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Abstract
Highland barley (HB), a valuable crop thriving in challenging conditions on the Qinghai-Tibet Plateau, possesses rich 
nutrient contents. This study aims to investigate the nutrient profile of HB genotypes and compare the metabolic profiles 
of three representative genotypes exhibiting high, medium, and low quality. The screening of HB genotypes reveals 
significant genotype-dependent differences in starch content, protein content, amino acid content, flavonoid content, 
antioxidant capacity, β-glucan, and γ-aminobutyric acid. The selected genotypes, namely KKDM2021005, ZJDM012, 
and DCDM2020017, exemplify high, average, and low quality, respectively. Utilizing LC–MS/MS for metabolic profiling, 
617 metabolites from 12 major classes, with flavonoids being the most abundant, are identified. Distinct metabolic 
profiles are observed among the three genotypes, with 262 DAMs for KKDM2021005 versus DCDM2020017, 261 DAMs 
for KKDM2021005 versus ZJDM012, and 298 DAMs for ZJDM012 versus DCDM2020017. Enrichment analysis of DAMs 
highlights pathways associated with anthocyanin, phenylpropanoid, flavone and flavonol, and isoflavonoid biosynthesis. 
Specific DAMs such as l-valine, l-isoleucine, l-leucine, trifolin, spiraeoside, ferulic acid, betanin, cyanidin-3-O-galactoside, 
and cyanidin-3-O-glucoside, along with others, contribute to the observed quality differences among the genotypes. 
These findings provide a foundation for further exploration of genotype-specific metabolic profiles to manipulate the 
quality aspects of HB utilizing the existing gene pool. By enhancing its nutritional value, functional properties, and 
potential health benefits, HB can receive significant value addition.

Article Highlights

1. The study highlights the quality variation in highland barley genotypes.
2. Comparative metabolomics of three distinct genotypes underpinned key differences in metabolite accumulation 

with flavonoids being most distinctive class.
3. The results will facilitate research focused on improving highland barley quality.
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1 Introduction

Highland barley (HB, Hordeum vulgare var. nudum) is a prominent crop in the Qinghai-Tibet Plateau, specifically in Tibet, due 
to its ability to thrive in the challenging climate of high altitude, strong solar radiation, and decreasing temperatures with 
increasing altitude [1]. It accounts for over 50% of the arable land in Tibet and is considered a vital grain crop in the region, 
with the largest planting area and highest total yield [2]. HB is a type of naked barley that is known for its rich nutrient content, 
making it an important food source for the local population. In recent years, there has been growing interest and appreciation 
for highland barley worldwide due to its rich nutritional values [3]. HB possesses a unique nutritional profile characterized by 
high levels of protein, fiber, vitamins along with low fat, low sugar, and an array of bioactive components [4].

In recent years, HB has become the focus of considerable research interest owing to its nutritional profile being supe-
rior to conventional cereal grains [5]. It has lower starch digestibility compared to wheat, rice, and corn [6]. Eating foods 
containing HB on a regular basis can help provide the essential amino acids required daily by the human body [5]. HB also 
contains a high amount of dietary fiber (8.16–21.46%), which is higher than other grains such as wheat (10.2–15.7%), rice 
(2.7–7.9%), corn (13.1–19.6%), sorghum (7.55–12.30%), and millet (13.0–13.8%) [7]. Dietary fiber is a polysaccharide with 
significant physiological functions, and HB’s fiber content can contribute to reducing chronic diseases [8]. HB stands out 
for its exceptionally high β-glucan content compared to regular barley. The β-glucan levels in HB varieties range from 4 
to 8%, and some genotypes contain up to 8.62% β-glucan, which is markedly higher than the β-glucan content found 
in common barley [4]. Additionally, HB is rich in γ-aminobutyric acid (GABA) compared to regular barley [9], and it also 
contains abundant essential elements and trace elements such as calcium, phosphorus, iron, zinc, and selenium [10]. 
These unique nutritional characteristics make HB a valuable crop with potential health benefits, and further research on 
its nutritional composition and health-promoting properties is warranted.

The quality traits of HB, including its nutrient composition and bioactive compounds, are important determinants of 
its nutritional and commercial value [11]. Therefore, to better understand the factors that contribute to the quality dif-
ferences among HB genotypes, a metabolome analysis can be employed. Metabolome analysis is a powerful approach 
that allows for the comprehensive profiling of small molecules in biological samples, providing valuable insights into the 
metabolic pathways and chemical composition of crops [12]. For instance, Weng et al. provides a starting point for using 
metabolomics coupled with transcriptomics to assist in the breeding of pyroxslum-tolerant HB varieties [13]. However, 
quality characterization of barley genotypes based on metabolomics has not been fully investigated. By analyzing the 
specific substances that exhibit differential changes in HB with varying quality traits, a deeper understanding of the 
metabolic changes associated with quality differences can be obtained. This knowledge can serve as a theoretical basis 
for further research on HB quality and contribute to the improvement of breeding and processing strategies for this 
important crop.

