
and the distribution of the relative abundance of these proteins
is shown in Figure 4. These proteins were ripening-related
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protein 1, GH18 domain-containing protein, and thaumatin-
like protein, all of which showed higher abundance in malt
samples.

Likewise, proteins classified in brown, green-yellow,
magenta, and yellow modules were significantly negatively
correlated (r value = —0.88, —0.8, —0.85, —0.58) with the C-
hordein-reduced genetic background. Proteins belonging to
these modules were selected and plotted separately. Figure 5
shows the distribution and comparison of these top five
proteins across lines that contain the C-hordein-reduced line in
their background; these proteins were trypsin inhibitor CMe,
two B-hordeins and one y-hordein, and hordoindoline-A, all of
which showed a decreased abundance in malt.

Investigating Changes of Proteins after Malting. We
performed an analysis to compare protein abundances between
barley grain and malt, where M stands for a scatterplot of the
log-fold change between abundance levels of two compared
conditions on the y-axis versus the average abundance level
(A) of two conditions on the x-axis. We used MA analysis of
the proteomic data to evaluate the impact of malting on the
proteome and its relation to genetic background in hordein-
reduced lines. The MA plot shows the log, fold change versus
the average abundance of proteins in barley grain and malt
samples for each hordein-reduced genetic background and the
WT line. According to our applied criteria of absolute value of
2-fold change and p-value of <0.0S5, we identified 226, 350,
23S, and 249 differentially abundant proteins in B-, C-, and D-
hordein-reduced genetic backgrounds and WT, respectively
(Figure S2A—D). GO enrichment analysis showed the top five
significant (p-value <0.05) enriched biological process terms
for each genetic background and WT (Figure 6A,B). In the
comparison of grain to malt, the C-background showed the
highest enrichment of the biological processes in the
upregulated proteins. These terms included small molecule
metabolic process, oxoacid metabolic process, carboxylic acid
metabolic process, reactive oxygen species metabolic process,
and fatty acid oxidation. The most significant terms of hordein-
reduced backgrounds were different from those in WT while
there were shared terms between three main hordein-reduced
background like small molecule metabolic process, reactive
oxygen species metabolic process, and carboxylic acid
metabolic process (Figure 6A). Significant biological process
terms for downregulated proteins were only found in C-
background and these terms were response to temperature
stimulus and response to cold (Figure 6B). Upon closer

examination of the proteins in both genetic backgrounds
associated with response to temperature stimulus, we identified
four downregulated proteins in malt with this term in the C-
hordein-reduced background: ferritin (BINC18), oleosin
(Q43769), calcium-dependent protein kinase
(A0A221C9DS), and glycine-rich protein, RNA-binding
protein (Q40052). Conversely, in the D-hordein-reduced
background, the following proteins were upregulated in malt:
RNA helicase (F2E417), glycine-rich protein, RNA-binding
protein (Q40052), and 20 kDa chaperonin (F2DDU3).

GO enrichment analysis for top five significant molecular
function terms for upregulated proteins belonged to WT and
included serine-type endopeptidase inhibitor activity, peptidase
regulator activity, and endopeptidase regulator and inhibitor
activities, while in C-hordein-reduced background MF
enriched terms included enzyme regulator activity, cysteine-
type endopeptidase, and racemase and epimerase activity
(Figure S3A). In the GO enrichment analysis of down-
regulated proteins, samples originating from C-hordein-
reduced background showed enrichment in proteins with
sucrose synthase activity, calmodulin-dependent protein
kinase, calcium ion binding, and acid-phosphatase activity.
Terms enriched for downregulated proteins in the WT were
different from enriched terms in all three hordein-reduced
genetic backgrounds, while some terms were shared among
those backgrounds like calcium ion binding and acid
phosphatase activity (Figure S3B).

