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Abstract. This study aimed to investigate the genetic variation, environmental effects, and trait
interrelationships in the nutrient and functional composition of barley (Hordeum vulgare L.) grains. A total
of 193 recombinant inbred lines (RILs), derived from a cross between Ziguangmangluoerleng (ZGMLEL)
and Schooner, along with their parental lines, were evaluated to identify promising genotypes for nutritional
improvement and breeding. Field trials were conducted over three consecutive years (2021-2023) using a
randomized complete block design with three replications. Analysis of variance (ANOVA) revealed highly
significant (p < 0.01) effects of genotype and year on all studied traits, total anthocyanin (Tac), moisture,
amylose, starch, B-glucan (BG), fatty acid (FA), and protein content, indicating both genetic and
environmental influences. However, the genotype-by-year interaction was non-significant (» > 0.05) for
most traits, suggesting stable genetic rankings across years. The mean values of Tac ranged from 0.14
(2022) to 1.57 (2023), with genotype z79 consistently exhibiting the highest levels (1.35 in 2021, 1.09 in
2022, and 1.57 in 2023). Starch content was relatively stable, with a maximum of 55.80% (2021), while
amylose varied from 15.00% (2023) to 27.02% (2021). BG content showed significant fluctuations, with
means ranging from 6.79% (2023) to 9.29% (2022). Fatty acid and protein contents also varied, with protein
reaching a maximum of 23.81% in 2023. Genotypes z79, z11, z95, and z146 consistently outperformed the
parental means, making them promising candidates for breeding programs aimed at enhancing nutritional
quality and functional food applications. Correlation analysis highlighted key trade-offs, particularly a
strong negative correlation between starch and protein (-0.90** in 2021, -0.85* in 2022 and -0.82** in

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(4):7103-7121.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOL: http://dx.doi.org/10.15666/aeer/2304 71037121
© 2025, ALOKI Kft., Budapest, Hungary


mailto:ahmedbreeder@gmail.com

Yang et al.: Differences in nutrient functional composition among different types of grains in barley (Hordeum vulgare L.)
recombinant inbred lines
- 7104 -

2023), and a strong positive correlation between amylose and BG (0.34** in 2023). These findings provide
valuable insights for breeding programs aimed at improving the nutritional quality of barley.
Keywords: barley, anthocyanin, amylose, -glucan, protein, correlation

Introduction

Barley (Hordeum vulgare L.) is a cereal of great international importance, ranking
number four in production. The commodity is highly flexible, with uses ranging from
animal feed and malt to human intake. Apart from its classical utilization, there is a rising
recognition of its potential for health-related functions, owing to its distinct content of
nutritional functional components (Wijekoon et al., 2022; Graton et al., 2024). Key
nutritional components in barley include B-glucans (BG), total anthocyanins (Tac), starch,
proteins, and fatty acids (FA), each contributing to its functional food value and health
benefits. Knowledge of the complex interrelationships of these factors is of great
importance in maximizing utilization of barley for different purposes (Mohamed et al.,
2010; Han et al., 2018). The main objective of this study was to dissect the genetic and
environmental contributions to key grain quality traits, and to understand how these traits
correlate with one another. This knowledge is essential for selecting superior genotypes
in breeding programs focused on nutritional and functional improvement of barley.

The nutritional composition of the seed of barley is a multi-component system
depending on environmental and genetical factors. The relative amount ratio of starch,
protein, BG, and other factors determines its nutritional functional components.
Anthocyanins are powerful antioxidants, which play protective roles in oxidative stress,
reducing atherosclerosis diseases, cancer, and diseases of neurodegeneration (Raj et al.,
2023; Liaqat et al., 2024). The genetic mechanisms of anthocyanins is varied in different
cultivars of barley, and environmental factors of temperature, intensity of radiation, and
provision of nutrition in soil modulate its content (Hosseinian et al., 2008).

