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ARTICLE INFO ABSTRACT
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Brewer’s spent grain (BSG) is the major side-stream from beer production with millions of tons produced each
year. The direct use of BSG as a food ingredient has been limited due to subpar protein techno-functionality
following extraction. As such, BSG is primarily used for low-value purposes and can be considered an underu-
tilized resource. BSG has a protein content of up to 30 %, making it a readily available and high potential
feedstock for valorization into a functional food ingredient through approaches such as enzymatic hydrolysis.
However, little attention has previously been given to the protein-level composition of BSG, which is essential for
developing hydrolysis strategies to improve functionality in an efficient and targeted manner. Here, we present
an in-depth quantitative characterization of the BSG proteome and investigate dynamic proteome changes during
malting and mashing, the initial phases of beer production. We show dynamic and selective changes in the
proteome across the different process steps, where 29 % of reproducibly identified proteins display differential
abundance. BSG was found to have a significantly higher proportion of intracellular protein compared to both
barley and malt as well as a nutritionally favorable amino acid composition. The major constituent of the BSG
proteome was B3-Hordein, constituting more than 30 % (mol/mol) of the BSG protein. Moreover, a large pro-
portion (> 45 % (mol/mol)) of the BSG protein are classified as potential allergens and antinutritional factors.
This emphasizes the need for care during downstream processing of BSG to produce safe and functional food
ingredients, while also providing protein-level insights for the development of targeted protein extraction and
hydrolysis strategies.

e.g. energy, bioethanol, and paper has been explored (Mussatto, 2014).
Moreover, BSG has been explored for higher value applications such as

1. Introduction

Brewer’s spent grain (BSG) is the major side-stream from beer pro-
duction, representing up to 85 % of the total waste from the brewing
industry (Devnani et al., 2023). With an annual production of around
200 billion liters of beer from the global brewing industry, around 40
million tons of BSG are generated (Devnani et al., 2023; Hejna, 2021). A
substantial BSG oversupply in combination with BSG being highly sus-
ceptible to rapid microbial contamination reduces its value (Bjerregaard
et al., 2019). Consequently, most BSG has typically been used in cattle
feed or end up in landfills (Bjerregaard et al., 2019; Wen et al., 2019).
Particularly in the last decade, the applicability of BSG in production of

substrate for solid-state fungal fermentation, to not only enrich protein
and improve functionality (Canedo et al., 2016; Lock et al., 2023;
Moirangthem et al., 2025; Rusbjerg-Weberskov et al., 2025), but also for
microbial production of valuable compounds such as enzymes, organic
acids and bioplastics (Xie et al., 2024). BSG has even been used as e.g. a
biosorbent for wastewater treatment, a more sustainable filler in bio-
based composites and bricks, as well as a bio-fertilizer (Bianco et al.,
2024; Dancker et al., 2025). Nevertheless, as BSG is a side-stream from
brewing and therefore considered food-grade, the desire for its appli-
cation and incorporation in food products has consistently increased
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within the last decade (Naibaho et al., 2024). Several research groups
and companies are successfully incorporating BSG and BSG flour as an
ingredient in products such as bakery items and snacks (Moirangthem
et al., 2025; Nyhan et al., 2023; Saberian et al., 2024). Unfortunately,
BSG inclusion levels are typically below 20 % due to a lack of compatible
techno-functional and sensory properties, resulting in a negative impact
on e.g. texture and colour, ultimately leading to consumer rejection
(Lynch et al., 2016; Nyhan et al., 2023; Saberian et al., 2024). One of the
main reasons is the high content of residual fiber (30-50 % w/w) (Ikram
et al., 2017; Lynch et al., 2016), of which up to 50 % is constituted by
indigestible fibers such as arabinoxylan (Steiner et al., 2015), limiting
direct use of BSG as an ingredient. One strategy to improve functionality
and applicability of BSG, is to enrich protein and reduce fiber content,
through downstream processes (Bjerregaard et al., 2019; Wen et al.,
2019). In this way, the typical protein content of 19-30 % (w/w) in BSG
(Ikram et al., 2017; Lynch et al., 2016) can be enriched up to 85 % (w/w)
(Vieira et al., 2014). Extraction of almost all the protein is also possible
(Connolly et al., 2013; Qin et al., 2018). However, achieving functional
protein in high yields and purity is not simple and usually requires rather
harsh treatments, including acids, organic solvents, and elevated tem-
peratures, which further impair the techno-functionality, in particular
the solubility, of the BSG protein (Devnani et al., 2023; Rommi et al.,
2018; Wen et al., 2019). Recently, the use of emerging green technol-
ogies for protein extraction from BSG was demonstrated (Mikkelsen
et al., 2025). While this improved overall protein yields and content as
well as functionality compared to an alkaline extraction, techno-
functionality of the extracts was not remarkable. The impact of the
extraction method on protein functionality corroborates recent studies
on BSG (Chin et al., 2024).

One way to improve BSG techno-functionality, thereby valorizing it
as a food ingredient is through enzymatic hydrolysis. In fact, enzymatic
treatment has been shown to not only increase protein yield from BSG
compared to alkaline extraction (Abeynayake et al., 2022a; Niemi et al.,
2013), but also to enhance the functional and bioactive properties
relative to conventionally extracted BSG proteins (Naibaho et al., 2024;
Vieira et al., 2022; Wen et al., 2019; Yalcin et al., 2008; Zhang et al.,
2025). BSG hydrolysates have shown various functionalities in vitro
such as emulsifying (Vieira et al., 2022) and antioxidant activity
(Abeynayake et al., 2022b). Previously, potent antioxidant peptides
from barley glutelins (i.e. hordein) have been identified following
enzymatic hydrolysis with Alcalase (Xia et al., 2012). The peptides from
hydrolysis of BSG may not only have a single functionality but may
represent multifunctional ingredients with potential health benefits
(Aguilar-Toala et al., 2024; Naik et al., 2024). BSG hydrolysates have not
only shown potential in vitro but were also found to display potential
health benefit when incorporated in e.g. muffins (Bazsefidpar et al.,
2024). Moreover, combining enzymatic hydrolysis with emerging green
extraction methods has also been shown to improve both yields and
functionality (Ikram et al., 2020). Hitherto, BSG hydrolysis is almost
exclusively performed using the conventional “black box™ trial-and-
error approach, where a range of enzymes and hydrolysis conditions
are applied and the resulting hydrolysates are screened for activity and
functionality. While this approach undoubtedly has facilitated the
development of BSG hydrolysates with superior properties than BSG and
BSG flours, little attention is given to the peptide-level composition
which ultimately governs bulk functionality. This also explains why
hydrolysis has not always been found to improve functionality (Zhao
et al., 2025).

