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ARTICLE INFO ABSTRACT

Keywords: The aim of the present study was to explore the underlying mechanisms involved in anthocyanin biosynthesis in
Highland barley purple, blue, and white barley using quantitative proteomics analysis. We identified the differences in protein
Color expression and related functions involved in anthocyanin biosynthesis in purple, blue, and white barley (named
Anthocyanin

Quantitative proteomics

H, M, and L groups, respectively, based on their anthocyanin content) using TMT-liquid chromatography/mass
spectroscopy-based proteomic methods. Totally, 297, 300, 254, and 1421 differentially expressed proteins

(DEPs) were found in H vs. L, H vs. M, L vs. M, and H vs. L vs. M groups, respectively. Six clusters of proteins
from the 1421 DEPs were mainly involved in carbon metabolism, amino acid and secondary metabolite bio-
synthesis, and metabolic pathways. Several proteins were validated using parallel reaction monitoring. The
proteins involved in amino acid biosynthesis, carbon metabolism, metabolic pathways, and phenylpropanoid
biosynthesis were responsible for the color differences in the three barley varieties.

1. Introduction

Barley (Hordeum vulgare L.) is among the most ancient cereal plants
of the grass family Poaceae and currently ranks fourth among cereals in
worldwide production, behind maize (Zea mays), wheat, and rice (Shen
et al.,, 2016). Barley grains are rich in protein, lysine, minerals, and
carbohydrates, and have a high content of dietary fiber, especially so-
luble B-glucan, which may exert numerous physiological effects and
inhibit cholesterol synthesis (Ewaschuk et al., 2012; Sima, Vannucci, &
Vetvicka, 2018; Thandapilly, Ndou, Wang, Nyachoti, & Ames, 2018).
With caryopses that thresh free from the pales, naked or dehulled barley
is preferred for the food industry and human food consumption because
it allows the omission of a processing step (Chen et al., 2014; Naceur,
Cheikh-M’hamed, da Silva, & Abdelly, 2017). The kernel colors of

barley varieties show great diversity at maturity, such as white, yellow,
blue, purple, and black pigmentation, which is usually the result of a
different pigment in the pericarp and aleurone layer because of phe-
nolic compounds and anthocyanin content (Glagoleva et al., 2017;
Mullick, Faris, Brink, & Acheson, 1958).

Anthocyanins belong to the water-soluble flavonoids and are the
most important pigments that are responsible for most of the color di-
versity in plants (Lao, Sigurdson, & Giusti, 2017; Stuper-Szablewska &
Perkowski, 2017). The anthocyanins present in cereals have many
health benefits including anti-inflammatory, anti-oxidant, hepatopro-
tective, retina protective, neuroprotective, hypolipidemic, anti-
glycemic, bodyweight regulatory, anti-cancer, and anti-aging properties
(Zhu, 2018). Strygina et al. showed that the MYC-encoding gene
(HvMyc2) was involved in anthocyanin synthesis underlying variation
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in barley aleurone color (Strygina, Borner, & Khlestkina, 2017). A re-
cent study demonstrated the regulatory function of the adenine nu-
cleotide translocator-2 gene in anthocyanin biosynthesis in the grain
pericarp of barley (Shoeva, Mock, Kukoeva, Borner, & Khlestkina,
2016). Nevertheless, little is known regarding the changes in protein
expression that are involved in anthocyanin biosynthesis in barley
grains of different colors.

Proteomics studies provide global detection and quantitation of
proteins, and also detect protein-protein interactions (PPIs) of a given
cell at a given time under specific conditions (Avin, Levy, Porat, &
Abramson, 2017). Advances in liquid chromatography (LC)-high-re-
solution tandem mass spectrometry (MS)-based proteomic strategies
enable large-scale protein identification and robust protein biomarker
discoveries (Naryzhny, 2018). The emerging technology of quantitative
proteomics allows for the systematic study of static state or perturba-
tion-induced changes in proteome-wide expression profiling (Pan &
Aebersold, 2007). Proteomics analysis has been utilized in the grain
development research of barley (Finnie, Melchior, Roepstorff, &
Svensson, 2002).

In the present study, tandem mass tags (TMT)-LC-MS/MS
(Thompson et al., 2003) was applied to determine the levels of protein
expression and related functions involved in anthocyanin biosynthesis
in purple, blue, and white barley. Moreover, to validate candidate
proteins, targeted method-parallel reaction monitoring (PRM)
(Rauniyar, 2015; Ronsein et al., 2015) was used. Our findings provide a
valuable picture of the physiological and molecular mechanisms of
anthocyanin biosynthesis activity and provide resources for the iden-
tification of proteins to improve the concentration of anthocyanin in
barley.