Starch and amylose content are internal determiners of end-use in barley, particularly
in brewing and in foods. The primary carbohydrate storage component of grains of barley,
starch is a primary contributor of human dietary energy. The proportion of amylose in
total starch contributes to texture, cook-up, and digestibility (Shvachko et al., 2021; Geng
et al., 2022). Optimal starch content in selected barley lines is critical for industrial
appropriateness as well as for maximizing nutritional attributes (Oluwajuyitan et al.,
2021; Xiong et al., 2022). Barley is a rich source of a soluble, rich in a rich variety of
valuable attributes, such as BG. High concentrations of BG in barley have been linked
with cholesterol reduction, heart well-being, and glycemic well-being, making it a
healthy-directed food constituent. The fiber is also well known for its healthy digestion,
healthy gastrointestinal microbiota, and immune system well-being (Rawat et al., 2023;
Ahsan et al., 2024). Fatty acids play a role in barley stability as well as energy level that
affect both quality in final product as well as in storage quality. The profile in barley also
affects rate of lipid oxidation that can affect flavor stability in beer as well as food product
shelf life (Martinez-Subira et al., 2020; Loskutov and Khlestkina, 2021; Nowak et al.,
2023). Certain FA also have established healthy attributes that play a role in
cardiovascular functionality as well as metabolic balance. Excessive oxidation of lipids
may also account for rancidity and off-flavor and is therefore one of the major concerns
for barley improvement (Derakhshani et al., 2020; Afzal et al., 2024; Kukoeva et al.,
2024). Moisture content is important both for post-harvest storage and for processing
efficiency. High moisture content grains may be prone to mold growth, spoilage, and
grain deterioration, whereas very dry grains may be brittle and non-processible.
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Dissecting the genetic basis of these constituents is critical in order to target breeding
(Yang et al., 2019; lannucci et al., 2021; Thabet et al., 2022).

Recombinant Inbred Lines (RILs) are a great source in exploring genetic architecture
involved in complex traits. Obtained from a two-line crossing that is contrasting in target
traits, RILs are a consistent genetic material that can be utilized in mapping quantitative
trait loci (QTLs) involved in these traits (Hosseinian et al., 2008; Derakhshani, 2019;
Huang et al., 2024). In barley quality in grains, RIL is important in determining involved
genes and regions in the genome involved in accumulating key nutrient functional
constituents. The information can be utilized in designing molecular markers that can be
used in marker-assisted selection (MAS) in breeding (Zeng et al., 2020; Meng et al., 2023;
Eid et al., 2024).

Environmental factors, i.e., climatic condition as well as soil condition, also play a
vital role in modulating those genes that are involved in grain quality traits. Fluctuations
in environmental conditions from location to location as well as from year to year can
lead to extreme fluctuations in grain quality in a single barley genotype (Jin et al., 2022;
Friero et al., 2024; Yiblet et al., 2024). Therefore, it is necessary that RIL performances
be compared in a variety of contrasting environments in order to measure stability as well
as heritability in targeted traits. In this way, environmental impacts can be ruled out from
genetic impacts (Hambira, 2010; Niazi et al., 2022; Baloch et al., 2024).

This study aimed to analyze the differences in functional nutrient content among grains
in a collection of barley RILs. To achieve this, we (1) examined the variability in
functional nutrient content among the RILs, (2) measured the influence of genetic and
environmental factors on these traits, and (3) explored the relationships between different
quality traits in the grains. The findings provided insights into the genetic control of barley
grain quality and contributed valuable information for barley breeding programs focused
on improving nutritional value and end-use quality.

Materials and methods
Plant material

This study utilized a population of 193 recombinant inbred lines (RILs) derived from
a cross between two barley cultivars: Ziguangmangluoerleng (ZGMLEL) and Schooner.
The parental lines, ZGMLEL and Schooner, were also included in the study, bringing the
total number of genotypes evaluated to 195.