Recent advances in prediction of peptide-level properties, such as
antioxidant activity (Olsen et al., 2020) and emulsification (Garcia-
Moreno et al., 2020a; Garcia-Moreno et al., 2020b), have facilitated a
fundamentally different approach in hydrolysate production. The
approach is governed by mass spectrometry (MS)-based proteomics
combined with bioinformatic data analysis and prediction of peptide
functionality using artificial intelligence (Garcia-Moreno et al., 2023).
This has led to the discovery of many novel functional and bioactive
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peptides (Garcia-Moreno et al., 2021; Varona et al., 2023; Yesiltas et al.,
2022; Yesiltas et al., 2023) and has also illustrated the potential for
valorization of several sustainable protein sources (Deka and Saikia,
2023; Gregersen Echers et al., 2022; Yesiltas et al., 2021). The concept
was recently demonstrated in potatoes (Gregersen Echers et al., 2023),
yielding hydrolysates with improved surface-active properties in vitro
that were furthermore able to improve stability of perishable fish oil
through encapsulation (Bjgrlie et al., 2023). But to adapt such a strategy
for BSG, a detailed and quantitative characterization of the proteome is
required.

BSG is the side-stream from the initial phase of beer brewing prior to
fermentation (Schulz et al., 2018). Barley seeds are allowed to partially
germinate during malting, which upregulates a range of hydrolases,
facilitating the degradation of both proteins and carbohydrates within
the seed endosperm storage (Blanco et al., 2014). Following milling,
malted barley is infused with hot water during mashing, where solubi-
lized protein and starch are degraded to peptides and free amino acids
(AAs) as well as fermentable sugars, respectively. The resulting liquid
phase (wort) is separated from the brewer’s spent grains residue, boiled
with hops and fermented to produce beer. While many barley proteins
ultimately remain in the final beer product (Schulz et al., 2018), a
substantial amount of protein is retained in the underutilized BSG.
Barley, as well as the proteome dynamics during malting and mashing,
have previously been investigated to understand the underlying enzy-
matic machinery of these processes (Bahmani et al., 2021a; Colgrave
et al., 2013; Kerr et al., 2023; Liu et al., 2022; Mahalingam, 2018). Such
insight can enable optimization of both process parameters but also in
cultivar selection and development, where key enzymes can be enriched
and/or optimized to facilitate a more efficient process (Jin et al., 2014;
Najera-Torres et al., 2022; Qin et al., 2021). But to date, most focus has
been on the wort and final beer product (Schulz et al., 2018). Very
limited effort has been made to describe the protein-level changes dur-
ing mashing and how this determines the final protein composition in
BSG. This knowledge gap hinders the development of targeted pro-
cessing strategies to valorize this massive side stream.

In this work, we present a deep characterization of the industrial
barley “Planet”, its corresponding malted form, commonly used in
Danish brewing, followed by the production of representative BSG using
a conventional mashing procedure. These streams of the pre-
fermentation brewing process were initially compared using a range of
different methods to investigate bulk changes. Using bottom-up prote-
omics, we investigate the protein-level changes at each stage of the
process, dive into the BSG proteome to identify the most abundant
proteins and use this insight to evaluate the potential benefits and
challenges of using BSG as a food ingredient through in silico analysis.
This provides the basis for developing targeted processes for BSG pro-
cessing in terms of both protein extraction and enzymatic hydrolysis.

2. Materials and methods
2.1. Production of brewer’s spent grains

Brewer’s spent grains (BSG) were produced by conventional mash-
ing, as previously described (Mikkelsen et al., 2025). Briefly, 50 g of
malted barley (Hordeum vulgare, var. Planet) (Viking malt, Vordingborg,
Denmark) was milled using a 0.7 mm DLFU disc mill (Biihler, Skov-
lunde, Denmark). The grist was added to 150 mL 0.3 mM CaSOy4 (in
distilled water (dH20)) pre-heated to 65 °C in a mashing bath (Locher
Labor + Technik GmbH, Berching, Germany) and rested for 50 min.
Subsequently, the temperature was increased at a rate of 1 °C/min to
74 °C and rested for 10 min. After addition of 150 mL dH»O (pre-heated
to 74 °C), the mash was rested for an additional 10 min before being
cooled to 25 °C and subsequently, 100 mL dH,O was added for a final
grist-to-water ratio of 1:8. The wort was removed by first running the
mash through a common strainer and then through Whatman prepleated
320 mm filter paper (Cytiva, Marlborough, USA). The first filtered 100
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mL was reused to wash the BSG and returned. All retained BSG was
pooled and dried overnight at 60 °C.

2.2. Crude protein characterization

The produced BSG, along with the malted barley, was analyzed to
establish crude characteristics of the streams. Unprocessed barley was
obtained from the same batch and variety as the malted barley used for
BSG production (Viking malt, Vordingborg, Denmark) and used for
comparative purposes and to obtain insights on protein-level changes
during malting.

2.2.1. Dry matter

Dry matter was determined gravimetrically. 2 g of sample was
weighed in pre-weighed and dried beakers and placed in a heating
cabinet at 105 °C for 24 h. The samples were cooled in a desiccator and
weighed. All samples were measured in triplicates.

2.2.2. Crude protein content

The crude protein (CP) content was estimated based on nitrogen (N)
content by DUMAS combustion using a Rapid Max N exceed (Elementar
UK Ltd., Handforth, England). A nitrogen-to-protein conversion factor of
6.25 was used to calculate protein content. All determinations were
performed in triplicate.

2.2.3. Amino acid analysis

Amino acid composition was determined based on the method
described by Ghelichi et al. (Ghelichi et al., 2024). Briefly, approxi-
mately 30 mg of sample was hydrolyzed with 6 M HCl at 110 °C for 18 h.
Samples were cooled and filtered through 0.22 pm cellulose acetate
syringe filters and subsequently pH was adjusted and diluted with 200
mM potassium hydroxide and 100 mM ammonium acetate. Amino acid
composition was analyzed with LC-MS (Agilent 1100 series, LC/MSD
Trap) with a BioZen Glycan LC Column. Glutamine, asparagine, tryp-
tophan and free cysteine cannot be determined using this method.
Glutamine and asparagine are converted into glutamic acid and aspartic
acid, respectively, and are reported as a combined sum. Disulfide-bound
cysteine (cystine) is not degraded and is included in the analysis. Mea-
surements were carried out in triplicate.

2.2.4. SDS-PAGE

One-dimensional SDS-PAGE was performed under reducing condi-
tions, as previously described (Gregersen et al., 2021). Briefly, analysis
was conducted using SurePAGE 4-20 % polyacrylamide gels (Genscript,
USA) and a Tris-MOPS SDS Running Buffer system (Genscript). For solid
samples, aliquots of cryogenically milled grains were mixed with 4x
SDS sample buffer (50 mM Tris pH 6.8, 2 % SDS, 10 % glycerol, 0.02 %
bromophenol blue, 12.4 mM EDTA, and 50 mM DTT) to a protein con-
centration of 4 mg/mL (based on CP) and subsequently incubated for 5
min at 95 °C. Afterwards, samples were allowed to cool, briefly centri-
fuged to sediment particles, and the supernatant was recovered for
analysis. For size estimation, 5 pL PIERCE Unstained Protein MW Marker
was loaded. Electrophoresis was carried out at 150 V for 40-50 min until
the dye front reached the bottom of the gel. Gels were subsequently
stained using Coomassie blue and imaged on a ChemDoc MP imaging
System (BioRad, USA).