2. Materials and methods
2.1. Plant material and sampling

Three varieties of Tibetan hulless barley—purple barley, blue
barley, and white barley—were provided by the Tibet Agriculture and
Animal Husbandry University (Linzhi, Tibet, China). The color of bar-
leys, from purple and blue to white, is related to anthocyanin levels;
thus, the purple, blue, and white barley were named H (highest), M
(moderate), and L (lowest) groups, respectively, in the present study.
All the three hulless barley varieties were planted during 2017 and
grown under normal environmental conditions (field natural environ-
ment), and received the same field management practices. The seeds
have been sterilized before cultivation in 70% of ethanol for disinfect.
Upon maturity, the harvested seed grains were stored at room tem-
perature after natural drying. Three biological replicates were prepared
for each group.

2.2. Quantitative analysis of anthocyanins

Anthocyanin extraction was conducted based on the method de-
scribed by Kim et al. (2007). Each 0.2 g of the powdered whole grain
sample was soaked in a conical flask (wrapped in aluminum foil) con-
taining 2mL of 80% methanol and 0.1% HCI for 24h at 4°C. The
mixture was centrifuged at 10,000 X g for 10 min, and the supernatant
was filtered through a 0.45pum membrane filter (nylon, Titan) and
transferred to an amber glass vial for avoiding light. Total anthocyanin
content in grain samples was determined using the spectrophotometric
method as previously described (Abdel-Aal & Hucl, 1999; Abdel-Aal,
Young, & Rabalski, 2006).

2.3. Protein extraction
An appropriate amount of seed grains from each of the three groups

were ground into powder using small amounts of liquid nitrogen.
Approximately 20 mg of powder was taken from each sample group (H,
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M, and L), which was then added into 200 uL lysis buffer (4% sodium
dodecyl sulfate (SDS), 100 mM Tris, 100 mM dithiothreitol (DTT), pH
7.8), sonicated, and precipitated overnight with trichloroacetic acid
(TCA)-acetone solution at —20°C. After centrifugation (16,000 X g,
1 min, 4 °C), the samples were washed twice with cold acetone, and air
dried. Subsequently, 150 pL. of the lysis buffer was added to each
sample tube, sonicated, and the supernatant was extracted after cen-
trifugation at 16,000 xg for 15 min. Protein quantification was per-
formed using the bicinchonic acid assay. Approximately 20 ug of pro-
tein was taken from each group for SDS-PAGE analysis to evaluate the
quantitative accuracy and to quantitate protein extraction.

2.4. Protein digestion and peptide desalination

Protein digestion was conducted using the filter-aided sample pre-
paration method (Wisniewski, 2016). Briefly, 300 ug of sample from
each group was taken for protein digestion. We added DTT into the
protein sample resulting in a final concentration of 100 mM and DTT
reduction was conducted at 56 °C for 1 h. Then, after adding 200 pL of
urea (UA) buffer (8 M UA and 150 mM Tris-HCl, pH 8.0), the samples
were loaded on a 10 kDa ultrafiltration centrifuge tube, followed by
centrifugation at 12,000 X g for 15 min, and the filtrate was discarded
(this step was repeated once). Subsequently, the samples were alkyla-
tioned with 100 pL of iodoacetamide (IAA) (50 mM IAA in UA), shaken
at 600 rpm for 1 min, and centrifuged at 12,000 xg for 10 min after
30 min at room temperature in darkness. Next, another 100 uL of UA
buffer was added, and the samples were centrifuged at 12,000 X g for
10 min; we repeated this procedure twice. Subsequently, 100 pL of
100 mM NH4HCO; buffer (Sigma) was added, followed by centrifuga-
tion for 10 min at 14,000 X g; we repeated this procedure twice. Next,
after adding 40 pL of trypsin buffer (6 pg trypsin in 40 uL. NH4;HCO;
buffer), the samples were shaken at 600 rpm for 1 min and incubated at
37°C for 16-18h. The collection tube was replaced and then cen-
trifugated for 10 min at 12,000 X g. The filtrate was collected and an
amount of 0.1% trifluoroacetic acid (TFA) solution was added, followed
by desalination in a C18 Cartridge (Sigma-Aldrich) and OD280 peptide
quantification. Finally, approximately 150-180 pg peptides were col-
lected.

2.5. TMT peptide labeling and fractionation

Peptides were labeled with TMT reagents according to the manu-
facturer’s instructions (Thermo Fisher Scientific). To quantify nine
samples, each aliquot (100 ng of peptide equivalent) was reacted with
one tube of TMT reagent. After the sample was dissolved in 100 pL of
0.05 M tetraethylammonium bromide (TEAB) solution, pH 8.5, the TMT
reagent was dissolved in 41 uL of anhydrous acetonitrile. The mixture
was incubated at room temperature for 1h. Then, 8 uL of 5% hydro-
xylamine was added to the sample and incubated for 15 min to quench
the reaction. The 9-plex labeled samples were pooled together and
lyophilized.