Field experiment

The 195 barley genotypes (193 RILs + 2 parents) were grown in field trials during
three consecutive years: 2021, 2022, and 2023. The experiment was conducted at the
Songming Research station of Yunnan Academy of Agricultural Sciences in Xiaojie
Town, Songming County, Yunnan Province (25°7'29" north latitude, 102°45'44" east
longitude). A randomized complete block design with three replications was used. The
field with good irrigation and drainage and uniform soil fertility was selected, 2 m row
length, 100 grains per row, 0.30 m row spacing, and arranged in sequence. Management
according to local conventional agricultural practices.
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Trait measurement

Seven key nutrient functional components were evaluated in the barley Trait
Measurement: Barley grains were dried in the sun, and 30 g samples of each genotype
were taken. One 30 g portion was ground into a fine powder using a grinder, dried, and
stored at low temperature. This powdered sample was then sieved, placed in a sealed bag,
and numbered for subsequent analysis. A separate 30 g portion of unground seeds was
also placed in a sealed bag and numbered. For near-infrared (NIR) analysis, a 44 cm?
standard sample dish was used. Each sample (powdered or whole grain, as appropriate
for the specific trait being measured) was placed in the dish, leveled, and compacted to
create a smooth, uniform surface that did not extend beyond the dish's upper edge. The
sample dishes were then sequentially analyzed using a near-infrared analyzer. The
average value of three replicates was recorded for each sample. NIR calibration models
for each trait (moisture, amylose, starch, BG, FA, and protein content) were internally
developed using a representative subset of barley samples. These samples were analyzed
through conventional wet chemistry methods to generate reference data. The calibration
models were validated using independent test sets and evaluated based on the coefficient
of determination (R? > 0.85), standard error of calibration (SEC), and residual predictive
deviation (RPD > 2.5), indicating acceptable accuracy and predictive reliability for high-
throughput phenotyping. This NIR analysis provided percentage values for moisture,
amylose, starch, BG, FA, and protein content. The spectral data generated by the NIR
analysis were also exported for further analysis. The content of Tac in barley grains were
measured using the pH differential method (Hosseinian et al., 2008).

Statistical analysis

Analysis of variance (ANOVA) was performed to assess the effects of genotype, year,
and their interaction on each of the measured traits (Steel and Torrie, 1986). Mean of
superior genotypes for studied traits compared with their parent using the following
formula Difference (%) = (GM-PM)/PM X100) where GM (genotypes mean) and PM
(parent mean). Correlation analysis was used to examine the relationships between the
studied traits.

Results and discussion
Total anthocyanin (Tac)

Anthocyanins in barley grain contribute to its antioxidant capacity, potentially
enhancing its health benefits for consumers and adding value to specialized food
products. Higher Tac can also influence grain color, which may be desirable for certain
applications (Hosseinian et al., 2008; Yang et al., 2013). The ANOVA revealed highly
significant (p <0.01) effects of year and genotype on Tac content (7able 1). This indicates
that Tac levels are influenced by both the growing year and the specific genotype.
However, the year-by-genotype interaction was not significant (ns), suggesting that the
relative performance of genotypes for Tac content was consistent across the three years.
While the absolute Tac values might differ due to yearly environmental variations, the
ranking of genotypes remained relatively stable (Hosseinian et al., 2008; Shvachko et al.,
2021). In the present study, Tac content in the barley genotypes exhibited notable
variability. Across the three years, the minimum Tac levels remained consistently low,
ranging from 0.14 in 2022 to 0.28 in 2023, suggesting a baseline presence of these
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compounds. However, the maximum Tac content fluctuated considerably, from 1.09 in
2022 to 1.57 in 2023, with the highest observed in 2023 (Table 2). This indicates that
certain genotypes or environmental conditions in that year were more conducive to
anthocyanin production. The mean Tac content was also variable, with 2023 showing the
highest average (0.73) and 2022 the lowest (0.46). While the absolute differences in Tac
might seem small, the relatively high coefficient of variation (16.49% in 2021, 17.42%
in 2022 and 18.88% in 2023) highlights the significant proportional variability, which is
crucial for selection purposes. This suggests that even small increases in Tac could be
meaningful (Hosseinian et al., 2008; Amer et al., 2012; Shvachko et al., 2021).