2.3. Proteomics analysis

To characterize the protein-level composition of the different bio-
masses, they were investigated using bottom-up proteomics (BUP). Prior
to analysis, grain samples (barley and malt) were cryogenically milled
using a mortar and pestle with liquid nitrogen. Milling was continued
with addition of liquid nitrogen until a fine and homogenous flour was
obtained. Cryo-milling was also performed on BSG to investigate any
potential benefits in terms of protein extractability. Milled grains and
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BSG (milled and crude) were lyophilized to ensure a completely dry
starting material prior to further processing.

2.3.1. Protein extraction optimization

To optimize the sample preparation protocol in relation to protein
extraction efficiency, the effect of combining focused ultrasound with
the commercial iST for plant tissue kit (PreOmics, Germany) was
initially investigated. For each sample, an amount corresponding to 800
pug protein based on CP was weighed into Protein LoBind tubes
(Eppendorf, Germany) and 1 mL iST “Lyse” buffer was added. Tubes
were vortexed and placed on a pre-heated Thermomixer (Eppendorf)
and incubated at 95 °C for 5 min at 1000 rpm. The solutions, and as
much undissolved biomass as possible, were transferred to individual 1
mL AFA tubes (Covaris, USA) and the protein was extracted using a
M220 focused ultrasonicator (Covaris). All samples were extracted
through 0, 1, 2, 4, and 8 cycles of the protein extraction protocol spec-
ified by the manufacturer (peak incident power of 75 W, a duty factor of
10 %, 200 cycles per burst, and 180s per cycle at 6 °C). After each of the
indicated number of cycles, aliquots of the extracts were transferred to
new LoBind tubes and subjected to a secondary round of heat incubation
on the thermomixer using the same conditions. Extraction efficiency was
subsequently evaluated by SDS-PAGE analysis. To ensure comparability,
SDS-PAGE analysis was performed using the same sample load of 30 pL,
corresponding to 24 pg protein (based on CP analysis, assuming full
protein extraction). Samples were mixed with 4x sample buffer with
200 mM DTT in a 3:1 ratio, and subsequently prepared and analyzed as
described above for solid samples.

2.3.2. Sample preparation for mass spectrometry

Prior to analysis by mass spectrometry, protein was extracted based
on the optimized parameters. For grain samples (barley and malt), two
AFA extraction cycles were applied, while for both BSG samples, one
cycle was performed. After extraction and additional heat incubation to
ensure full protein denaturation, disulfide reduction, and thiol carba-
midomethylation, extracted protein was digested and desalted, as
described by the kit manufacturer. Briefly, 100 pL of the extract (cor-
responding to 80 pg) was mixed with 50 pL resuspended protease
(Trypsin/LysC) and incubated for three hours on a thermomixer at 37 °C
and 500 rpm. Subsequently, the digested protein was transferred to iST
cartridges and subjected to three rounds of washing (including “Wash 0”
for plant tissue), two rounds of elution, and finally dried in a SpeedVac
concentrator (Thermo-Fisher Scientific, USA). When dry, samples were
resuspended in 70 pL “LC Load” and the peptide concentration was
estimated by microvolume UV-spectroscopy (A280) using an SDS-11 FX
(Denovix, USA) at standard settings (1 Abs = 1 mg/mL) and diluted to
reach a final concentration around 0.2 pg/pL. Samples were stored at
—18 °C until analysis. All extractions were performed in triplicate.

2.3.3. Bottom-up proteomics by LC-MS/MS

Shotgun BUP was performed on an EASY nLC-1200 ultra-high-per-
formance liquid chromatography system (Thermo) with ESI coupled to a
Q Exactive HF tandem mass spectrometer (Thermo). For each sample
replicate, 1 pg digest was loaded on a PEPMAP trap column (75 pm x 2
cm, C18, 3 pm, 100 A) followed by reversed-phase separation using a
PEPMAP analytical column (75 pm x 50 cm, C18, 2 pm, 100 10\). The
mobile phase (solvent A (0.1 %(V/V) formic acid) and solvent B (80 %
(V/V) acetonitrile, 0.1 %(V/V) formic acid)), was introduced through a
stepwise gradient from 5 % to 100 % solvent B over 60 min. The analysis
was performed using full MS/ddMS2 Top20 data-dependent acquisition
with an MS1 scan range of 300-1600 m/z, positive polarity, and a
default charge of 2. The MS1 resolution was set to 60,000, while the dd-
MS2 resolution was set to 15,000. AGC target and maximum injection
time were set to 1e5 and 45 ms, respectively. The isolation window was
defined as 1.2 m/z, collisional energy as 28 eV, and the dynamic
exclusion window as 20.0 s. Peptide match was set as “preferred” and
“exclude isotopes” was enabled.
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2.3.4. Raw data processing

Raw LC-MS/MS data was processed with MaxQuant v.2.2.0.0
(Tyanova et al., 2016). The data was searched against the Ensembl
Plants (Kersey et al., 2018) Hordeum vulgare cv. Morex IBSC_v2 database
(Lee et al.,, 2020). Methionine oxidation and protein N-terminal
methylation were used as variable modifications while cysteine carba-
midomethylation was included as a fixed modification. Data was
analyzed using tryptic in silico digestion, allowing up to two missed
cleavages. Minimum peptide size was defined as 7 amino acids and
maximum peptide mass as 4600 Da. A false discovery rate of 1 % was
employed on both peptide- and protein-level. Match between runs and
dependent peptides were enabled to boost identification rates.

The mass spectrometry proteomics data have been deposited into the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022)
partner repository with the dataset identifier PXD062029 and https://
doi.org/10.6019/PXD062029.

2.3.5. Downstream data analysis

Based on the incomplete protein annotation in the IBSC_v2 database,
the nature of identified proteins was determined by BLAST analysis
using Uniprot (The UniProt Consortium, 2017). Briefly, the sequences of
identified proteins were extracted from the IBSC_v2 protein fasta into a
custom fasta file using a custom Python script (v.3.8.8). Similarly,
subproteome fasta files (e.g. differential or abundant proteins) were
constructed for subsequent BLAST analysis. BLAST hits were evaluated
by identity, and e-value with a preference given for proteins in a Uniprot
barley proteome (UP001057469 or UP001177060). If no high identity
and low e-value hits originated from a barley proteome, preference was
given to proteins with a specifically annotated name (i.e. avoiding
“Uncharacterized” and “Predicted” proteins) from closely related cereal
species. For proteins annotated as “Uncharacterized” or “Predicted”, the
protein with the highest homology and distinct annotation was used to
indicate protein function.