Bl DISCUSSION

Herein, we applied discovery and quantitative proteome
measurements and a suite of statistical analyses to uncover
the proteome profiles of hordein-reduced lines and to explore
the relationship between changes in barley grain proteome
after malting and according to the genetic background. The
relative quantitation by SWATH-MS across hordein-reduced
barley grain and malt samples was carried out, and HCA
(Figure 2) and t-SNE (Figure 3) analyses demonstrated that
the grain and malt samples were tightly grouped based on their
proteome profile. During malting, hydrolytic enzymes are
implicated in numerous interconnected processes like germi-
nation, starch conversion, enzyme activation, and inactivation,
resulting in a change in the overall proteome leading to the
separation of barley grain and malt independent of genotype,
in accordance with previous proteomic studies.'’ Discovery
proteomics results revealed a higher number of identified
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proteins in malt samples compared to grain (Figure 1)
independent of the genetic background of the lines, indicating
active gene expression and metabolic changes in the barley
grain during the malting process. This result was aligned to
previous findings on changes of barley proteome during
malting.n"%‘%’34 However, there were unique proteins identified
in individual hordein-reduced malt samples, which revealed
differences between the lines (Table 3). Unique proteins in C-
hordein-reduced line were involved in UDP-glycosyltransferase
molecular function, which refers to a group of enzymes that
catalyze the transfer of glycosyl groups from UDP donors to
acceptor molecules, such as sugars, lipids, hormones, and
secondary metabolites. In malt samples, UDP-glycosyltrans-
ferases play a crucial role in the modification and conjugation
of various molecules with sugar moieties.”> They are involved
in the biosynthesis and modification of secondary metabolites,
including flavonoids, phenolic compounds, and glycosides.*®
Interestingly, UDP-glycosyltransferases in C-hordein-reduced
malt samples are involved in polysaccharide biosynthetic
process. In malt barley, various polysaccharides contribute to
the structural components of the grain cell walls, storage
reserves, and other essential cellular functions. During the
malting process, enzymes are activated to break down stored
polysaccharides into smaller sugar units. Subsequently, during
the kilning stage, enzymes are inactivated, and the sprouted
grains are dried and processed to produce malt. Throughout
these stages, there are active biosynthetic processes leading to
the production of flavonoids, phenolic compounds, and
glycosides, which lead to enrichment of this term in malt
samples.*

In our GO analysis, hydrolase activity, hydrolyzing O-
glycosyl compounds was the most significant molecular
function term (Figure 2) of the identified unique protein
from the malt samples. Proteins with this molecular function
are involved in degrading O-glycosyl compounds in malt, and
these proteins included alpha-galactosidase, chitinase, arabino-
furanosidase, sucrose galactosyl transferase, and as Table S2
shows identified alpha-amylase and limit dextrinase. Proteins
with the abovementioned GO term are involved in the
hydrolysis of the bond between the O-glycosyl group and the
aglycone molecule, releasing free sugars like glucose, maltose,
and maltotriose.”” These released sugars are crucial for embryo
growth (during germination), or from a brewing perspective,
provide a carbon source for yeast during fermentation. The
differences observed between barley grain and malt generally
align with previous observations that more proteins are
identified after malting,’® in particular the identification of
enzymes like amylase and limit dextrinase.”

P-amylase is an enzyme that accumulates during the
development of the grain and is not synthesized during
germination. The f-amylase that we could quantify was from
the endosperm-specific BMY1 gene (Q9AV]8), which is a
bound form. The bound p-amylase is released during
germination either by disulfide reductase or by proteolytic
enzymes.”” Comparison of the abundance of this enzyme in
barley grain and malt in all hordein-reduced lines as shown in
Figure S4 indicates that the level of this enzyme was lower in
those lines containing C-hordein-reduced line in their genetic
background. The C-hordein-reduced line used (Ris¢ 1508) in
the ULG line breeding program is a result of a mutation in the
prolamin binding factor (PBF).® f-amylases are also regulated
by PBF; therefore, a nonfunctional PBF in the C-hordein
reduced background will result not only in the decreased

storage prolamin accumulation but also decreased f-amylase
accumulation. Diastatic power (DP) of barley malt indicates
the effectiveness of multiple starch-degrading enzymes, with f-
amylase playing a significant role as the main contributor to
DP."” In our study, the values of DP showed lower amounts
for lines including C-hordein reduced in their genetic
background, indicating a potential reduction in f-amylase
activity in these lines (Figure S4). Conversely, lines without
reduced C-hordein backgrounds exhibited higher DP values.