Table 1. Mean sum of squares values form ANOVA for studied traits for 195 barely genotypes
in different years

Sources of Variations| Df Tac | Moisture | Amylose | Starch BG FA Protein
Replication 2 349.21 82.69 219.1 408.81 3.79 1.189 0.656
Years 2 | 162.65™| 768.97" | 14806.17"| 533.05™" | 143.46™ | 748.01"" |236.67""
Genotype 194 | 46.13" | 171.36" | 421.8" | 20.28" | 31.09" [438.179"| 13.21°
Years*Genotypes 388 | 09.86™ | 4.86™ 24.40 | 11.03™ | 9.1™ | 14.098™ | 0.046"™
Error 1168 | 8.922 27.93 190 9.43 4.46 1.037 0.056
Total 1754

Mean sum of squares from analysis of variance (ANOVA) for seven functional grain traits (total
anthocyanin (Tac), moisture, amylose, starch, 3-glucan (BG), fatty acid (FA), and protein content) across
three years (2021-2023) in 195 barley genotypes (193 RILs + 2 parents). Significance levels are denoted
as *p < 0.05, **p < 0.01, ns = non-significant. Replication, genotype, year, and genotype x year
interactions are included as sources of variation

Table 2. Estimation of descriptive parameters for the functional components of 195 barley
genotypes

Parameters Year Tac |Moisture| Amylose | Starch BG FA Protein
2021 0.21 10.66 18.43 45.04 3.83 0.60 15.40
Minimum 2022 0.14 10.46 18.52 47.12 3.90 0.08 14.44

2023 0.28 11.06 15.00 44.44 3.60 0.38 17.22
2021 1.35 12.49 27.02 55.80 13.05 1.95 22.43
maximum 2022 1.09 11.89 26.42 55.66 12.54 1.85 21.52
2023 1.57 11.83 22.75 54.46 10.86 1.84 23.81
2021 0.55 11.28 21.62 51.58 9.01 1.10 18.42
Mean 2022 0.46 11.24 22.06 51.76 9.29 1.01 17.56
2023 0.73 11.43 18.77 49.93 6.79 0.90 20.18
2021 0.04 0.08 1.99 4.99 2.80 0.05 2.01
Variances 2022 0.04 0.07 1.98 4.01 2.13 0.08 1.99
2023 0.06 0.02 1.89 3.85 2.31 0.10 1.56
2021 0.09 0.29 1.41 2.23 1.67 0.19 1.42
Standard Deviation 2022 0.08 0.26 1.41 2.00 1.46 0.19 1.41
2023 0.14 0.14 1.37 1.96 1.21 0.17 1.25
2021 16.49 2.58 6.52 4.33 18.56 17.24 7.69
Coefficient of Variation| 2022 17.42 2.31 6.38 3.87 15.70 18.84 8.03
2023 18.88 1.25 7.32 3.93 17.80 18.95 6.19

Descriptive statistics (minimum, maximum, mean, variance, standard deviation, and coefficient of
variation) for seven functional components of barley grain measured in 195 genotypes during 2021-2023.
The traits include total anthocyanin (Tac), moisture, amylose, starch, B-glucan (BG), fatty acid (FA), and
protein content
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Genotype z79 consistently ranked among the top performers for Tac across all three
years, exhibiting the highest Tac content: 1.35 in 2021, 1.09 in 2022, and 1.567 in 2023
(Table 3). This makes z79 a particularly promising candidate for breeding programs
aimed at enhancing barley grain anthocyanin levels. The significant improvement over
the parental mean (PM) in each year, with percentage differences reaching as high as
94.22% 1n 2023, suggests that this genotype possesses favorable alleles for anthocyanin
biosynthesis. Other genotypes, such as z19, z15, z34, and z95, also frequently appeared
in the top 10, though their rankings fluctuated. The overall genotypic mean (GM) for Tac
was consistently higher than the parental means across all years, indicating the
effectiveness of selection for this trait. The higher Tac values observed in 2023 may be
attributed to environmental factors like increased solar radiation or temperature
fluctuations, which are known to influence anthocyanin production in plants (Han et al.,
2018; Xiong et al., 2022). Anthocyanins are potent antioxidants that contribute to the
health benefits of barley. The negative correlation between starch and anthocyanin across
all years indicates a metabolic trade-off between energy storage and antioxidant
biosynthesis. This finding is crucial for breeders aiming to balance yield and functional
quality, as selecting for high starch may inadvertently reduce health-promoting traits like
anthocyanins (Jin et al., 2022; Afzal et al., 2024).