2.3.5.1. Inter-sample comparative analysis. For inter-sample comparison
using label-free MaxLFQ (Cox et al., 2014) data, Mass Dynamics 2.0
(Quaglieri et al., 2022) was employed. Missing values were imputed
using the built-in “missing not at random (MNAR)” algorithm with a
mean position factor of 1.8 and a standard deviation factor of 0.3. For
pair-wise differential analysis, proteins were considered significantly
and differentially abundant if the adjusted p-value was lower than 0.05
(i.e. false discovery rate (FDR) < 5 %) and the fold change ratio was
larger than two (i.e. log2(FC) > 1). Data was subsequently visualized in
volcano plots using the threshold values for significance and fold
change. For hierarchical sample and protein clustering in heatmap
representation, a Euclidean distance of 4 and a row-wise Z-score
normalization was applied. Only proteins identified as differential by
the built-in ANOVA analysis were included in the heatmap
representation.

2.3.5.2. Intra-sample relative quantification. For intra-sample quantita-
tive analysis, intensity-based absolute quantification (iBAQ)
(Schwanhiiusser et al., 2011) was employed using the MaxQuant built-in
option. The iBAQ algorithm uses the number of proteotypic peptides
(6-35 amino acids of length) within a given protein to normalize for
both length and compatibility with tryptic BUP. Initially, all false posi-
tive and contaminant proteins were filtered. Next, proteins were filtered
based on the requirement that a protein must be quantitatively identi-
fied in at least two replicates of at least one sample. To obtain the
relative molar protein-level abundance, iBAQ intensities were normal-
ized to the sum of iBAQ intensities within a given sample, as previously
described (Danner Aakjaer Pedersen et al., 2025). This provides the
relative iBAQ (riBAQ), which can be considered an approximation of
relative molar abundance or the abundance of individual proteins
relative to all proteins within a given sample in % (mol/mol). To further
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segment identified proteins and focus on only the most abundant pro-
teins, filters of 0.5 % riBAQ and 1 % riBAQ were applied. Statistical
analysis of intra-sample quantification was performed as described
below. To visualize protein-level enrichment and depletion during
mashing, two approaches were applied for abundant proteins (riBAQ
>0.5 % in any stream). First, the mean riBAQ (in%) for each stream was
log2 transformed to reduce the dynamic range of values and better
visualize differences. Secondly, a fold-change (FC) analysis between
malt and BSG was performed. Here, the FC was calculated as the dif-
ference in mean riBAQ between BSG and malt divided by the mean
riBAQ in BSG for each protein group. As such, a positive FC indicates
enrichment in BSG while a negative FC indicates depletion.

2.3.5.3. Subcellular localization. Using the custom fasta with only
identified proteins, subcellular localization was predicted using DeepLoc
2.0 (https://services.healthtech.dtu.dk/services/DeepLoc-2.0/) (Thu
muluri et al., 2022). While DeepLoc potentially provides multiple
probable subcellular origins, only the compartment with the highest
probability was used to categorize proteins. Within each predicted
compartment, the riBAQ of all associated proteins were summarized to
obtain the grand distribution of proteins based on subcellular origin.

2.4. Statistical analysis

Data from crude protein characterization and intra-sample relative
quantification by riBAQ (including subcellular localization) was
analyzed to identify statistical differences using GraphPad Prism
(v.10.0.2, build 232). Comparison of means from the different streams
was performed using ordinary two-way ANOVA and Tukey’s multiple
comparison testing, with a 95 % confidence interval. Assumptions
included Gaussian distribution of residuals, equal standard deviations
between groups of unmatched replicates, and a single pooled variance.
All p-values are reported as adjusted p-values to account for multiple
comparisons.

3. Results and discussion
3.1. Characterization of protein content and amino acid composition

Based on initial characterization (Fig. 1), the barley and malted
barley were overall found to be more comparable to each other than to
BSG. While barley was found to have significantly lower (p < 0.0001)
DM content than both malt and BSG (Fig. 1A, left), the crude protein
(CP) content increased significantly (p < 0.001) during each step of the
BSG production process (Fig. 1A, right), almost doubling from barley
(9.0 % DM basis) to BSG (17.4 % DM basis), reflecting a more efficient
extraction of non-protein constituents (e.g. fermentable carbohydrates)
during mashing. This finding agrees with previous studies (Jaeger et al.,
2021a; Karlsen and Skov, 2022; Lynch et al., 2016) and highlights the
potential of BSG as protein-rich side-stream. We also compared protein
content estimation using Dumas (N*6.25) and conventional amino acid
analysis (AAA) in an unpaired t-test (Fig. S1). Here we found that while
the nitrogen-based method slightly overestimated (5 %, 14 %, and 10 %
for barley, malt and BSG, respectively) protein content compared to AAA
(8.5 %, 9.2 %, and 15.8 % (DM basis) for barley, malt and BSG,
respectively), there were no significant differences at 95 % confidence
level. This indicates that while not significant, using the Jones’ N-to-
protein conversion factor of 6.25 (Jones, 1931) may overestimate pro-
tein in all streams, and ideally all streams should have a unique and
lower conversion factor. Based on the AAA, this factor would be 5.94,
5.48, and 5.68 for barley, malt, and BSG respectively. This is in agree-
ment with other studies, where the suggested conversion factor for
barley ranges from 5.45 (Mariotti et al., 2008) to 5.83 (Bjerregaard
et al., 2019). Comparing protein content based on AAA by one-way
ANOVA, the difference between barley and malt becomes non-
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Fig. 1. Initial characterization of the crude barley, malt and BSG. A) Dry matter (DM) and crude protein (CP) content. B) Reducing SDS-PAGE analysis of barley (2),
malted barley (3), and the produced BSG (4). All samples were analyzed in crude form by directly solubilizing cryo-milled samples in SDS-sample buffer. Molecular
weight marker (1) mass (in kDa) is indicated. C) Sum of essential amino acids (X EAA) and non-essential amino acids (X NEAA) as per D) Amino acid analysis showing
the distribution of individual amino acids as relative abundance (% w/w). Compositional analysis is indicated as means with the standard deviation (n = 3). Sta-
tistical analysis is performed as two-way ANOVA with significance level (from adjusted p-values) indicated by “ns” (p > 0.05), “*” (p < 0.05), “**” (p < 0.01), “***”
(p < 0.001), and “****” (p < 0.0001). For the amino acid analysis (D), non-significant differences are not shown for simplicity. Numerical data can be found

in Table S1.

significant (Fig. S1), further substantiating the similarity of barley and
malted barley on the bulk protein level.