Relationship between Proteome Correlation Net-
work Modules and Genetic Background. The present
study used hordein-reduced barley lines that were created
through selective breeding. In developing the final ULG barley,
three single-hordein-reduced lines were employed, including
B-, C-, and D-reduced, and they were crossed with the WT
line. The C-hordein-reduced line used in the ULG line (Risg
1508) breeding program is a result of a mutation in the PBE.*'
Unlike the C-hordein-reduced line, the B-hordein-reduced line
was a result of chromosomal deletion, and the D-hordein
reduced is an Ethiopian landrace (R118) and considered as a
natural D hordein-null genotype. Aligned with the breeding
strategy to create triple and double hordein-reduced lines and
their presence or absence in the grain and malt samples, we
performed WGCNA to discover the relationship between their
proteome profile and genetic backgrounds (Figure S1). This
analysis revealed that incorporation of the C-hordein-reduced
genetic background showed the most significant effect. Of the
proteins that are positively correlated with the C-hordein-
reduced genetic background, two uncharacterized proteins
(AOASI6YHY9, F2E8NS), which contain the DUF 538
domain, as well as probable ripening-related protein
(F2DXR4), and chitinase (MOYW47) showed increased
abundance in malt. Some of these proteins also play a role
in N storage and serve the aim of providing amino acids as a
source of nitrogen for growth.*”

Two proteins in our analysis (GH18 domain-containing and
thaumatin-like protein) belong to the pathogenesis-related
protein (PR) 10 and 5 families~* with known functions in
defense and developmental processes in plants. Two were
uncharacterized proteins with the DUF 538 domain; however,
there is less known about these proteins and it has been
reported that they have functions in the plant defense
response.”®*” The application of thermal stresses, as
experienced by barley seeds during the germination and
kilning phases of malting, could potentially lead to an increased
abundance of these proteins in malt samples. Thaumatin-like
proteins have been reported to play roles in barley seed
germination and ripening,

Proteins with a significantly negative correlation with C-
hordein-reduced genetic background included B-, y-hordeins,
hordoindoline-A, and trypsin inhibitors (Figure $), as also
reported previously.”® The abundance of these proteins was
higher in grain and reduced after malting. Reduction of
hordeins across the breeding lines was expected as it was the
intention of the breeding program. Hordoindoline was another
protein that was noted to be higher in grain and was notably
lower in the lines with C-hordein reduced in their genetic
background reduced after malting, which could be related to
the higher abundance of proteases in malt samples compared
to grains (Figure SS5). While previous reports indicated an
unclear connection between grain hardness and hordoindo-
lines,”” observations by Takahashi et al. revealed that
hordoindolines might indeed hold a pivotal role in determining
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barley grain hardness.”® The abundance of this protein was
significantly lower in lines with C-hordein-reduced line in their
genetic background compared to the WT (Figure SS), which
suggests a probable concurrent increase in grain hardness. It is
worth mentioning that kernel structure is defined by various
parameters in the grain, like grain protein content, grain
softness genes, ratio of starch to proteins, and hordoindolines
are one of those factors. In malting, harder grains require
extended steeping time, increasing the time needed for grain
modification.

During malting, enzymes break down proteins and release
amino acids and peptides, assessed as the concentration of free
amino nitrogen (FAN). The lines with C-hordein-reduced line
in their genetic background showed higher FAN levels (Table
2), which indicates that although hordeins were reduced in
these lines, the total amount of protein was not reduced,
suggesting a probable compensation mechanism has occurred
in the grain and other proteins have been increased.”"”

In our WGCNA analysis, there were not any significant
correlation between protein modules and B- or D-hordein
reduced genetic backgrounds. This observation could be
related to the normal function of PBF in mentioned lines;
therefore, the effect of genetic background on storage protein
accumulation is less than grain/malt sample type in these lines.