Moisture

Appropriate moisture levels in barley grain are essential for maintaining its quality
during storage, preventing mold growth, and ensuring optimal milling and malting
performance. Accurate moisture content is critical for trade and processing (Mohamed et
al., 2010; Graton et al., 2024; Huang et al., 2024). In this study, Year had a highly
significant (p < 0.01) effect on moisture content, demonstrating the strong influence of
environmental conditions on this trait (7able I). Genotype also had a significant
(p <0.05) effect, indicating genetic variation for moisture content among the barley
genotypes. The non-significant (ns) year-by-genotype interaction suggests that the
genotypes maintained relatively consistent moisture levels relative to each other across
the three years, similar to what was observed for Tac. Moisture content proved to be a
remarkably stable trait across the three years. Both minimum and maximum moisture
levels varied only slightly, ranging from 10.46% to 11.06% for the minimum and 11.83%
to 12.49% for the maximum. The mean moisture content was also quite consistent, with
11.28% in 2021, 11.24% in 2022, and 11.43% in 2023 (7able 2). The extremely low
variance (0.08 in 2021, 0.07 in 2022, and 0.02 in 2023), standard deviation (0.29 in 2021,
0.26 in 2022, and 0.14 in 2023), and coefficient of variation (2.58% in 2021, 2.31% in
2022, and 1.25% in 2023) confirm this stability, indicating that moisture content is likely
less influenced by either genotype or environmental fluctuations compared to the other
traits (Ahokas et al., 2018; Jin et al., 2022; Niazi et al., 2022).

The top-performing genotypes for moisture content varied more across the three years
compared to Tac. While z126 showed high moisture levels in both 2021 (12.49) and 2022
(11.89), different genotypes dominated the top 10 list in 2023, with z103 exhibiting the
highest moisture content (11.83) (7able 3). The genotypic means for moisture were
consistently higher than the parental means, though the percentage differences were
relatively small, ranging from 3.94% to 8.24%. Genotypes z146 and z63 appeared in the
top 10 for two of the three years.
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Table 3. Top 10 best performing genotypes in studied year 2021, 2022, 2023 and comparison with their parents

Traits Year |10 Best performing genotypes out of 195 genotypes selected based on the mean values and performance GM PM lef(e(;:: )n ces
2021 779 (1.35), followed by z27 (1.23), z19 (1.18), z159 (1.1), z15 (1.08), z34 (1.08), z35 (1.06), z95 (1.02), z138 111 0.68 62.37
(1) and 2102 (0.98),
Tac 2022 779 (1.09), followed by z19 (1.03), z34 (0.98), z95 (0.95), z15 (0.94), z60 (0.93), z97 (0.86), z52 (0.85), z37 0.93 0.53 74 45
(0.82), and z45 (0.82),
z79 (1.567), followed by z138 (1.507), z15 (1.394), z19 (1.373), z52 (1.357), z167 (1.347), z147 (1.288), z17
2023 (1.264), z95 (1.243), z159 and (1.205), 1.35 0.70 94.22
z126 (12.49), followed by z43 (12.42), z127 (12.39), z7 (12.26), z146 (12.26), z12 (12.22), z9 (12.08), z143
2021 (12.03), z13 (12.01), z149 and (11.94), 1221 11.28 8.24
. 7126 (11.89), followed by z63 (11.86), z95 (11.82), z96 (11.81), z138 (11.81), z140 (11.77), z4 (11.7), z189
Moisture | 2022 (11.69). 291 (11.68), 2132 and (11.66), 11.77 11.08 6.23
7103 (11.83), followed by z146 (11.79), z85 (11.78), z63 (11.77), z153 (11.75), z152 (11.73), z3 (11.71), z114
2023 (11.7), 2147 (11.7), 2124 and (11.69), HL75 1 1131 3.94
77 (27.02), followed by z9 (25.89), z14 (24.95), z12 (24.82), z17 (24.59), z13 (24.33), z89 (24.26), z11
2021 (24.24), 256 (24.06), z1 (24.03), 2482 | 20471 21.25
z11 (26.42), followed by z4 (25.63), z9 (25.6), z156 (25.39), z19 (25.33), z162 (25.12), 274 (25), z154 (24.98),
Amylose | 2022 217 (24.87), 715 (24.67), 25.30 22.01 14.95
z154 (22.75), followed by z162 (22.56), z156 (22.35), z170 (22.35), z171 (21.48), 270 (21.36), z174 (21.15),
2023 790 (21.14), z189 (21.06), z11 and (21.04), 2172 19.13 13.57
784 (55.8), followed by z71 (55.1), z148 (55.06), z55 (55.03), z86 (55.01), z90 (54.92), z140 (54.67), z170
2021 (54.66), z184 (54.61), z66 and (54.58), >4.94 49.87 10.17
starch 2022 z1 (50.39), followed by z2 (52.6), z3 (52.22), z4 (49.04), z5 (50.56), z6 (51.64), z7 (48.04), z8 (50.67), z9 5086 5087 001
(51.67), and z10 (51.81),
7146 (54.46), followed by z90 (54.18), z148 (54.15), z63 (54), z84 (53.54), z140 (53.53), z47 (53.51), z114
2023 (53.04), 22 (52.84), 2189 and (52.75), 53.60 | 47.86 | 12.01
79 (13.05), followed by z11 (12.59), z12 (11.9), 226 (11.77), z7 (11.53), z36 (11.52), z154 (11.46), z4 (11.12),
2021 727 (11.12), z146 and (11.12), .72 7.70 5231
z192 (12.54), followed by z4 (12.39), z190 (12.25), z11 (12.16), z189 (12.02), z19 (11.7), z6 (11.64), z193
BG 2022 (11.62), z122 (11.53), z117 and (11.47), 11.93 10.06 18.59
7189 (10.86), followed by z187 (10.67), z90 (10.25), z88 (10.23), z188 (9.83), z84 (9.82), z86 (9.69), 292
2023 (9.61), 2190 (9.58), and z193 (9.56), 10.01 8.34 20.10
FA 2001 795 (1.95), followed by z85 (1.62), z13 (1.6), 296 (1.58), z138 (1.58), z43 (1.56), z105 (1.56), z127 (1.5), z133 159 115 3896