The greater similarity between barley and malt, compared to BSG, is
also reflected in both the protein profile by SDS-PAGE analysis (Fig. 1B)
and the amino acid (AA) composition (Fig. 1C, D). Differences in visible
protein bands and intensities are observed between barley and malt,
particularly above 50 kDa, but the overall profile remains rather similar.
In contrast, BSG was devoid of most bands and only a few of the
prominent bands (particularly in the range from 35 kDa to 45 kDa) were
retained after mashing. In previous studies, prominent bands in this
region have been ascribed to B-hordeins and embryo globulins (Bi et al.,
2018a; Celus et al., 2006). Based on the amino acid profile, only the
relative (% w/w) proportion of Pro and Glu/Gln differed significantly
between barley and malt (Fig. 1D), and therefore the overall content of
essential and non-essential amino acids (EAA and NEAA) showed no
significant difference (Fig. 1C). In contrast, BSG showed a slight but
significant (p < 0.001) decrease in EAA; from 38 to 39 % in barley and
malt, to 33 % in BSG. While this represents a somewhat lower EAA
content than e.g. milk protein (38 %), it is still substantially higher than
other plant-based proteins like oat (21 %), wheat (22 %), and soy (27
%), and more comparable to egg (32 %) and casein (34 %), representing
typical animal-based proteins (Gorissen et al., 2018). Moreover, the EAA
content was well above the proportion of 27 % presented as the WHO/
FAO/UNU amino acid requirements (WHO/FAO/UNU, 2007).

While the content of branched-chain AAs (BCAAs) Leu (6.1 %) and
Ile (3.5 %) was lower in BSG than the comparable levels in barley and

malt (approximately 14.4 % and 3.9 %, respectively), it still exceeds the
WHO/FAO/UNU requirements of 5.9 % and 3.0 %, respectively. In
contrast, the Val content was significantly enriched in BSG compared to
barley and malt and a content of 6.3 % is far beyond the required 3.9 %.
As such, BSG can be considered sufficient as a source of BCAAs. Only Lys
(3.5 %) and Met (0.83 %) were below the required levels, as BSG was
also found rich in aromatic AAs. As Met is commonly considered in
combination with Cys, the cystine (C—C) content of 3.6 % in BSG also
suggests there are sufficient sulphur-containing AAs. As such, only Lys
can be considered a limiting AA in terms of nutritional quality based on
our analysis. Ultimately, these findings show that BSG may indeed be
considered a promising source of nutritional protein for use in foods.
They also emphasize that more effort and resources should be allocated
towards finding better use of this by-product. Not only for nutritional
purposes, but also for improving both economic and environmental
sustainability of the brewing industry by converting waste into value.

3.2. Optimization of protein extraction for proteomic analysis

To gain deeper insights on the protein-level composition, we per-
formed LC-MS/MS-based BUP. However, as the samples represent
complex flours and because protein may still be retained in the recal-
citrant plant matrix, thereby limiting accessibility, we initially opti-
mized protein extractability. While the employed iST kit is specifically
developed for proteomics analysis of plant tissues (Cun et al., 2024),
previous analyses have indicated that thermal and chemical treatment
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alone may not be sufficient to facilitate complete and representative
protein extraction (Berni et al., 2023; Lin et al., 2024). However, the
combination of the kit with physical disruption methods, such as
ultrasonication, has been shown to improve representative protein re-
covery (Danner Aakjaer Pedersen et al., 2025). Consequently, we
attempted to combine the thermochemical lysis and extraction from the
kit with adaptive focus ultrasound.

By subjecting all samples to multiple rounds of ultrasonication, we
were able to evaluate extraction efficiency and protein quality by SDS-
PAGE (Fig. 2). Application of other conventional quantitative protein
assays (such as absorbance at 280 nm), and fluorochrome-based
methods (such as Qubit), have previously been shown to be incompat-
ible with the lysis buffer from the iST kit, due to either coextraction of
non-proteogenic UV-active species or buffer incompatibility (Danner
Aakjaer Pedersen et al., 2025). Consequently, SDS-PAGE analysis was
applied for both qualitative and quantitative evaluation. From this
analysis, it was evident that extraction from milled grain samples (barley
and malt) benefited greatly from the application of focused ultrasound
(Fig. 2A). It was also evident that two extraction cycles appeared suffi-
cient for both flours (Fig. 2A, lanes 4 and 9) and that excessive treatment
with up to eight cycles (Fig. 2A lanes 6 and 11) had a detrimental effect,
particularly for higher MW proteins. BSG (Fig. 2B) did not appear to
benefit from ultrasonication beyond one extraction cycle (Fig. 2B, lanes
3 and 9), but compared to no ultrasonication (Fig. 2B, lanes 2 and 8), a
clear improvement was observed. Based on SDS-PAGE analysis, no
apparent differences in the protein composition between crude and
cryo-milled BSG were observed. The decreased requirement for me-
chanical force during extraction from BSG, compared to grain samples,
is likely directly linked to the additional processing and breakdown of
the recalcitrant matrix during mashing. Consequently, two cycles were
employed for milled grain samples and one cycle for both BSG samples
prior to BUP analysis. Compared to the SDS-PAGE analysis of the crude
samples (Fig. 1B), the extracts displayed a high level of similarity in the
protein profile, underlining the applicability of combining the iST kit
and focused ultrasound for representative protein extraction.

3.3. Overall protein-level changes during BSG production

Using the optimized protocols for sample preparation, we identified
a total of 967 barley protein groups across all samples by LC-MS/MS-
based BUP, following the removal of common contaminants and false
positives. From these 967 protein IDs, 706 were quantitatively identified
in at least two replicates from unprocessed barley, while 857 were found
in the malted barley samples. In BSG, 647 protein groups were identified
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in at least two replicates from the crude sample, while 604 protein
groups were reproducibly quantified in the cryo-milled sample. Across
all samples, 945 protein groups (98 %) were reproducibly found in at
least one sample. Nearly half of the proteins (454) were identified in at
least two replicates of all samples, while 660 proteins were shared be-
tween barley and malt (Fig. 3A). The proportion of proteins reproduc-
ibly identified in malt but not in barley (200) was substantially larger
than the reverse (49). 196 proteins found in malt were not identified
reproducibly in any BSG sample. These observations illustrate a dynamic
process from barley to malt and to BSG.