The overarching goal of this study was to link the nutritional composition of HB genotypes to their metabolomic pro-
files to gain insights into metabolic factors influencing grain quality. The specific objectives were to: (i) evaluate the starch, 
protein, β-glucan and GABA content in 53 different HB genotypes and identify high, medium and low quality varieties 
based on nutrient levels; (ii) perform metabolome analysis on selected high, medium and low quality genotypes using 
LC–MS/MS; (iii) compare the metabolomic landscapes of the selected varieties to identify key differential metabolites 
related to quality traits; (iv) map the metabolic pathways and processes enriched in each variety to reveal associations 
with nutritional composition; and (v) elucidate the metabolic changes underlying differences in HB grain quality. The 
study aims to establish connections between nutrient levels and metabolic profiles across diverse HB materials, provid-
ing a framework for future research on breeding and developing elite HB varieties with superior nutritional quality and 
commercial value.

2  Materials and methods

2.1  Plant materials

We assessed a total of 53 HB genotypes sourced from various regions, including Naqqu, Lhasa, and Linzhi within Tibet 
prefecture. These genotypes were cultivated in glass house under control conditions at Tibet Academy of Agricultural 
and Animal Husbandry Sciences, Lhasa, China. The temperature was maintained at 15 °C during the night and raised to 
20 °C during the day to ensure optimal growth. Relative humidity levels between 40 and 60% were maintained using 
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humidifiers and dehumidifiers. The photoperiod was set to 16 h with daytime light intensity controlled between 300 
and 400 μmol/m2s using supplemental lighting. The plants were grown in sandy loam soil with pH adjusted to 6.5 and 
moisture levels sustained at 60–80% field capacity by scheduled irrigation. Balanced fertilizer (NPK 15:15:15) was applied 
at planting and top-dressed with 50 kg/ha nitrogen at tillering to ensure adequate nutrition. Ventilation and circulation 
fans facilitated air exchange while preventing fungal diseases. Pest monitoring and control ensured the plants remained 
free of infestations. After harvesting, we collected seeds from each genotype for subsequent physiological and metabolic 
profiling. Here are the details of the physiological parameters analyzed:

2.2  Determination of starch contents

The starch content of HB seeds was determined through acid hydrolysis of starch into glucose followed by colorimetric 
measurement or commonly known as anthrone method [14]. Finely powdered seed samples (1 g) were extracted with 
80% ethanol to remove soluble sugars, dried, and hydrolyzed with 2.5 N HCl at 100 °C for 3 h. After hydrolysis, the sample 
was neutralized using sodium carbonate and made up to 100 ml total volume with water. The glucose content in the 
diluted hydrolysate was then determined through a colorimetric method using anthrone reagent, which forms a colored 
complex with glucose that can be measured spectrophotometrically. The blue-green color developed was measured at 
630 nm. Standard solutions of glucose (0–1 mg/ml) were similarly treated, and a calibration curve was constructed. The 
glucose concentration determined through colorimetric analysis was compared to a calibration curve prepared using 
glucose standards. This allowed for calculation of the starch content in the sample, by applying a dilution factor of 0.9 
to account for the hydrolysis and dilution steps. The entire assay was performed in triplicates and the starch content 
results were averaged.

2.3  Determination of protein contents

The bicinchoninic acid (BCA) assay was utilized to determine the protein content in the HB seed samples [15]. To prepare 
samples for the BCA assay, 10 mg of finely ground HB seed flour was vortexed for 1 min in 1 ml of extraction buffer. 
The extracts were then centrifuged at 10,000 × g for 5 min and the resulting clear supernatants were used for protein 
estimation. The BCA working reagent was prepared by mixing reagent A, an alkaline bicinchoninic acid (BCA) solution, 
with reagent B, which contains copper sulfate  (CuSO4), in a 50:1 ratio. For the assay, triplicates of 10 μl sample extract 
or bovine serum albumin standards (0.1–1.0 mg/ml) were pipetted into a 96-well microplate, followed by addition of 
200 μl of the working reagent into each well. After incubating for 30 min at 37 °C, absorbance was read at 562 nm using 
a microplate reader. Protein concentrations were determined by comparing to the standard curve prepared using the 
albumin standards. Finally, the protein content was expressed in mg protein per g of flour.

2.4  Determination of total flavonoids

The total flavonoid content was determined using an aluminum chloride colorimetric method as described by Adom 
et al. [16] with minor modifications. Seed extract samples (1 ml) were mixed with 5% sodium nitrite solution and reacted 
for 6 min, followed by addition of 10% aluminum chloride hexahydrate and further incubation for 6 min to form com-
plexes. The reaction was stopped by adding 2 ml of 4% sodium hydroxide. After incubating the final mixture was put at 
room temperature for 15 min in the dark, and then the absorbance was measured spectrophotometrically at 510 nm. 
Catechin standard solutions were used to construct a calibration curve. The total flavonoid concentration of samples 
was interpolated from the standard curve and expressed as catechin equivalents in mg per 100 g of dry weight sample. 
Triplicate analyses were performed, and results were reported as mean ± standard deviation (n = 3).