(1.5), and 237 (1.48),
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Traits Year |10 Best performing genotypes out of 195 genotypes selected based on the mean values and performance | GM PM (%)
(Y
z61 (1.85), followed by z63 (1.82), z62 (1.8), z155 (1.79), z153 (1.75), 279 (1.6), z138 (1.58), z159 (1.54),
2022 2161 (1.53), and 2157 (1.52), 168 | 076 | 12105
z167 (1.84), followed by z85 (1.82), z153 (1.76), z172 (1.67), z155 (1.65), z150 (1.64), z154 (1.59), z161
2023 (1.58), z175 (1.57), and z151 (1.56), 1.67 1.22 36.89
7104 (22.43), followed by z159 (22.11), z27 (21.97), 279 (21.91), z35 (21.72), z34 (21.71), ZGMLEL(P1)
2021 (21.61), 2117 (21.53), 299 (20.84), and 2102 (20.84), 2167 ) 19.60 1 10.56
. z174 (21.52), followed by z175 (21.47), z172 (21.23), ZGMLEL(P1) (20.62), z34 (20.6), z99 (20.52), z59
Protein | 2022 (20.19), z173 (19.99), 256 (19.91), and 60 (19.89), 20.59 1 17.95 14.71
z108 (23.81), followed by z79 (23.77), z99 (23.43), z3 (22.91), z104 (22.89), 2120 (22.65), z121 (22.65),
2023 ZGMLEL(P1) (22.65), z59 (22.62), and z56 (22.56), 2299 | 2081 10.50

Top 10 barley genotypes selected based on highest performance for each trait (Tac, moisture, amylose, starch, B-glucan, fatty acid, and protein) across the years 2021,
2022, and 2023. GM: Mean value of the top 10 genotypes; PM: Mean value of the parent genotypes; Difference (%): Percent increase of GM over PM
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Grain moisture content is crucial for storability and processing. While the observed
variations are relatively small, they can still impact grain quality. The influence of
environmental factors on moisture content is well-documented, as water availability and
temperature during grain filling can significantly affect final moisture levels (Hambira,
2010; Martinez-Subira et al., 2020; Raj et al., 2023).