The qualitative differences were also reflected when analyzing the
overall replicate correlation (Fig. 3B) and experimental variability
(Fig. 3C). Replicates between each sample displayed good overall cor-
relation above 0.85 with grain samples generally showing higher
replicate correlation (~0.92). This difference may be ascribed to the
higher number of protein identifications in these samples and a poten-
tially more homogenous nature compared to BSG. Comparing BSG
samples with and without cryo-milling showed comparable correlations
as replicates within each group. This indicates minimal effect of the
milling. As expected, BSG replicates had a substantially higher correla-
tion with malt replicates than barley replicates, as the BSG was produced
from the malt and because malting represents the biological germination
process of the barley grains. These observations were also reflected
when investigating the overall variability in the dataset using principal
component analysis (PCA) (Fig. 3C). Here, the two BSG samples clus-
tered nicely and have a longer distance (but in the same direction) from
barley than does malt along the first principal component. In contrast,
barley and BSG were closely spaced along PC2, while malt differs sub-
stantially. This indicates that differences between samples are governed
by several underlying distributions, which was also corroborated by
Scree analysis (Fig. S2), where PC1 and PC2 were found to explain only
24 % and 14 % of the total variability, respectively. Overall, this analysis
nicely illustrates the dynamic process of moving from barley to BSG
through malting and mashing. These dynamics are also evident when
considering the 272 differentially expressed/abundant proteins by
ANOVA across the different samples (28.8 % of reproducibly identified
proteins), showing distinct clustering on the protein level (Fig. 3C).

3.4. Malting reduces abundance of stress-related proteins and induces
engymatic storage depletion

Malting of barley represents the biological process of germination. As
such, this process is also expected to be reflected on the protein-level
through significant changes in expression patterns. Through a
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Fig. 2. Evaluation of protein extractability by reducing SDS-PAGE analysis. Gels are shown for (A) barley (lane 2-6) and malt (lane 7-11) as well as for (B) BSG (lane
2-6) and Cryo-BSG (lane 8-12). Protein was extracted using the iST plant tissue kit and in combination with 0, 1, 2, 4, and 8 AFA ultrasonication cycles (as indicated
below each lane). As molecular weight marker, Pierce unstained marker was used (lanes Al, A12, B1, and B7) and mass (in kDa) is indicated.
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Fig. 3. Overview of LC-MS/MS proteomics analysis. (A) Venn diagram showing overlap of reproducibly identified proteins (i.e. identified in at least two of three
replicates) across the four samples showing both the numerical and relative (in %) intersect. (B) Pearson correlation matrix showing the overall qualitative and
quantitative reproducibility between individual replicates and samples from anti-correlation (red, —1), to no correlation (white, 0), and to perfect correlation (blue,
1). Pearson correlation coefficients were based on MaxLFQ intensity data after imputation of missing values in MassDynamics. (C) Principal component analysis to
show replicate-wise sample similarity and clustering according to overall qualitative and quantitative variability. Individual sample replicates are depicted based on
the two first principal components, together explaining 38 % of the total variability (see Scree plot in Fig. S2). (D) Heatmap of differentially abundant proteins by
ANOVA analysis in MassDynamics. Data is depicted as z-score standardized MaxLFQ intensities by row (protein group) and clustered using a Euclidian distance of 4.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

differential expression analysis, we indeed found 27 proteins to be
significantly (p < 0.05) downregulated (FC > 2) in malt while 69 pro-
teins were found to be significantly upregulated based on normalized
LFQ intensities (Fig. 4A). As the proteome is suboptimally annotated, we
performed BLAST analysis against the Uniprot reference proteome.
Overall, we found strong BLAST hits with identities above 90 % (the
majority at 100 %) and e-values below 10750 (Table S2). Among the 27
downregulated proteins in malt, we predominantly found proteins pre-
viously associated with germination. For instance, we found multiple
late embryogenesis abundant (LEA) proteins, which have been shown to
be involved with seed adaptation to particularly cold stress (Zan et al.,

2020). That these proteins are found to be depleted in the malted barley
is not surprising as they have previously been shown to accumulate
under certain stages of embryo development (Dehaye et al., 1997) and
disappear after germination (Wilhelm and Thomashow, 1993). Simi-
larly, other stress-related proteins such as the universal stress protein
USP7364 were also found depleted in malt. Reduction in stress-related
proteins may be considered a direct consequence of seeds transition-
ing from prolonged cold storage under dehydration to the germination
phase, thereby entering a more normalized plant life cycle (Luo et al.,
2023). Several seed maturation proteins and fumarase, which are linked
with dormancy seed maintenance and metabolism (Grafahrend-Belau
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Fig. 4. Volcano-plots from pairwise differential analysis of protein LFQ intensity for barley vs. malt (A) and malt vs. BSG (B). Highlighted proteins (in red) were
found to be significantly (p < 0.05) and substantially (FC > 2) differentially abundant in the pairwise analysis in MassDynamics. An overview of differentially
abundant proteins for barley vs. malt can be found in Table S3 while differentially abundant proteins from malt vs. BSG can be found in Table S4. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2009; Kushwaha et al., 2012), were also found to be depleted.
Furthermore, a large variety of depleted proteins are known to be
involved in seed energy and nutrient storage such as subtilisin-
chymotrypsin inhibitors, alpha-amylase inhibitors, hordeins, oleosin,
and cupin-type embryo globulins (Gorjanovi¢, 2009; Graham, 2008;
Ostergaard et al., 2002; Shewry and Halford, 2002; Tanner et al., 2019).
Together, these findings clearly indicate how the seeds deactivate the
dormant and inhibitory machinery and start consuming stored nutrients
to enter the germination process.

The upregulated subproteome in malt (69 proteins) is dominated by
enzymes involved in various cellular pathways (Table S2). Not surpris-
ingly, several isoforms of a-amylase were found to be upregulated.
Additional carbohydrate degrading enzymes like p-mannosidase,
a-glucosidase, B-glucanase, and chitinase, as well as other central en-
zymes in carbohydrate metabolism, such as malate synthase and Aldose
1-epimerase, were also found significantly (p < 0.05) and substantially
(FC > 2) upregulated. Upregulation of carbohydrate degrading enzymes
during malting has previously been demonstrated on both protein-
(Bahmani et al., 2021a) and RNA-level (Vinje et al., 2021), as the seeds
start to germinate and require liberation of stored nutrients. In addition
to carbohydrate-related enzymes, a wide range of proteases were also
found to be upregulated. This is also a direct consequence of the
germination, where the seed storage proteins are degraded to facilitate
initial plant growth (Schmitt et al., 2013). This biological process is
reflected in several other upregulated proteins such as lipoxygenases
(Viswanath et al., 2020) and dehydrin, (Hassan et al., 2021) as well as
many other proteins involved in the central cellular machinery. In fact,
the most upregulated protein is a histone, which further reflects the
development of the seed embryo and initiation of growth.

The dramatic increase in enzymatic activity and initial plant

development also induces increased oxidative stress on the seed (Ma
et al., 2016). This calls for protective measures to be activated against e.
g. the increased formation of reactive oxygen species (ROS). Conse-
quently, enzymes protecting against ROS, such as superoxide dismutase
and peroxidase were also found to be upregulated during malting.
Overall, these findings are in agreement with earlier studies on protein-
level changes during barley seed germination and the malting process in
brewing (Bahmani et al., 2021b; Osama et al., 2021; Qin et al., 2021). As
such, this analysis functions as a built-in quality control of the analytical
pipeline.