2.5  Determination of total amino acids

The amino acid composition of HB seed samples was analyzed by the ninhydrin colorimetric method. Finely ground seed 
flour samples were extracted using 70% ethanol. The obtained extracts were then spotted onto TLC plates, along with 
standard amino acid reference compounds. The plates were developed using an optimized solvent system and then 
sprayed with 0.2% ninhydrin solution. The plates were heated at 100 °C for 10 min to facilitate the reaction between 
ninhydrin and free amino acids to generate a purple color complex. The intensity of the colored spots produced was 
measured at 570 nm using a densitometer. Each amino acid produced a distinctive color spot corresponding to its Rf 
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value which was compared to standard references for identification. The color intensity of the spots was proportional to 
the concentration of amino acids, as compared to a calibration curve of standards. Quantification was achieved based on 
the color intensity measured for each amino acid spot. Cysteine and tryptophan could not be detected by this method. 
The analysis was performed in three replicates for each sample.

2.6  Determination of β‑glucan

Finely milled HB seed samples (100 mg each) were subjected to enzymatic hydrolysis using the β-Glucan Assay Kit as per 
manufacturer’s protocol. The sample was incubated with lichenase enzyme solution to specifically hydrolyze β-glucan 
into soluble β-glucooligosaccharides. The hydrolysate was then incubated with β-glucosidase to break down the oligo-
saccharides into glucose units. The released glucose was specifically oxidized by glucose oxidase/peroxidase reagent 
to generate a red quinoneimine dye with absorbance measured at 510 nm. A calibration curve was constructed using 
varying concentrations of β-glucan standard provided in the kit. The β-glucan content in the sample hydrolysate was 
interpolated from the standard curve after making suitable dilutions. The assay was performed in three replicates for 
each sample and expressed in terms of percentage β-Glucan contents per 100 mg of sample.

2.7  Determination of GABA

Γ-aminobutyric acid (GABA) is an important determinant of quality in HB and other cereals [17–19]. The quantification 
of GABA content in HB seeds was carried out following a modified method inspired by AL-Ansi et al. [20]. To determine 
the GABA levels, finely ground HB seed samples (1 g each) underwent extraction with a 25 ml solution containing 8% 
trichloroacetic acid. This extraction process was conducted at room temperature over a one-hour period. Following 
extraction, the resulting mixtures were subjected to centrifugation at 5590 g for 10 min, and the resulting supernatants 
were subsequently filtered using 0.22 μm syringe filters.

For the quantification of GABA, 20 μl of the filtered extracts were injected into an HPLC system equipped with a C18 
column and a UV detector set at 254 nm. The mobile phase, maintained isocratically, consisted of 0.1M sodium acetate 
buffer with a pH of 6.0, and it was delivered at a flow rate of 1 ml/min. To construct a calibration curve, various concentra-
tions of standard GABA solutions were chromatographed, with peak areas plotted against their corresponding concentra-
tions. In sample chromatograms, peaks were identified by comparing their retention times with those of the standards. 
The concentration of GABA in the samples was then quantified using this calibration curve. To ensure the accuracy of 
the analysis, triplicate measurements were conducted, and the results were expressed as the mean ± standard devia-
tion (n = 3) in terms of milligrams of GABA per gram of the sample. This method allowed for the precise determination 
of GABA content in HB seeds.

2.8  Antioxidant activity

The evaluation of the antioxidant capacity within methanol extracts of HB flour was conducted using the ABTS radical 
cation decolorization assay [11, 21]. To prepare the ABTS stock solution, 7mM ABTS and 2.45 mM potassium persulfate 
were allowed to react at room temperature for 16 h. This stock solution was subsequently diluted with ethanol until it 
reached an absorbance value of 0.70 ± 0.02 at 734 nm. Various concentrations of a Trolox standard were prepared in 
methanol. In the assay procedure, 10 μl of the sample or the Trolox standard were mixed with 1 ml of the ABTS working 
solution in microcentrifuge tubes and incubated for 6 min. The absorbance at 734 nm was measured using a spectro-
photometer. A standard curve was constructed using a range of Trolox concentrations, specifically spanning from 50 to 
2000 μM.

The antioxidant capacity of the samples was then determined by interpolation from the standard curve and expressed 
as micromoles of Trolox equivalents per gram of the sample (μmol Trolox). This calculation was carried out using a linear 
equation derived from the calibration curve: y = − 0.0318x + 0.4579  (R2 = 0.9974), where ‘y’ represents the absorbance of 
the sample and ‘x’ corresponds to the Trolox equivalent. This analysis was conducted in triplicate, and the results were 
presented as the mean ± standard deviation (n = 3). Statistical analysis was applied to determine the coefficient of deter-
mination  (R2) for the standard curve, which provides insight into the accuracy of the calibration.
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2.9  Metabolic profiling of three selected genotypes