Investigating Changes of Proteins after Malting. Early
barley growth and development depend on glycolysis, which
includes proteins with the biological process term of small
molecule metabolic process and molecular function of enzyme
regulator activity,”' such as those involved in the tricarboxylic
acid (TCA) cycle,” amino acid metabolism,” and lipid
metabolism.”* In glycolysis, glucose is broken down to
pyruvate and utilized in further metabolic processes to
ultimately produce energy and is important during germina-
tion.”’ The TCA cycle is one of the crucial series of
mechanisms that occurs in the mitochondria, leading to energy
production through the oxidation of acetyl-CoA, which
originated from amino acids, glucose, and fatty acids.>
Amino acids are the building blocks of proteins, and in barley,
they are metabolized through several pathways like trans-
amination, deamination, and decarboxylation, which lead to
producing energy for germination.”’ Lipids in barley are
metabolized through lipid degradation, beta-oxidation, and
fatty acid synthesis. Previous studies have also reported
activation and an increase in metabolic pathways during cereal
seed germination.”>*>® Enrichment of the “small molecule
metabolic process” GO term was observed for all three
hordein-reduced backgrounds, and it was the most significant
in lines with C-hordein-reduced background. This genetic
background showed the highest number of proteins related to
this term compared to other genetic backgrounds (Table S4).
Proteins contributing to this GO term included chorismite
synthase, fructose-biphosphatase, malate dehydrogenase, cys-
teine-tRNA ligase, ATP synthase, glyoxysomal fatty acid beta-
oxidation multifunctional protein, and fatty acid beta-oxidation
multifunctional protein. Most of these proteins are involved in
the TCA cycle; for instance, malate dehydrogenase is involved
in TCA cycle during cellular respiration and facilitates the
production of adenosine triphosphate (ATP), which roles as an
energy currency for cells. Malate is found in abundance in the
endosperm of barley seeds. An acidic environment (pH 4.5—
5.0) is necessary for starch breakdown during malting, and this
acidity is achieved through the production of organic acids
during the TCA cycle, leading to endosperm acidification.”

The aforementioned proteins play a crucial role in converting
malate to pyruvate during the germination stage of the malting
process, providing additional energy for germination.”” Addi-
tionally, the activation of the glyoxylate cycle during
germination supports the f-oxidation of fatty acids.”® This
explains the observed upregulation of the glyoxysomal fatty
acid beta-oxidation multifunctional protein.

The PBF transcription factor plays a crucial role in the
transcriptional regulation of prolamin-type storage protein-
coding and starch synthesis-related genes in cereals™ and
exhibits a specific affinity toward the promoter sequences of
the genes that encode prolamin proteins. In normal developing
seed, PBF is negatively regulated by GA hormone, which also
upregulates the production of amylases and hydrolytic
enzymes. In the C-hordein-reduced line, the PBF is mutated
leading to the downregulation of cysteine-rich prolamins and
starch synthases, resulting in significant changes in protein
storage reservoirs of the grain. This change was reflected in the
malt extract quantities (extract fine grind) (Table 2), lines
including C-hordein reduced in their genetic background
showed significantly lower extract amount compared to the
other lines (WT, B-, D-, BD-) which show the relationship
between starch and hordeins in the experimented lines. This
result is aligned with the previous findings on these hordein-
reduced lines."

In the GO enrichment analysis of the downregulated
proteins, among the three main genetic backgrounds, C-
hordein-reduced lines showed a significant effect in the
response to temperature stimulus GO term, although a low
number of proteins are implicated. However, this term was
enriched in the upregulated proteins of the D-hordein-reduced
background. One of the proteins that was downregulated in the
malt samples of the C-hordein-reduced background was
ferritin which is a protein that is involved in regulation and
storage of iron.”’ The C-hordein-reduced line possesses a
mutation in the PBF transcription factor, which belongs to the
NAC transcription factor family. This mutation led to starch
and storage protein accumulation changes. It has been
reported that NAC transcription factors affect the grain
protein content as well as grain iron and zinc.”"%” As in the
C-hordein-reduced background, mutation of the NAC tran-
scription factor that impacts hordeins could also affect ferritin
and iron storage.