3.5. Selective enrichment and depletion during mashing and BSG isolation

Similarly to the pairwise analysis of barley and malt (Fig. 4A), sig-
nificant protein-level differences were also found when comparing malt
and BSG by LFQ intensities (Fig. 4B). Here, 66 proteins were found to be
significantly (p < 0.05) depleted (FC > 2) in the BSG while only six were
found to be significantly enriched. When comparing malt and BSG, it is
important to refrain from the up—/downregulation terminology and
rather describe enrichment and depletion, as mashing represents a
physical processing of the malt, whereas malting represents a biological
process within the barley seeds. As described in relation to investigating
the malting process, we performed BLAST analysis for differential pro-
teins found after mashing. Overall, we found strong BLAST hits with
identities above 90 % (the majority at 100 %) and e-values below 10~>°
(Table S3). Among the most substantially depleted proteins were
infection defense-related such as hordoindoline-B1, a-hordothionin, and
thaumatin as well as stress-related proteins such as dehydrin, a LEA
protein (Zaidi et al., 2024), and heat-shock proteins. The depletion of
defense-related proteins may be considered an advantage for the use of



S. Gregersen Echers et al.

BSG in foods, as e.g. thionin are linked with ubiquitous toxicity (Johnson
et al., 2005), while thaumatin is linked with increased allergenic risk
(Breiteneder, 2004). Similarly, expansin (Sampedro and Cosgrove,
2005) and non-specific lipid transfer proteins (Breiteneder and Radauer,
2004a) are known allergens and were also depleted in BSG. Moreover, a
range of different proteins identified as protease and amylase inhibitors,
such as cystatin Hv-CPI5 and several bifunctional inhibitor/plant lipid
transfer proteins, were depleted in BSG. This can be considered a highly
beneficial change in the protein composition, as these inhibitors
constitute anti-nutritional factors (Samtiya et al., 2020) and potential
allergens (Breiteneder and Radauer, 2004a), thereby increasing the safe
applicability of BSG in foods. Of the six enriched proteins in BSG, only
glutathione S-transferase has previously been associated with allergy
and has been classified as a minor allergen in birch pollen (Deifl et al.,
2014). Moreover, the abundance is below 0.05 % (Table S1) and we
therefore do not consider this particular protein problematic.

The selective depletion of proteins during mashing and subsequent
removal of the wort is not only relevant on the protein-level but also on
the bulk level. This is also illustrated from significant (p < 0.001) dif-
ferences in the EAA/NEAA content between BSG and both barley and
malt, while no significant difference was observed between the latter
two (Fig. 1C). Moreover, this is also reflected when considering the
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cellular origin of the identified proteins considered as a whole (Fig. 5A).
In barley, around 60 % (mol/mol) of the total protein (by riBAQ) is
predicted to be extracellular. This is significantly (p < 0.0001) reduced
in malt to 55 % but also significantly reduced (p < 0.0001) when
comparing to BSG (51 %) (Fig. S3). This indicates a continued depletion
of the relative proportion of extracellular protein, while the relative
share of cytoplasmic, nuclear, and plastid proteins significantly increase.
In general, depletion of extracellular protein correlates well with the
finding that the majority of depleted proteins identified from pairwise
analysis (Fig. 4B) are of extracellular origin (Table S4). This indicates
that extracellular proteins, to some extent, are either degraded during
mashing or end up in the wort due to their highly accessible and soluble
nature. This finding corroborates earlier studies showing the dynamic
process of endogenous proteolysis during mashing (Kerr et al., 2021), to
which extracellular proteins would be more readily available.

To obtain further insights and understanding hereof, it is relevant to
consider absolute abundance changes on the single protein level over
the full process. For this purpose, we determined the molar abundance at
the single-protein level using riBAQ for proteins constituting a sub-
stantial amount of the total protein in any of the analyzed samples
(Fig. 5B). The most abundant proteins (riBAQ >0.5 %) across all sam-
ples, B3-Hordein and Serpin-Z4, together constituting 36-43 % of the
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total protein, show quite comparable levels of abundance in all samples.
However, the LEA protein found abundant in barley (3.3 %) was absent
in downstream samples. This correlates with findings from the pairwise
analysis of barley and malt (Fig. 4A). Several other proteins such as
a-amylase inhibitor (aAI), D-hordein, oleosin, and subtilisin-
chymotrypsin inhibitor (SCI) show a gradual decrease in abundance
along the process and not only between individual process points, as
previously described.

Interestingly, two proteins showed an opposite trend and became
enriched and highly abundant in BSG. AP2-like factor was enriched
threefold from barley (1.0 % riBAQ) to BSG (3.0 % riBAQ). This despite
showing a minor depletion in malt (0.72 % riBAQ). However, this pro-
tein was only identified from one peptide across all samples and received
a low Andromeda score (6.1). Therefore, this protein identification is
associated with uncertainty (Table S1). Cupin-type 1 embryo globulin
had an abundance of 0.61 % in barley, which decreased to 0.35 % in
malt but became enriched in BSG at 0.96 %. These changes are also
reflected by a fold change (FC) analysis between BSG and malt, where
the two proteins obtained an FC of 3.2 and 1.8, respectively, based on
molar abundance (Fig. 5C). Histone H3 showed a gradual increase from
0.31 % in barley, to 0.86 % in malt, and to 1.2 % in BSG. As such the
BSG-to-malt FC is more subtle (0.39) but it may still be regarded as a
highly abundant and enriched protein in BSG. The enrichment of a
cupin-like protein may be disadvantageous as these are generally
considered major allergens (Breiteneder and Radauer, 2004b), and
require additional processing to reduce allergenic potential of BSG as
food ingredient.

When evaluating the effect of BSG cryo-milling, we found that this
did not entail an overall positive effect as anticipated. Firstly, there was
no real difference in the protein profile by SDS-PAGE when compared to
the crude BSG (Fig. 1B, 2B). Moreover, the number of reproducibly
identified proteins actually dropped by 7 % from 647 in the crude BSG to
604 in the cryo-milled BSG. While the overall differences from differ-
ential analysis by ANOVA (Fig. 3D) and pairwise analysis (Fig. S4) were
minimal, the overall loss of protein identifications and introduction of
variance between BSG and cryo-milled BSG (Fig. 3C, 5B) indicates that
the cryo-milling did not improve the analytical output. In fact, the
additional processing steps may have introduced selective losses, which
is why the analytical outcome may not fully reflect the BSG and could be
considered somewhat detrimental instead. The fact that no additional
improvement was obtained from BSG cryo-milling may be a result of the
BSG already being quite heavily processed and can be considered
equivalent to a residual grain flour. This finding facilitates easier and
faster sample preparation for BSG proteomics analysis.