Metabolic profiling of three carefully selected HB seed samples was conducted in collaboration with Metware Bio-
technology Co., Ltd, Wuhan, China following their established and recognized protocols. This comprehensive process 
encompassed several critical phases, including extraction, identification, and quantification of metabolites [22, 23]. 
The procedure commenced by weighing cryo-preserved seed samples, which were then subjected to extraction using 
70% methanol (1.0 ml). Subsequently, the methanol extracts underwent analysis through liquid chromatography mass-
spectrometry/M.S. (LC–MS/MS) employing the UPLC Shim-pack UFLC SHIMADZU CBM30A system in conjunction with 
the Applied Biosystems 6500 QTRAP mass spectrometer. This analytical system operated in electrospray ionization (ESI) 
mode with polarity switching. Chromatographic separation was accomplished using a Waters ACQUITY UPLC HSS T3 
column (1.8 μm, 2.1 × 100 mm). The mobile phase consisted of a binary gradient of water (mobile phase A) and acetonitrile 
(mobile phase B), both supplemented with 0.1% formic acid. The flow rate was maintained at 0.4 ml/min, with an injection 
volume of 2 μl. The column temperature was set at 40 °C. Mass spectra were collected using multiple reaction monitoring 
(MRM) mode, which allowed for the monitoring of both positive and negative molecular ions as well as fragmented ions 
for targeted metabolites. To ensure sensitive detection and precise quantification, various parameters including MRM 
transitions, collision energies, source temperature (550 °C), ion spray voltage (5500 V), and gas flows were meticulously 
optimized. For data acquisition and processing, Analyst 1.6.3 software was employed.

Metabolite identification was conducted utilizing Metware’s dedicated metabolite database (Metware Biotechnol-
ogy Co., Ltd., Wuhan, China) in conjunction with publicly available metabolite databases. The identification process 
relied on a combination of spectral characteristics and retention times, ensuring a robust and comprehensive approach. 
Quantification of the metabolites was executed using well-established calibration curves or, in some cases, with the 
aid of internal standards. This meticulous quantification process allowed for the precise determination of metabolite 
concentrations. To gain insights into the distinctive accumulation patterns of metabolites across the diverse HB seed 
samples, we harnessed the power of orthogonal partial least squares discriminant analysis (OPLS-DA). This advanced 
statistical technique effectively distinguishes metabolites that significantly contribute to the differentiation between 
sample groups. Metabolites meeting the predefined criteria of |Log2 Foldchange|≥ 1 and VIP (variable importance in 
projection) ≥ 1 were designated as differentially accumulated metabolites (DAMs). This selection process highlighted 
metabolites that played a substantial role in discriminating between the various HB seed samples, providing valuable 
information about the variations in their metabolic profiles.

The entire experimental procedure was performed with three replications for each HB seed sample to ensure robust-
ness and reliability of the results. Quality control samples were included to monitor the instrument performance and 
data consistency throughout the analysis.

2.10  Statistical analysis

Physiological data collected in this experiment was subjected to analysis of variance and descriptive statistics was esti-
mated using statistix 8.1.

3  Results

3.1  Screening of HB genotypes for quality parameters

To investigate the variations in quality parameters such as starch content, protein content, amino acid content, flavonoid 
content, antioxidant capacity, β-Glucan, and GABA, a screening of 53 highland barley (HB) genotypes collected from 
diverse regions was conducted. Analysis of variance revealed significant genotype-dependent differences for all the 
examined traits (Table 1).

Summary statistics for the variables analyzed in this study are presented in Table 2. The average starch content 
was determined to be 574.76 mg/g, with a standard deviation (SD) of 20.625. Protein content exhibited a mean 
value of 8.7604%, accompanied by a SD of 0.82. The mean amino acid content was measured as 99.039 mg/g, with 
a SD of 4.9892. Flavonoid content demonstrated a mean value of 0.5575 mg/g, with a SD of 0.1858. The average 
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antioxidant capacity was estimated to be 50.201 U/g, with a SD of 7.6978. β-Glucan content displayed a mean of 
5.8324%, along with a SD of 0.4298. Lastly, the mean GABA content was assessed as 1.335 μmol/g, with a SD of 0.433. 
These summary statistics provide essential information regarding the central tendencies and variabilities of the 
examined variables, enabling insights into the composition of the analyzed HB samples (Additional File 1: Table S1).

Based on the mean values and their disparities, three genotypes, namely KKDM2021005, ZJDM012, and 
DCDM2020017, were selected to represent high, average, and low quality, respectively (Additional File 2: Table S2). 
Notably, these HB genotypes originate from distinct regions, namely Naqu, Lhasa, and Linzhi. Among these geno-
types, KKDM2021005 exhibited superior quality compared to the others, as evident from its higher starch content 
(608.90 mg/g), protein content (74.64 mg/g), β-Glucan content (45.41 mg/g), and GABA content (142.03 μg/g). 
A comprehensive morphophysiological description of these three genotypes can be found in Additional File 2: 
Table S2.