Amylose

Amylose content in barley grain affects its cooking quality and digestibility,
influencing its suitability for different food products like noodles, bread, or as a source of
resistant starch. Specific amylose levels are often targeted for particular end-uses. The
ANOVA showed highly significant (p < 0.01) effects of year and genotype on amylose
content (Table ). This indicates that amylose content is influenced by both genetic and
environmental factors. However, the non-significant (ns) year-by-genotype interaction
suggests that the relative performance of genotypes for amylose content was consistent
across years. Amylose content showed moderate variability across the three years. The
minimum amylose content ranged from 15.00 in 2023 to 18.52 in 2022, while the
maximum ranged from 22.75 in 2023 to 27.02 in 2021 (7able 2). The mean amylose
content was highest in 2022 (22.06) and lowest in 2023 (18.77). The moderate variance
(1.991n 2021, 1.98 in 2022, and 1.89 in 2023), standard deviation (1.41 in both 2021 and
2022, and 1.37 in 2023), and coefficient of variation (6.52% in 2021, 6.38% in 2022, and
7.32% in 2023) suggest that amylose content is subject to some degree of genotypic
and/or environmental influence, though less so than Tac or BG (Xue et al., 2016;
Derakhshani, 2019; Huang et al., 2024).

Genotype z7 exhibited the highest amylose content in 2021 (27.02), while z11 topped
the list in 2022 (26.42). In 2023, z154 had the highest amylose content at 22.75. Several
genotypes, like z9, z17, and z11, consistently appeared in the top 10 for at least two of
the three years (Table 3). The genotypic means for amylose were substantially higher than
the parental means across all years, with percentage differences ranging from 13.57% to
21.25%. Amylose content is a key determinant of barley's end-use quality, affecting
cooking properties and digestibility. The observed year-to-year variation could be related
to temperature during grain development, as higher temperatures are often associated with
lower amylose content. The higher amylose content in the RILs compared to the parents
suggests the presence of favorable alleles for amylose synthesis in the RIL population
(Hambira, 2010; Loskutov and Khlestkina, 2021; Jin et al., 2022).

Starch

Starch is the primary component of barley grain, providing the major source of energy.
The quantity and type of starch impact its nutritional value and its use in brewing, food
processing, and animal feed. Year and genotype had significant (p < 0.05) effects on
starch content, indicating the importance of both genetic and environmental factors in
determining starch levels in barley grain (7able 1). The non-significant (ns) year-by-
genotype interaction suggests that the relative ranking of genotypes for starch remained
consistent across the three years. Starch content demonstrated relative stability across the
three years. The minimum starch content ranged from 44.44% in 2023 to 47.12% in 2022,
while the maximum ranged from 54.46% in 2023 to 55.80% in 2021 (7able 2). The mean
starch content also showed minimal variation, with 51.58% in 2021, 51.76% in 2022, and
49.93% in 2023. The low variance (4.99 in 2021, 4.01 in 2022, and 3.85 in 2023), standard
deviation (2.23 in 2021, 2.00 in 2022, and 1.96 in 2023), and coefficient of variation
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(4.33% in 2021, 3.87% in 2022, and 3.93% in 2023) further support this stability,
implying that starch content is a relatively consistent trait in these barley genotypes
(Derakhshani, 2019; Raj et al., 2023; Yiblet et al., 2024).

The top-performing genotypes for starch content varied considerably across the three
years. z84 had the highest starch content in 2021 (55.8), while z1 led the list in 2022
(50.39), and z146 topped the list in 2023 (54.46) (Table 3). Few genotypes consistently
ranked high across all three years. The genotypic means for starch showed improvement
over the parental means in 2021 and 2023, with percentage differences of 10.17% and
12.01%, respectively. However, in 2022, the genotypic and parental means were nearly
identical. Genotypes z90 and z148 appeared in the top 10 in two of the three years. Starch
is the primary source of energy in barley grain. The observed fluctuations in starch content
across years could be due to variations in temperature and water availability during grain
fill. The lack of consistent high performers across years emphasizes the strong
environmental influence on starch accumulation (Yang et al., 2013; Xue et al., 2016).

p-glucan (BG)