The TMT-labeled peptides mixture was fractionated using a Waters
XBridge BEH130 column (C18, 3.5um, 2.1 x 150 mm) on an Agilent
1290 high-performance liquid chromatographer (HPLC) operating at
0.3 mL/min. Buffer A consisted of 10 mM ammonium formate and
buffer B consisted of 10 mM ammonium formate with 90% acetonitrile;
both buffers were adjusted to pH 10 with ammonium hydroxide. A total
of 30 fractions were collected for each peptide mixture and then con-
catenated to 15 (pooling equal interval RPLC fractions). The fractions
were dried for nano LC-MS/MS analysis.

2.6. LC-MS analysis
Separation was performed using an EASY-nL.C1200 nanoflow HPLC

system (Thermo Fisher Scientific, Karlsruhe, BW, Germany). The buffer
used in the analysis included solvent A (0.1% formic acid (FA) in water)
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and solvent B (98% acetonitrile) (Merck, 1499230-935) with 0.1% FA.
First, 95% solution A was used for equilibration of the column. The
sample was loaded onto a Trap column (2 cm X 100 pm, 5 um-C18) and
transferred to a Thermo Scientific EASY analytical column
(75 pm X 120 mm, 3 pm-C18) at a 300 nL/min flow rate for separation.
The relevant liquid phase gradient was as follows: 0-2min, linear
gradient from 4% to 7% buffer B; 2-67 min, linear gradient from 7% to
20% buffer B; 67-79 min, linear gradient from 20% to 35% buffer B;
79-81 min, linear gradient from 30% to 90% buffer B; and 81-90 min,
buffer B maintained at 90%. For LC/MS analysis, the peptides were
subjected to tandem MS using a Q-Exactive Plus MS (Thermo
Scientific). The parameters were as follows: detection method, positive
mode; capillary voltage, 1.8 kV; isolation width, 1.6 Th; and parent ion
scanning range recorded in the range of 300-1800 m/z. The mass-to-
charge ratio of the fragments of the peptides and polypeptides was
collected as follows: 20 fragment maps (MS2 scan, high energy collision
dissociation (HCD)) were acquired after each full scan, which employed
primary MS resolution of 70,000 (at m/z 200), AGC target values of
le6, Level 1 maximum IT of 50 ms, and secondary MS resolution of
35,000 (at m/z 200), a target AGC value of 1e5, and Level 2 maximum
IT of 50ms (MS2 Activation Type: HCD; Isolation window: 1.6 Th;
Normalized collision energy: 35).

2.7. Database search and protein quantification

The resulting LC-MS/MS raw files were imported into the MaxQuant
software program (version 1.6.0.16) for data interpretation and protein
identification against the database Uniprot_ Hordeum-vulgare 201747-
20180125 (released in January 2015 and including 201,747 se-
quences), which was sourced from the protein database at https://
www.uniprot.org/uniprot/?query = Hordeum-vulgare&sort =score. An
initial search was set at a precursor mass window of 6 ppm. The search
followed an enzymatic cleavage rule of trypsin/P and allowed maximal
two missed cleavage sites and a mass tolerance of 20 ppm for fragment
ions. The modification set was as follows: fixed modification: carba-
midomethyl (C), TMT10plex (K), TMT10plex (N-term); and variable
modification: oxidation (M) and acetyl (protein N-term). The minimum
7 amino acids for peptide, > 1 unique peptide was required per protein.
For peptide and protein identification, false discovery rate (FDR) was
set to 1%. The TMT reporter ion intensity was used for quantification.
The relative quantitative protein analysis of samples was conducted
using MaxQuant algorithms (http://www.maxquant.org) (Tyanova,
Temu, & Cox, 2016).

2.8. Bioinformatics analysis

Analyses of bioinformatics data were performed with the Perseus
software program (Tyanova, Temu, & Sinitcyn, 2016), Microsoft Excel,
and R statistical computing software. Differentially expressed proteins
(DEPs) were screened in H vs. L, H vs. M, and L vs. M groups, with the
cut-off of ratio fold change of > 1.20 or < 0.83 in expression and P-
values < 0.05. In addition, DEPs in the H vs. L vs. M groups were
identified using one-way analysis of variance (ANOVA). Hierarchical
clustering (Euclidean distance) was performed on proteins with sig-
nificant variance features (FDR ¢ < 0.01), as determined by ANOVA.
Expression data were grouped together by hierarchical clustering based
on the protein level.