3.2  Overview of metabolic profiles of three HB genotypes

Metabolic profiling of HB samples was conducted using LC–MS/MS to investigate variations in metabolite accumu-
lation and their impact on HB quality. Principal component analysis (PCA) was employed to assess the variability 
in metabolic profiles (Fig. 1A). The first two principal components, PC1 (45.43%) and PC2 (35.34%), accounted for a 
total of 80.77% of the observed variation. A total of 617 metabolites from 12 major classes were quantified, includ-
ing flavonoids (211, 34.19%), lipids (60, 9.73%), amino acids and derivatives (48, 7.78%), phenolic acids (49, 7.94%), 
organic acids (42, 6.81%), nucleotides and derivatives (29, 4.70%), alkaloids (63, 10.21%), lignans and coumarins (12, 
1.95%), and others (21, 3.40%) (Fig. 1B and Additional File 3: Table S3). Within the flavonoid class, 211 flavonoids were 
characterized, encompassing various subclasses such as 20 anthocyanins, 12 flavanols, 6 flavanones, 75 flavones, 
35 flavonoid carbonoside, 43 flavonols, and 9 proanthocyanidins (Fig. 1B). The differential accumulation patterns of 
these identified metabolites among the three HB genotypes were depicted using a heatmap (Fig. 2), illustrating the 
distinctive metabolic profiles associated with different HB genotypes. Notably, replicates of each sample clustered 
together in the PCA, confirming the reliability and reproducibility of the obtained datasets.

Table 1  Analysis of variance estimates and descriptive statistics for traits under study

Asterisk *, **and***represent significance level at 5, 1 and 0. 5% respectively

Source DF Starch con-
tent (mg/g)

Protein content (%) Amino acid 
content 
(mg/g)

Flavonoid 
content 
(mg/g)

Antioxidant 
capacity (U/g)

β- Glucan (%) GABA (μmol/g)

Replication 2 0.00947 0.9859 0.05721 0.464 63.57 0.00003 0.00039
Genotype 52 2.01 ** 73.536** 0.050 ** 179.70** 1275.84** 0.5550** 0.56886**
Error 104 0.01477 1.0299 0.02617 0.165 7.14 0.0031 0.00036
Total 158
Grand Mean 8.7604 99.039 0.5575 50.201 574.76 5.8324 1.335
CV % 1.39 1.02 29.01 0.81 0.46 0.95 1.43

Table 2  Descriptive Statistics 
for traits under study

Variable Mean SD Variance SE Mean Minimum Maximum

Starch content (mg/g) 574.76 20.625 425.4 1.6357 525.89 614.37
Protein content (%) 8.7604 0.82 0.6724 0.065 7.282 10.369
Amino acid content (mg/g) 99.039 4.9892 24.892 0.3957 88.07 111.21
Flavonoid content (mg/g) 0.5575 0.1858 0.0345 0.0147 0.07 1.08
Antioxidant capacity (U/g) 50.201 7.6978 59.257 0.6105 33.62 68.76
β-Glucan (%) 5.8324 0.4298 0.1847 0.0341 5.05 6.56
GABA (μmol/g) 1.335 0.433 0.1875 0.0343 0.63 2.06
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3.3  Metabolic differences among the three HB genotypes

Comparison of metabolic profiles among three samples revealed distinct accumulation patterns of metabolites, result-
ing in the identification of differential accumulated metabolites (DAMs). In the KKDM2021005 versus DCDM2020017 
comparison, 262 DAMs were detected, while 261 DAMs were found in the KKDM2021005 versus ZJDM012 com-
parison, and 298 DAMs in the ZJDM012 versus DCDM2020017 comparison (Fig. 1D). Among these DAMs, the up-
regulated metabolites ranged from 56 to 179, whereas the down-regulated metabolites ranged from 261 to 298 
(Fig. 1D). Moreover, a subset of 113 DAMs was found to be consistently differentially accumulated in all three sam-
ples, encompassing various metabolite classes such as amino acids and derivatives, phenolic acids, nucleotides and 
derivatives, flavonoids, organic acids, and others (Fig. 1C). Flavonoids emerged as the most abundant class among 
these conserved DAMs. To gain further insights into the biological implications of these DAMs, we performed enrich-
ment analysis by mapping them to the KEGG pathways. The annotation of DAMs revealed significant involvement 
of pathways related to anthocyanin biosynthesis, phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, 

Fig. 1  Overview of metabolic profiles of three distinct highland barley genotypes A Principal component analysis depicting distribution 
pattern of metabolites in three genotypes with three replicates B Identification and characterization of different classes of identified metab-
olites C Venn diagram showing conserved differentially accumulated metabolites in comparison of three HB genotypes KKDM2021005 ver-
sus DCDM2020017, KKDM2021005 versus ZJDM012 comparison, and ZJDM012 versus DCDM2020017 D) Regulation patterns of DAMS in 
comparisons KKDM2021005 versus DCDM2020017, KKDM2021005 versus ZJDM012 comparison, and ZJDM012 versus DCDM202001s
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flavonoid biosynthesis, and isoflavonoid biosynthesis (Fig. 3A, B, and C). These findings suggest that the differential 
accumulation of metabolites within these pathways may contribute to the quality variations observed among the 
three HB genotypes.

In the metabolic profiling of the three genotypes (KKDM2021005, ZJDM012, and DCDM2020017), flavonoids were 
identified as major contributors to the observed metabolic profiles. Out of the 211 identified flavonoids, 69 flavonoids 
exhibited a conserved differential accumulation pattern among the three genotypes. The quantification of these 69 
flavonoids is depicted in Fig. 4A. Interestingly, the genotype ZJDM012 showed the highest accumulation pattern of dif-
ferent flavonoids compared to KKDM2021005 and DCDM2020017. This suggests that ZJDM012 genotype may possess 
a higher capacity for flavonoid production compared to the other two genotypes.