Table 1
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3.6. Highly abundant proteins in BSG: Risk factors or potential targets for
downstream processing?

With the aim of identifying highly abundant proteins that could be
potential targets for downstream processing and BSG valorization, we
further investigated the most abundant proteins (> 1 % riBAQ) in BSG
(Table 1). While BSG was found to be depleted in many proteins with
antinutritional and allergenic potential, it is also clear that several of the
most abundant proteins in BSG are still associated with risk factors for
safe ingestion in foods. In a previous proteomic study of BSG (Bi et al.,
2018b), many of the same proteins were identified as abundant. How-
ever, this study quantified protein abundance by relative LFQ intensity,
thereby normalizing data between samples and not within the individ-
ual samples as done with riBAQ. This also entails that the relative pro-
tein distribution in that study did not reflect the molar distribution but
rather the relative signal distribution, where the abundance of larger
proteins was artificially inflated. Nevertheless, the MW of the most
abundant proteins, in particular B3-Hordein, Serpin-Z4, and alpha-
amylase/trypsin inhibitor («ATI), corresponded well with bands
observed by SDS-PAGE analysis of BSG (Fig. 1B, 2B). This indicates that
these proteins remained intact after mashing, while the substantial in-
crease in a diffuse smear in the low MW region of BSG compared to both
barley and malt, could indicate that some proteins may be partially
digested in the process.

Hordeins, including the abundant B-Hordein and D-Hordein, are
prolamins and thereby insoluble in water (Evans and Bamforth, 2009).
In addition to their high natural abundance in barley, their insolubility
makes it logical that residual hordeins end up in the solid BSG fraction
after mashing. Hordeins are homologues to wheat gluten proteins (gli-
adins/glutelins), and hence also considered major allergens (Breiteneder
and Radauer, 2004b). Being rich in glutamine and proline (Jaeger et al.,
2021b), the high hordein content not only in BSG, but in all analyzed
samples is a major driver of the high content of these AAs. Serpin-Z4 is
considered a part of the albumin superfamily and is known to elicit
serine protease inhibition. As such it is classified as an antinutritional
factor (Huang et al., 2023). Earlier studies found that serpin-Z4 survives
the entire brewing process and is in fact positively correlated with beer
foaming and considered a marker of foam stability (Evans et al., 1999).
Moreover, Serpin-Z4 was also found to survive gastrointestinal digestion
in ruminant models (Huang et al., 2023), which further highlights its
limited direct nutritional value. Similar results were found for aATI
(Huang et al., 2023). Both Serpins and aATIs are known grain allergens
(Breiteneder and Radauer, 2004b; Tatham and Shewry, 2008). In
addition, Glyceraldehyde-3-phosphate dehydrogenase 1 (GADPH) is a
known wheat allergen affiliated with Baker’s Asthma (Sander et al.,
2011). For the remaining highly abundant proteins, we were only able to
find literature on their specific cellular function but no reports of cyto-
toxicity, antinutritional effect, or allergenic potential.

Overview of abundant (> 1 %) BSG proteins by relative molar abundance (riBAQ). Table shows the ISBC_v2 AC#, the protein name (as inferred by BLAST analysis in
Uniprot), short name, mean riBAQ (%) in BSG, molecular weight (MW) in kDa, the class and/or protein superfamily (if relevant), and know association with inhibitory
potential against protein and/or carbohydrate digestive enzymes as well as allergenic potential based on protein superfamily or homology as indicated in literature

(indicated by “+7).

ISBC_v2 AC# Protein Short riBAQ MW Protein class/ Allergen
name (kDa) superfamily

HORVU1Hr1G001020.2 B3-Hordein B-Hordein 322% 30 Prolamin +

HORVU4Hr1G013480.1 Serpin-Z4 Serpin-Z4 5.2 % 43 Albumin/Serpin +

HORVU4Hr1G081660.1 Alpha-amylase/trypsin inhibitor aATI 3.4 % 16 Prolamin +

HORVU3Hr1G004480.36  AP2-like factor LEA 3.0% 47 Transcription factor

HORVU4Hr1G089510.2 Beta-amylase BA 2.2% 60 Hydrolase +

HORVU6Hr1G087190.1 Histone Histone 1.4 % 16 Histone

HORVU7Hr1G074690.1 Glyceraldehyde-3-phosphate dehydrogenase 1 GAPDH 1.2% 36 Oxidoreductase +

HORVU2Hr1G079560.1 Histone H3 Histone H3 1.2% 15 Histone

HORVU3Hr1G090190.1 Cysteine-dependent adenosine diphosphate thiazole CDADTS 1.2% 36 Transferase

synthase
HORVU1Hr1G066650.18  D-hordein D-Hordein 1.0 % 80 Prolamin —+
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Ultimately, and based on only the most abundant proteins, more
than 45 % (mol/mol) of the BSG proteins are either associated with
allergenicity or considered antinutritional. The use of BSG as a food
ingredient already automatically results in allergen labelling in foods,
since it comes from barley, which is well known to contain the allergenic
hordeins. However, the findings highlight the complicated nature of
using byproducts such as BSG as ingredients, since other allergens and
antinutritional factors are not presently considered by industry and
regulators. As such, further processing done by industry, which may be
conducted to produce protein isolate fractions, may also up concentrate
other poorly considered and understood allergens and antinutritional
proteins. This also substantiates the importance of novel food regula-
tions. Nevertheless, targeting these proteins for downstream processing
by hydrolysis should be further explored as a possibility to reduce
allergenicity or antinutritional properties, or to promote desired func-
tionality, such as antioxidant or emulsification.

4. Conclusions

BSG was found to have a significantly higher protein content (17.4
%) than barley and malt (9.0 % and 10.5 %, respectively), albeit still
modest in proportion for use as a protein-based food ingredient.
Through bottom-up proteomics, we identified very distinct and signifi-
cant protein-level changes between the three stages of the brewing
process. Malting was found to reduce levels of stress related proteins
while facilitating increased nutrient use by reducing endogenous
enzyme inhibitors and enriching active enzymes. As a result of the
mashing process and subsequent wort removal, the BSG was found to be
depleted in a wide range of proteins also covering additional stress-
related proteins and amylase/protease inhibitors. This finding corre-
lated with an overall reduction of proteins of extracellular origin in BSG.
While this reduction is beneficial in terms of food safety, a large pro-
portion of BSG (> 45 %) is still constituted by proteins with known
antinutritional and allergenic properties, of which hordeins represent
the majority. Nevertheless, BSG was shown to have a good amino acid
profile, with only Lys falling slightly below the recommended propor-
tion of essential amino acids. As such, BSG can be considered a high-
potential source of protein-based ingredients, but care is required in
industrial downstream processing to alleviate potential limitations in
applicability based on the high content of proteins with potential
allergenicity and antinutritional effects meanwhile improving the sub-
par functional properties associated with BSG.
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