For functional enrichment analysis of the identified proteins, in-
formation was extracted from UniProtKB/Swiss-Prot (Boutet et al.,
2016), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa,
Goto, Sato, Furumichi, & Tanabe, 2012), and Gene Ontology (GO)
(Ashburner et al., 2000). GO and KEGG enrichment analyses were
performed using the Fisher’s exact test, and FDR correction for multiple
testing was also performed. GO terms were grouped into the following
three categories: biological process (BP), molecular function (MF), and
cellular component (CC) (Ashburner et al., 2000). The construction of
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PPI networks was also conducted using the STRING database with the
Cytoscape software program (Kohl, Wiese, & Warscheid, 2011).

2.9. Targeted quantification using liquid chromatography-parallel reaction
monitoring/mass spectrometry (LC-PRM/MS) and data analysis

Based on the results of the original TMT-based quantitative pro-
teomics analysis, we selected the appropriate target peptides of the
candidate proteins and performed targeted shotgun MS to finally de-
termine the peptides of the target proteins with reliable identification
information, which could be used for PRM quantification analysis. The
peptide information suitable for PRM analysis was imported into the
Xcalibur software program for PRM setup. Briefly, a 2-ug peptide from
each sample was taken for LC-PRM/MS analysis. After sample loading,
chromatographic separation was performed using a Thermo Scientific
EASY-nLC nano-HPLC system. The following buffer was used: A solu-
tion was 0.1% formic acid aqueous solution and solution B was a mixed
solution of 0.1% formic acid, acetonitrile, and water (95% of acetoni-
trile). The column was first equilibrated with 95% A solution. The
sample was injected into a Trap column (100 um X 20 mm, 5 um-C18,
Dr. Maisch GmbH) and subjected to gradient separation through a
chromatography column (75pm X 150mm, 3 pm-C18, Dr. Maisch
GmbH) at a flow rate of 300 nL/min. The liquid phase separation
gradient was as follows: 0 min—-2 min, linear gradient of B liquid from
3% to 5%; 2 min-52 min, linear gradient of B liquid from 5% to 25%;
52 min-60 min, linear gradient of B liquid from 25% to 45%;
60 min—65 min, linear gradient of B liquid from 45% to 90%; and
65 min-75 min, B liquid maintained at 90%. The peptides were sepa-
rated and subjected to targeted PRM/MS using a Q-Exactive Plus mass
spectrometer (Thermo Scientific). The analysis time was 75 min. The
parameters were set as follows: detection mode: positive mode; parent
ion scanning range: 350-1500 m/z; capillary voltage, 1.8 kV; isolation
width, 1.6 Th; first-order MS resolution: 70,000 @m/z 200; AGC target:
3e6; first-level maximum IT: 200 ms. Peptide secondary MS was per-
formed as follows: for each full scan, target peptides of precursor m/z
were sequentially selected based on the inclusion list for second-order
MS (MS2) scan with the parameters as follows: resolution: 35,000 @ m/
z 200; AGC target: 3e6; Level 2 Maximum IT: 120 ms; MS2 Activation
Type: HCD; Peptide fragmentation: nitrogen; Isolation window: 2.0 Th;
Normalized collision energy: 27 eV. The obtained PRM data of the raw
RAW file was analyzed using the Skyline 4.1 software program.

3. Results
3.1. Total anthocyanin content

The total anthocyanin content varied significantly between purple,
blue, and white barley grains (H, M, and L groups, respectively). H
group was found to possess the highest anthocyanin content among all
three colored grains. The total anthocyanin content distribution was
46.62 = 3.51mg/100g in purple barley (H group) and
8.24 = 1.78mg/100 g in blue barley (M group). Anthocyanin could
not be detected in white barley (L group) (Fig. 1).

3.2. General information for TMT-LC-MS/MS analysis

The following information regarding proteome data was exported:
number of peptide-spectral matches (i.e., several spectra hits for the
same peptide), total peptide number, unique peptide number, protein
groups, and quantified protein, which were 56,468, 16,909, 14,602,
3564, and 3461, respectively. A boxplot of normalized density is shown
in Fig. 2A. In addition, pairwise Pearson’s correlation coefficients of all
nine samples (three replicates X three groups) were obtained to eval-
uate the repeatability of protein relative quantitation, with the results
showing high reproducibility (R > 0.99) (Fig. 2B).
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Fig. 1. Total anthocyanin content in purple, blue, and white barley. The an-
thocyanin content in purple was significantly higher than that in blue. And
anthocyanins could not be detected in white barley.
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3.3. Comparative analysis of protein expression in different groups

The screen comparing H and L groups identified 297 DEPs, of which
155 were upregulated and 142 were downregulated. The comparison
between the H and M groups identified 300 DEPs, of which 162 were
upregulated and 138 were downregulated. In addition, 254 DEPs were
found in the L vs. M group, including 155 upregulated and 99 down-
regulated proteins. Moreover, we identified 1421 DEPs in the H vs. L vs.
M group using ANOVA. All proteins are shown in Supplementary
Table 1. The volcano plots and heatmaps of DEPs in H vs. L, H vs. M,
and L vs. M groups are shown in Fig. 2 and Supplementary Fig. 1.