Among the subclasses of flavonoids, flavones, flavanols, and anthocyanins were identified as the major contributors 
to the flavonoid accumulation. These subclasses of flavonoids likely play a significant role in determining the metabolic 
differences observed among the three genotypes. These findings provide valuable insights into the variations in fla-
vonoid accumulation among the genotypes and shed light on the potential contributions of flavonoids to the quality 
differences observed in the HB genotypes.

In addition to flavonoids, we also analyzed the amino acid composition and identified 48 amino acids. Among 
them, 10 amino acids exhibited conserved differential accumulation patterns in all three genotype comparisons 
(KKDM2021005 versus DCDM2020017, KKDM2021005 versus ZJDM012, and ZJDM012 versus DCDM2020017). 

Fig. 2  Heatmap illustrating accumulation pattern of identified metabolites in three distinct highland barley genotypes
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Fig. 3  KEGG pathways associated with differential accumulation pattern of metabolites in A KKDM2021005 versus DCDM2020017 B 
KKDM2021005 versus ZJDM012 comparison, C ZJDM012 versus DCDM2020017
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Interestingly, all of these conserved differential accumulated metabolites (DAMs) displayed a down-accumulation 
pattern in the three genotype comparisons. Furthermore, specific amino acids such as l-valine, l-isoleucine, and 
l-leucine exhibited the highest accumulation pattern in KKDM2021005 compared to ZJDM012 and DCDM2020017. 
These findings indicate that there are significant differences in the accumulation of amino acids among the three 

Fig. 4  Characterization 
of metabolic profiles of A 
Flavonoids B Amino acids and 
derivatives in three distinct 
highland barley genotypes
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genotypes, with specific amino acids showing consistent down-accumulation patterns across all genotype com-
parisons. L-valine, l-isoleucine, and l-leucine were particularly found to have higher accumulation in KKDM2021005 
compared to the other two genotypes.

Based on the differential accumulation patterns of metabolites, we identified several top-fold change differential 
accumulated metabolites (DAMs) in the extreme (higher and lower) accumulation patterns (Fig. 5A and Additional 
File 4: Table S4). In the comparison of DCDM2020017 to KKDM2021005, DAMs such as maleoyl-caffeoylquinic acid, 
3-O-acetylpinobanksin, D-sedoheptuiose 7-phosphate, glucarate O-phosphoric acid, 4-methyl-5-thiazoleethanol, 
niacinamide, chrysoeriol-O-acetylhexoside, quercetin-7-O-(6′-O-malonyl)-β-D-glucoside, ferulic acid, and betanin 
showed a positive accumulation pattern in DCDM2020017. On the other hand, DAMs including tricin 7-O-glucuronide, 
rhamnopyranoside, thymine, cyanidin-3-O-galactoside, quercetin 4′-O-glucoside (Spiraeoside), cyanidin-3-O-gluco-
side (Kuromanin), petunidin-O-pentoside, 1-methyladenine, velutin O-glucuronic acid, and kaempferol 3-O-galac-
toside (Trifolin) exhibited an up-accumulated pattern in KKDM2021005.

These DAMs belong to various metabolite classes. In DCDM2020017, metabolites such as maleoyl-caffeoylquinic 
acid, ferulic acid, and betanin are phenolic acids, while 3-O-Acetylpinobanksin is a flavonoid. Additionally, D-Ssedo-
heptuiose 7-phosphate and glucarate O-Phosphoric acid are nucleotides and derivatives. On the other hand, DAMs 
in KKDM2021005, such as tricin 7-O-Glucuronide, cyanidin-3-O-galactoside, and cyanidin-3-O-glucoside, belong to 
the flavonoid class. Thymine and 1-methyladenine are nucleotides and derivatives, while velutin O-glucuronic acid 
is an organic acid. Moreover, quercetin 4’-O-glucoside and kaempferol 3-O-galactoside are flavonoids with spe-
cific sugar attachments. These findings highlight the diverse accumulation patterns of metabolites across different 
classes, providing insights into the specific metabolic changes associated with the quality variations observed in 
DCDM2020017 and KKDM2021005.