Another protein that was downregulated in the C-hordein-
reduced genetic background was calcium-dependent protein
kinase, which is an enzyme that regulates numerous cellular
processes and is involved in signal transduction.”” This
downregulation observed in malt samples from the C-
hordein-reduced background could imply reduced reliance
on calcium-mediated signaling pathways. This could be
attributed to the lower levels of hordein and starch
accumulation, stemming from the PBF mutation in the C-
hordein-reduced background, and this mutation has the
potential to disrupt regulatory interactions and signaling
pathways. Conversely, in the D-hordein-reduced background
where PBF is functioning normally, we observed an
upregulation of this protein. This points toward the influence
of PBF mutation on the regulation and influence on signaling
pathways, which necessitates further investigations.

One of the observed enriched terms for the molecular
function of downregulated proteins in C-hordein-reduced
background was calcium ion binding activity. Upon closer
examination of the proteins contributing to this specific
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molecular function in the C-hordein-reduced background, a
notable set included caleosin (QSUFY6), calcium-dependent
protein kinases (ASWENG6, A0A221C9DS), and NADH-—
ubiquinone reductase (F2CRG8). These proteins have distinct
roles within the grain. Caleosin, for instance, is located on the
surface of oil bodies, spherical organelles that store lipids. It
boasts a conserved calcium-binding domain.”* It has been
reported that caleosins are in specific domains of the ER,
implicating their involvement in lipid transfer.®® Notably,
caleosin gene expression aligns with the accumulation of
storage products, such as protein bodies, during embryo
development.®® Given that the C-hordein-reduced line involves
a mutated PBF transcription factor and different mechanisms
of prolamins and starch accumulation, this finding suggests
potential shifts in signaling pathways. The downregulation of
lipid transfer proteins in conjunction with the downregulation
of prolamins in this context demands further detailed
investigation.

In our study, we showed that SWATH-MS protein
quantitation can be used to track proteome changes in
hordein-reduced barley and malt samples and explore the
overall perturbation of proteins caused by malting. Our
findings demonstrated that barley grain and malt have different
protein profiles also including unique proteins present in malt
samples. Moreover, WGNCA analysis helped us to identify the
correlation between each genetic background and proteome
profiles of hordein-reduced lines. Interestingly, we could
determine the most significant correlations and impactful
genetic background in the experimented samples were
primarily related to C-hordein-reduced background. The
reason that C-hordein-reduced background showed the most
significant correlation is related to the development of the
original hordein-reduced lines that were used in this study. In
barley, the short arm of barley chromosome 1H encodes the B-
hordeins (Hor 2 locus), while the Hor 1 locus on the short arm
of 1H encodes the C-hordeins. In the high-lysine mutant
barley line Ris¢ 56, there is a significant gamma-ray-induced
genomic deletion of at least 85 kb genomic region which
impacted some parts of B-hordein-locus, yet some B-hordeins
were left in the grain.13 On the other hand, Ris¢ 1508 has a
mutation induced by ethyl methanesulfonate in the lys3 locus
on chromosome SH, resulting in the inactivation of the PBF
transcription factor and it acted both on the C-hordeins and B-
hordeins."’

We used MA plot analysis to compare grain to malt samples
in each genetic background. The GO enrichment analysis
results suggested the underlying biological processes in the
lines with the C-hordein-reduced genotype in their genetic
pedigree. Our results indicate that upregulated proteins in the
lines with mutation of the PBF transcription factor are more
involved in small molecule metabolic processes such as fatty
acid oxidation and the TCA cycle; the output of these cycles is
ATP, potentially providing more energy during germination.
Exploring ATP quantitation during germination could serve as
an intriguing avenue for future research on these lines.
Downregulated proteins were related to the temperature
stimulus processes GO term and included proteins like
caleosin, which includes a calcium-binding domain that is
involved in signaling and lipid transfer. This downregulation of
proteins involved in signaling pathways and lipid transfer could
be a consequence of related gene expression regulation leading
to the downregulation of storage proteins (hordeins). Findings
of this study provide insights into the impact of storage
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proteins abundance changes on the proteome in barley grain
and malt samples. Application of proteomics approaches
revealed genetic background-related changes in the proteome
after malting in hordein-reduced barley lines. Our results
showed that the inclusion of the C-hordein-reduced line had
the greatest impact on the malt proteome. Together, our
results offer valuable insights for barley breeders and maltsters
seeking to enhance gluten-free malt products.
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