3.4. Functional enrichment analysis of DEPs

We then predicted the functions of DEPs in different comparison
groups by bioinformatics analyses. The results showed that the proteins
could be assigned to different GO terms for BP, CC, and MF categories
(Fig. 3). The prominent GO terms for BP enriched by DEPs in H vs. L, H
vs. M, L vs. M, and H vs. M vs. L groups were the small molecule me-

tabolic process, organonitrogen compound biosynthetic and metabolic
process, and single-organism metabolic process. The top GO CC cate-
gories that were enriched by these proteins included the cytoplasm, and
the intracellular and cell components. Bioinformatics analyses also
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Fig. 2. Volcano plots and heatmaps of proteins with differential expression in H vs. L, H vs. M, and L vs. M groups. A, Boxplot of normalized density. B, Pearson’s
correlation of normalized densities. C, volcano plots of proteins with differential expression in H vs. L, H vs. M, and L vs. M groups. Green dots indicate proteins with
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Fig. 3. Gene ontology (GO) term enrichment for differentially expressed proteins. A, B, C, and D, GO terms (including biological process, cellular component, and
molecular function) enriched by proteins with differential expression in H vs. L (A), H vs. M (B), L vs. M (C), and H vs. M vs. L (D) groups, respectively.

indicated that these DEPs were associated with oxidoreductase activity,
structural constituents of ribosomes, structural molecule activity, and
cofactor binding. In addition, the proteins with differential expression
underwent KEGG analysis, and the results showed that H vs. L, H vs. M,
L vs. M, and H vs. M vs. L groups were mainly involved in carbon
metabolism, oxidative phosphorylation, ribosome, protein processing in
endoplasmic reticulum, metabolic pathways, and the biosynthesis of
amino acids and secondary metabolites (Supplementary Fig. 2).

3.5. PPI network construction of DEPs

To further investigate the functions of these proteins, PPI networks
were constructed on proteins with differential expression in H vs. L, H
vs. M, L vs. M, and H vs. M vs. L groups. As shown in Fig. 4A, in the PPI
network of the DEPs in the H vs. L group, proteins such as MUBI
(downregulated; ubiquitin-40S ribosomal protein), AOA287IFH6 (up-
regulated; uncharacterized protein), and F2CY09 (upregulated; pre-
dicted protein) had a high degree of connectivity, which indicated more
interactions with other proteins. In the PPI network of DEPs in the H vs.
M group (Fig. 4B), F2D355 (upregulated; predicted protein),
AOA1C9ZNX9 (upregulated; ATP synthase subunit alpha), and F2CY09
(upregulated; predicted protein) had a relatively high degree of con-
nectivity. In addition, F2D355 (upregulated; predicted protein),
AOA287IFH6 (upregulated; uncharacterized protein), and AOA287EYBO
(downregulated; uncharacterized protein) had a high degree of con-
nectivity in the PPI network of DEPs in the L vs. M group (Fig. 4C).
Moreover, PPI analysis was performed on the proteins with differential
protein that were identified in the H vs. M vs. L group (Fig. 4D).
Combined with these four PPI networks, the proteins AOA287F6S1

(uncharacterized protein), AOA287E139 (succinate dehydrogenase
(ubiquinone) flavoprotein subunit, mitochondrial), MOVD47 (un-
characterized protein), AOA287F1X0 (uncharacterized protein),
MOXDX5 (uncharacterized protein), and F5SB7F0 (acetolactate synthase
(fragment)) were found in all four networks and had a relatively high
degree of connectivity.

3.6. Cluster analysis of protein expression patterns in the H vs. M vs. L
groups

The proteins identified in the H vs. M vs. L groups (Fig. 5A) were
divided into six clusters based on their expression patterns (Fig. 5B,
Supplementary Table 2). The protein expression patterns in cluster 1
from the H vs. L group were downregulated. Downregulation in the M
vs. H group was identified with respect to proteins of cluster 2; how-
ever, there was upregulation in the L vs. M group. A slight upregulation
in the M vs. H group was found for the proteins of cluster 3, and
downregulation in the L vs. M group, whereas the proteins in cluster 4
were upregulated in the M vs. H group but downregulated slightly in
the L vs. M group. Moreover, protein expression patterns of cluster 5 in
the H vs. M group were slightly downregulated; however, they were
upregulated in the L vs. M group. Lastly, the protein expression patterns
in cluster 6 from the H vs. L group were upregulated.