In the comparison of KKDM2021005 and ZJDM012 samples, we observed a positive accumulation pattern for 
several metabolites (Fig. 5B and Additional File 5: Table S5). These included maleoyl-caffeoylquinic acid, 3-O-acetyl-
pinobanksin, D-sedoheptuiose 7-phosphate, glucarate O-phosphoric acid, 4-Methyl-5-thiazoleethanol, niacinamide, 
chrysoeriol-O-acetylhexoside, quercetin-7-O-(6′-O-malonyl)-β-D-glucoside, ferulic acid, and betanin in KKDM2021005. 
Conversely, in KKDM2021005, metabolites such as tricin 7-O-glucuronide, rhamnopyranoside, thymine, cyanidin-3-O-
galactoside, quercetin 4′-O-glucoside (Spiraeoside), cyanidin-3-O-glucoside (Kuromanin), petunidin-O-pentoside, 
1-methyladenine, velutin O-glucuronic acid, and kaempferol 3-O-galactoside (Trifolin) exhibited an up-accumulated 
pattern. These identified metabolites belong to various classes. In KKDM2021005, maleoyl-caffeoylquinic acid, feru-
lic acid, and betanin are phenolic acids, while 3-O-acetylpinobanksin is a flavonoid. Additionally, D-sedoheptuiose 
7-phosphate and glucarate O-phosphoric acid are nucleotides and derivatives. In the case of KKDM2021005, tricin 
7-O-glucuronide, cyanidin-3-O-galactoside, and cyanidin-3-O-glucoside are classified as flavonoids. Thymine and 
1-Methyladenine belong to the category of nucleotides and derivatives, whereas velutin O-glucuronic acid is an 
organic acid. Furthermore, quercetin 4′-O-glucoside and kaempferol 3-O-galactoside are flavonoids with specific 
sugar attachments.

Similarly, comparison ZJDM012 versus DCDM2020017 identified metabolites such as hesperetin C-hexoside, 5-O-p-
coumaroyl quinic acid O-hexoside, 3-O-acetylpinobanksin, isorhamnetin O-hexoside, 9-hydroxy-12-oxo-10-octadecenoic 
acid, epicatechin-epiafzelechin, epicatechin, vanillin, gramine, and epicatechin glucoside in the up-regulated category 
(Fig. 5C and Additional File 6: Table S6). These metabolites belong to various classes such as flavonoid carbonoside, 
phenolic acids, flavanols, flavonols, free fatty acids, and alkaloids. On the other hand, in the down-regulated category, 
we observe metabolites including cyanidin-3-O-galactoside, cyanidin O-acetylhexoside, cyanidin-3-O-glucoside (Kuro-
manin), petunidin-O-pentoside, pelargonidin-3-O-(6″-malonylglucoside), pelargonidin-3-O-(3″,6″-dimalonylglucoside), 
cyanidin-O-syringic acid, cyanidin-3-O-(3″,6″-diacetylhexoside)-O-glyceric acid, kaempferol 3-O-galactoside (Trifolin), 
and delphinidin-3-O-(3″,6″-dimalonylglucoside). These metabolites mainly belong to the class of anthocyanins.

These findings highlight the diverse accumulation patterns of metabolites across different classes in HB genotypes 
DCDM2020017, KKDM2021005, and ZJDM012. The variations in metabolite accumulation suggest underlying metabolic 
differences and potential implications for the quality attributes of these genotypes. Understanding the specific meta-
bolic changes associated with different genotypes can contribute to the development of targeted breeding strategies 
to enhance desirable quality traits in HB. It is important to note that further investigations, such as functional validation 
and pathway analysis, are necessary to elucidate the precise roles of the identified metabolites and their corresponding 
pathways in determining the observed quality variations. Additionally, considering a larger sample size and conduct-
ing sensory evaluations could provide a more comprehensive understanding of the impact of these metabolites on the 
overall quality characteristics of highland barley genotypes.
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4  Discussion

A screening of 53 highland barley (HB) genotypes was conducted to investigate variations in quality parameters such 
as starch content, protein content, amino acid content, flavonoid content, antioxidant capacity, β-Glucan, and GABA. 
Significant genotype-dependent differences were found for all the examined traits as previously observed in several 

Fig. 5  Top-Fold Change (FC) DAMs in A KKDM2021005 versus DCDM2020017 B KKDM2021005 versus ZJDM012 comparison, C ZJDM012 
versus DCDM2020017
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studies [11, 24–26]. We identified β-Glucan with an average of 5.83%, in line with previous reports suggesting 5–8% 
in HB genotypes [4, 27]. Obadi et al. [7] found that HB flour has lower protein and β-glucan levels, but higher lipid, 
crude fiber, and ash levels compared to waxy or high-amylose HB varieties. In contrast, a previous study by Kinner 
et al. demonstrated that HB varieties have better nutritional value due to their higher content of proteins, lipids, 
crude fiber, and β-glucan [28]. Both HB and oats contain higher β-glucan compared to other cereals, although the 
actual content can vary based on genotype and environmental factors [29]. HB primarily consists of starch, which 
accounts for approximately 65% of its weight. Approximately 80% of the total dry weight of HB grains consists of 
various carbohydrates, encompassing sugars and non-starch polysaccharides like β-glucan and arabinoxylan [30]. 
The quantity and composition of these carbohydrates vary subject to the grain type, genotype, and environmental 
conditions during crop development [30].

Starch, being the major constituent of HB, plays a crucial role in determining the functional properties of HB products. 
We identified starch contents ranging from 529 to 614 mg/g. these results confirm previous findings of identification of 
starch contents in HB genotypes [31]. The pasting characteristics of starch, which include parameters such as pasting 
temperature and peak viscosity, directly influence the thickening and gelling behavior of food products. The digestibil-
ity of starch components is also important for understanding the nutritional characteristics of food, such as glycemic 
index [32]. Compared to starches from other cereals, HB starch exhibits distinctive properties. It displays higher pasting 
temperatures, peak viscosities, and improved retrogradation and gelatinization characteristics [33]. These unique prop-
erties make HB starch suitable for specific applications in the food industry where higher thermal stability, viscosity, and 
texture are desired.