To gain further understanding of the mechanisms and biological
functions of proteins from the six clusters, GO and pathway analyses
were performed (Supplementary Fig. 3). In the six clusters, ‘single-or-
ganism metabolic process,” ‘small molecule metabolic process,’ ‘defense
response,’ ‘carbohydrate derivative metabolic process,” and ‘cellular
catabolic process’ were the most important terms for the BP category;
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‘cytoplasmic part,” ‘cell part,” and ‘intracellular part’ were the most
important terms for the CC category; and ‘cofactor binding,” ‘catalytic
activity,” and ‘enzyme regulator activity’ were the most important terms
for the MF category. KEGG enrichment analysis showed the main
pathways as carbon metabolism, biosynthesis of amino acids, metabolic
pathways, and biosynthesis of secondary metabolites.

Further, a PPI network was constructed of the proteins from these
six clusters and the associated functions displayed on the PPI networks
(Fig. 6), which presented the significant functions affected by different
protein expression patterns. The proteins in cluster 1 were mainly as-
sociated with amino acid biosynthesis, carbon metabolism, pyruvate
metabolism, metabolic pathways, and biosynthesis of secondary meta-
bolites, including F2ELT5 (malic enzyme), F2CV88 (40S ribosomal
protein S26), AOA287GW56 (pyruvate dehydrogenase E1 component
subunit alpha), F5B7F0 (acetolactate synthase (fragment)), P52894
(alanine aminotransferase 2), and AO0A287WNJ1 (malate dehy-
drogenase). Proteins in cluster 2 were mainly associated with the bio-
synthesis of amino acids and secondary metabolites, and glyoxylate and
dicarboxylate metabolism, such as AOA287N3J4 (glutamine synthe-
tase), AOA287SQZ2 (methylenetetrahydrofolate reductase), F2DKD7
(pyruvate dehydrogenase E1 component subunit alpha), Q94ICO (be-
taine aldehyde dehydrogenase)), MOUG18 (citrate synthase),
AO0A287G756  (delta-1-pyrroline-5-carboxylate  synthase), and
A0A287Q774 (malate dehydrogenase). Proteins in cluster 3 were as-
sociated with the pentose phosphate pathway, endocytosis, metabolic
pathways, carbon fixation in photosynthetic organisms, carbon meta-
bolism, and the biosynthesis of amino acids and secondary metabolites
including AOA287TTBO (phosphoglycerate kinase) and MOZOD3 (ma-
late dehydrogenase). Proteins in cluster 4 were involved in amino sugar
and nucleotide sugar metabolism, glycolysis/gluconeogenesis, carbon
fixation in photosynthetic organisms, protein processing in the en-
doplasmic reticulum, protein export, and pyruvate metabolism, such as
A0A287US34 (pyruvate dehydrogenase E1 component subunit alpha),
Q1PBI4 (glucose-6-phosphate isomerase), and F2DCT3 (pyropho-
sphate—fructose 6-phosphate 1-phosphotransferase subunit alpha).
Proteins in cluster 5 were involved in amino sugar and nucleotide sugar
metabolism, metabolic pathways, carbon metabolism, oxidative

phosphorylation, and proteasome, including Q9ZRI8 (formate dehy-
drogenase, mitochondrial), MOVN24 (isocitrate lyase), AOA287F2M6
(ATP synthase subunit gamma), A0A287S239 (proteasome subunit
alpha type), and AOA287KTXO0 (pyruvate kinase). Finally, proteins in
cluster 6 were associated with the biosynthesis of secondary metabo-
lites, protein processing in the endoplasmic reticulum, metabolic
pathways, carbon metabolism, and phenylpropanoid biosynthesis, in-
cluding F2DBE3 (catalase), F2DAKS8 (predicted protein), F2CPZ4 (acyl-
coenzyme A oxidase), F2CU23 (glyceraldehyde-3-phosphate dehy-
drogenase), and F2CXV3 (nucleoside diphosphate kinase).

3.7. Validation of the expression pattern of the TMT using PRM

To assess the validity of the TMT data, we randomly selected six
proteins for validation using PRM. As shown in Fig. 7, the PRM results
showed good correlation with the TMT data. AOA287E139 (succinate
dehydrogenase (ubiquinone) flavoprotein subunit, mitochondrial),
A0A287G756 (delta-1-pyrroline-5-carboxylate synthase), and MOUG18
(citrate synthase) had the lowest expression in the groups. In addition,
the levels of F2CXV3 (nucleoside diphosphate kinase) and F2CU23
(glyceraldehyde-3-phosphate dehydrogenase) that belonged to cluster 6
increased in the H vs. L group. The expression levels of MOZ0OD3 (malate
dehydrogenase) were higher in the M group than those in the H group
and L group.

4. Discussion

The accumulation of different pigments in the pericarp, lemma, and
aleurone layer contributes to the color of barley grains (Strygina et al.,
2017). However, limited information is available regarding the me-
chanisms underlying anthocyanin biosynthesis in barley with different
colors. In the present study, TMT-LC-MS/MS-based quantitative pro-
teome analysis showed protein changes in the metabolic processes of
grains in purple, blue, and white barley. These proteins were mainly
associated with carbon metabolism, carbon fixation in photosynthetic
organisms, biosynthesis of amino acids, metabolic pathways, protein
processing and transport, and synthesis of secondary metabolites.
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Fig. 5. Heatmaps and clustering analysis of DEPs in H vs. M vs. L group. A, Heatmaps of DEPs in H vs. M vs. L groups. B, Six clusters identified by the DEPs based on

expression levels.

Taken together, our research will provide a basis for the further study
on the improvement of anthocyanin content in barley.

Anthocyanins are biosynthesized via the phenylpropanoid metabo-
lism pathway, of which the first committed step is the conversion of
phenylalanine into trans-cinnamic acid in the presence of phenylalanine
ammonia lyase, which then diverges into various branches at p-cou-
maroyl CoA (Shen et al., 2016). Malonyl-CoA and coumaroyl CoA are
precursors for the synthesis of all flavonoids, including anthocyanins
(Ewaschuk et al., 2012). Chalcone synthase catalyzes the first com-
mitted step in the flavonoid skeleton by condensing p-coumaryl-CoA
with three molecules of acetyl-CoA derived from malonyl-CoA to form
chalcone. This is followed by the stereospecific and intramolecular
cyclization of chalcone into flavanone by chalcone-flavanone isomerase
(Park et al., 2018). In the present study, we found the MOZAZ3 (chal-
cone-flavanone isomerase family protein) was differentially expressed
in Hvs L, Hvs M, and L vs M groups (Supplementary Table 1), which

indicated different activity of chalcone-flavanone isomerase in the three
barley varieties. Furthermore, pathway enrichment analysis showed the
proteins, including F5B7F0 (acetolactate synthase (fragment)),
AO0A287N3J4 (glutamine synthetase), and F2CPZ4 (acyl-coenzyme A
oxidase) in significant clusters were also involved in the phenylpropa-
noid biosynthesis pathway and the biosynthesis of amino acids, which
was consistent with the results of previous studies suggesting that
proteins involved in amino acid metabolism are associated with an-
thocyanin biosynthesis (Sima et al., 2018). Among these proteins, glu-
tamine synthetase 1 and glutamine synthetase 2 have been reported to
play important role in developing rice grain and carbon-nitrogen me-
tabolic balance (Chen et al., 2014; Thandapilly et al., 2018). Moreover,
carbon-nitrogen metabolic balance has been shown to play a major role
in regulating anthocyanin content in Arabidopsis (Naceur et al., 2017).
Hence, we speculated that AOA287N3J4 (glutamine synthetase) might
play a critical role in the anthocyanin biosynthesis in barley through
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regulating the carbon-nitrogen metabolic balance; however, its mole-
cular mechanism in anthocyanin biosynthesis still needs to be in-
vestigated in future studies.

Carbohydrates or sugars provide building blocks for plant structural
components in addition to being the primary source of energy during
plant growth (Villar-Salvador, Uscola, & Jacobs, 2015). Previous stu-
dies have reported that carbohydrates have stimulatory effects on the
synthesis of anthocyanin in many plant species (Wan, Zhang, Song,
Tian, & Yao, 2015) and have shown the enhancement of anthocyanin
biosynthesis by sugar (Hara, Oki, Hoshino, & Kuboi, 2003; Solfanelli,
Poggi, Loreti, Alpi, & Perata, 2006). In the present study, pyruvate
metabolism, glyoxylate and dicarboxylate metabolism, and glycolysis/
gluconeogenesis, which were associated with sugar metabolism, were
also significantly enriched by the DEPs. Pyruvate, the product from
glycolysis, can be transformed into acetyl-CoA by a process called
pyruvate decarboxylation (Sweetlove, Beard, Nunes-Nesi, Fernie, &
Ratcliffe, 2010). In addition, acetyl-CoA is a substrate for the TCA cycle
that leads to the synthesis of flavanols and anthocyanin (Lin et al.,
2017). A previous study demonstrated that the TCA cycle intermediate
2-oxoglutarate (2-OG) and 2-OG dependent dioxygenases plays im-
portant roles in glucosinolate, flavonoid, and alkaloid metabolism
(Araujo, Martins, Fernie, & Tohge, 2014). In the present study, proteins
such as F2ELT5 (malic enzyme), AO0A287WNJ1 (malate dehy-
drogenase), AOA287GW56 (pyruvate dehydrogenase E1 component
subunit alpha), AOA287WNJ1 (malate dehydrogenas), MOUG18 (citrate
synthase), AOA287Q774 (malate dehydrogenase), M0Z0D3 (malate

dehydrogenase), AOA287US34 (pyruvate dehydrogenase E1 component
subunit alpha), AOA287KTX0 (pyruvate kinase), and F2CPZ4 (acyl-
coenzyme A oxidase), which are associated with the TCA cycle showed
different expression changes in barley with different colors. Thus, these
proteins might affect the biosynthesis and accumulation of anthocyanin
in barley via TCA cycle regulation, which has not been reported till
now.