Three genotypes, KKDM2021005, ZJDM012, and DCDM2020017, were selected to represent high, average, and low 
quality, respectively and used for metabolic profiling. Metabolic profiling using LC–MS/MS revealed variations in metabo-
lite accumulation among the genotypes, with 617 metabolites from 12 major classes quantified. Differential accumulated 
metabolites (DAMs) were identified among the three genotypes. Previously, several studies have utilized metabolomics 
to observe metabolic profile of HB genotypes under stress conditions [13, 34]. Our study provides insights into the 
metabolic changes associated with the quality variations observed in the HB genotypes.

Flavonoids were identified as one of the major contributors in metabolic profile of three genotypes with flavones, 
flavanols, and anthocyanins being predominant subclasses. Flavonoids, which are present in various plant species, exhibit 
beneficial properties such as anticancer, anti-inflammatory, and antiallergic effects [35]. In barley grain, flavonoids are 
predominantly found in the outer layers rather than the endosperm [7]. They are considered the most important poly-
phenols and are mainly represented by oligomeric and polymeric flavan-3-ols, which possess potent antioxidant activity 
and offer nutritional benefits [36].

Flavanols and anthocyanins are specific types of flavonoids found in the pericarp of barley grains, primarily in glycoside 
forms such as cyanidin-3-glucoside, penidin-3-glucoside, and delphinidin-3-glucoside [37, 38]. The content of flavonoids 
in barley grains is influenced by the genotype and degree of color depth [38, 39]. Blue and purple hulless barley grains 
typically exhibit higher flavonoid content compared to other barley types [40]. Proanthocyanidins, which are flavonoid 
polymers, along with flavanols and anthocyanins, are the major forms of flavonoids in barley grains. Proanthocyanidins 
possess antioxidant activity and contribute to the health benefits associated with barley consumption [41, 42]. Overall, 
flavonoids, including oligomeric and polymeric flavan-3-ols, flavanols, anthocyanins, and proanthocyanidins, are impor-
tant components of barley grains, offering antioxidant activity and various health benefits. The content of flavonoids is 
influenced by factors such as genotype and color depth, with blue and purple hulless barley grains typically exhibiting 
higher flavonoid content.

Recent research findings have consistently highlighted the elevated protein content inherent in HB varieties when 
compared to other forms of barley. Typically, HB varieties exhibit a protein content ranging from 12.85 to 14.51%, a nota-
ble contrast to hulled barley, which typically possesses a lower protein content, around 9.68% [43–45]. Furthermore, HB 
stands out by presenting increased levels of essential amino acids, particularly lysine and threonine, in comparison to 
wheat and hulled barley. Concerning the protein amino acid composition, no substantial differences have been observed 
among different hull-less barley type [46]. Barley is recognized for its richness in prolamin-type proteins, which are solu-
ble in alcohol and contain sulfur-containing amino acids, although they are limited in lysine. In the specific case of HB, 
its protein content has been documented at approximately 11.31%, accompanied by elevated levels of eight essential 
amino acids, with a particular emphasis on lysine and tryptophan. These characteristics set HB apart from other com-
monly consumed grains such as wheat, rice, and maize [47].

HB also possesses noteworthy levels of γ-aminobutyric acid (GABA), a naturally occurring compound present in plant 
sources. A study conducted by Waleed et al. [20] explored several treatment approaches for HB, including soaking, 
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germination, fermentation, germination before fermentation, and fermentation before germination. This investigation 
revealed that all of these methods led to a substantial increase in the GABA content within HB. In a broader context, HB 
varieties are characterized by elevated protein content and contain essential amino acids such as lysine and tryptophan, 
distinguishing them from hulled barley and other cereal grains. Additionally, HB stands out as a promising reservoir of 
GABA, with its potential for augmentation through diverse processing methods [48].

In summary, our study revealed significant genotype-dependent variations in quality parameters such as starch con-
tent, protein content, amino acid content, flavonoid content, antioxidant capacity, β-Glucan, and GABA in HB genotypes. 
Flavonoids, specifically flavones, flavanols, and anthocyanins, emerged as prominent contributors to the metabolic profile 
of HB genotypes, offering diverse health benefits including antioxidant, anticancer, anti-inflammatory, and antiallergic 
effects. Future research should focus on exploring the genetic and environmental factors influencing the observed 
variations in quality parameters, particularly investigating the specific genes and pathways involved in starch, protein, 
and flavonoid biosynthesis in HB genotypes. Furthermore, the impact of post-harvest processing methods on the nutri-
tional composition and bioactive compounds of HB warrants further investigation. With appropriate variety selection 
and processing, HB holds promise as a nutritionally balanced food crop and a component of healthy diets. Additionally, 
studying the functional properties and potential applications of HB starch in the food industry would be valuable. Con-
tinued research on HB will contribute to a comprehensive understanding of its nutritional value, functional properties, 
and potential health benefits.
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