Gluconeogenesis is a metabolic process that leads to the generation
of glucose, which can induce anthocyanin accumulation in many plant
species (Hu et al., 2016). In the present study, several proteins in-
cluding AOA287TTBO (phosphoglycerate kinase), Q1PBI4 (glucose-6-
phosphate isomerase), F2DCT3 (pyrophosphate—fructose 6-phosphate
1-phosphotransferase subunit alpha), and F2CU23 (glyceraldehyde-3-
phosphate dehydrogenase) were found to be significantly enriched in
glycolysis/gluconeogenesis. Actually, in plants, phosphoglycerate ki-
nase participates in the reverse reaction in gluconeogenesis (Rosa-
Téllez et al., 2018). And the glucose-6-phosphate isomerase, universally
distributed among Eukaryotes, Bacteria, and some Archaea, has an es-
sential function in both catabolic glycolysis and anabolic gluconeo-
genesis (Grauvogel, Brinkmann, & Petersen, 2007). However, the re-
lationship between the proteins and gluconeogenesis in anthocyanin
synthesis still remains unclear. Based on the module analysis from PPI
network, our data indicated speculated that proteins associated with
gluconeogenesis contributed to different anthocyanin accumulation in
purple, blue, and white barley. Similarly, as an important stimulus for
anthocyanin biosynthesis and photosynthesis, light is contributes to the



G. Zhang, et al.

AOA287E139
STNTILATGGYGR

-
S
1

-
N
1

Relative intensity
2
%’

0.8+
0.6 T T T
Do A3 v
F2CU23
LVSWYDNEWGYSNR
1.5-

=t

Relative intensity
2
‘ .

e
2]
)

0.0 T T T
Sy 3 v
MOUG18
TYDPGYLNTAPVR
1.6

-

H
1
[ ]

Relative intensity
& R

. }+|
>}——~—‘ >

-
(=]
1

o
o

byl \& v

Food Chemistry 298 (2019) 124973

A0A287G756
LQNLSSEER

—
kN
1

Relative intensity
s &
‘4%-

0.8+ ]
0.6 T T T
A < v
F2CXV3
g GLIGEVISR
Q A
=
o n
2
s
g | == o s
0 T T T
L 3 v
MO0Z0D3
EFAPSIPEK
1.44

-
o
I

Relative intensity
b
) |

¥

o
)

LS 3 v

Fig. 7. A regulative model for proteins related to anthocyanin biosynthesis in barley (A) and parallel reaction monitoring (PRM) validation of several proteins

identified by the TMT data (A).

formation of anthocyanin (Shen et al., 2016). In our study, several
proteins of cluster 4 were involved in the function of carbon fixation in
photosynthetic organisms, including AOA287LMC7 (uncharacterized
protein), AOA287KCB5 (malic enzyme), F2CXT7 (fructose-bisphosphate
aldolase), F2D6I8 (glyceraldehyde-3-phosphate dehydrogenase),
AOA287F097 (malic enzyme), and A0A287M5E8 (uncharacterized
protein). Thus, we speculated these proteins might be involved in
carbon fixation in photosynthetic organisms, and thus contribute to the
biosynthesis of anthocyanin in barley.

However, there are still some limitations in our study. First, the L3
replicate showed differences compared to the other two replicates in
the heatmap; however, they were still clustered together. More samples
should be included in future studies to verify these results. Second, only
seed grains upon maturity were harvested and selected for analysis in
the present study. Our future research focus will shift to the changes
and mechanisms of anthocyanins in these highland barley varieties
during different time periods.

5. Conclusion

In conclusion, the differences in protein expression levels in purple,
blue, and white barley with different anthocyanin content were in-
vestigated using TMT-LC-MS/MS-based quantitative proteome analysis.

The results indicated that the proteins associated with carbon meta-
bolism, amino acid biosynthesis, metabolic pathways, and phenylpro-
panoid biosynthesis significantly promoted anthocyanin biosynthesis in
barley, and were the main factors influencing the color differences in
these three barley varieties. Our findings provide useful information for
better understanding of the global structure of the metabolic network
involved in anthocyanin biosynthesis and accumulation in hulless
barley, as well as provide a basis for the further study on the im-
provement of anthocyanin content in barley.
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