B-glucans in barley grain are valuable dietary fibers with demonstrated health benefits,
such as lowering cholesterol. Higher BG content in barley grain enhances its nutritional
profile and potential for use in functional foods. The ANOVA revealed highly significant
(p < 0.01) effects of year and genotype on BG content (Table I). This demonstrates that
BG content is subject to both genetic and environmental control. The non-significant (ns)
year-by-genotype interaction indicates that the relative BG content of the genotypes was
consistent across the three years. BG content displayed substantial variability across the
three years. The minimum BG content ranged from 3.60 in 2023 to 3.90 in 2022, while
the maximum ranged from 10.86 in 2023 to 13.05 in 2021 (7able 2). The mean BG
content also varied, with 9.29 in 2022, 9.01 in 2021, and 6.79 in 2023. The high variance
(2.80 in 2021, 2.13 in 2022, and 2.31 in 2023), standard deviation (1.67 in 2021, 1.46 in
2022, and 1.21 in 2023), and coefficient of variation (18.56% in 2021, 15.70% in 2022,
and 17.80% 1n 2023) underscore the significant variability in BG content, indicating a
strong influence of genotype and/or environmental factors on the accumulation of this
compound (Hambira, 2010; Zeng et al., 2020; Niazi et al., 2022).

Genotype z9 exhibited the highest BG content in 2021 (13.05), while z192 led in 2022
(12.54), and z189 had the highest BG content in 2023 (10.86) (Table 3). While some
genotypes appeared in the top 10 for multiple years, the overall ranking and the range of
BG values within the top 10 varied considerably. The genotypic means for BG were
substantially higher than the parental means across all years, with percentage differences
ranging from 18.59% to 52.31%. Genotypes z11, z4, and z189 were present in the top 10
for at least two of the three years. BG are valuable dietary fibers. The significant variation
observed in BG content highlights the complex interaction between genotype and
environment. Environmental factors like temperature and water stress during grain
development can influence BG synthesis (Derakhshani et al., 2020; Martinez-Subira et
al., 2020; Eid et al., 2024).

Fatty acid (FA)

Fatty acid content in barley grain contributes to its overall nutritional composition and
can influence its stability during storage. FA profiles are important considerations for feed
and food applications. Year had a highly significant (p < 0.01) effect, and genotype had
a highly significant effect on FA content, indicating that FA content is influenced by both
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genetic and environmental factors (7able I). The non-significant (ns) year-by-genotype
interaction suggests that the relative ranking of genotypes for FA content remained
consistent across the three years. FA content exhibited considerable relative variation,
despite the low absolute values. The minimum FA content showed a dramatic drop in
2022 (0.08) compared to 2021 (0.60) and 2023 (0.38). While the maximum FA content
remained relatively consistent, ranging from 1.84 in 2023 to 1.95 in 2021, the mean FA
content varied, with 1.10 in 2021, 1.01 in 2022, and 0.90 in 2023 (7able 2). The high
coefficient of variation (17.24% in 2021, 18.84% in 2022, and 18.95% in 2023), coupled
with the low means, emphasizes the importance of considering this trait carefully, as even
small changes in FA content could be proportionally significant (Derakhshani et al., 2020;
Friero et al., 2024; Yiblet et al., 2024).

Genotype z95 had the highest FA content in 2021 (1.95), while z61 topped the list in
2022 (1.85), and z167 led in 2023 (1.84). Similar to the other traits, the top-performing
genotypes for FA varied across the years. The genotypic means for FA were consistently
higher than the parental means, with percentage differences ranging from 36.89% to
121.05% (Table 3). This indicates substantial improvement in FA content in the RIL
population compared to the parents. This contribute to the nutritional profile and storage
stability of barley grain. The large percentage differences between the RILs and the
parents suggest that the RIL population is enriched with genotypes carrying alleles that
promote higher FA accumulation (Martinez-Subira et al., 2020; Ahsan et al., 2024).

Protein

Protein content in barley grain is a crucial factor for its nutritional value, especially
when used for food or animal feed. Protein levels influence malting quality for brewing
and are important in determining market value. In this study, year and genotype both had
significant (p < 0.05) effects on protein content, signifying the complex interplay of
genetic and environmental factors in determining protein levels (7able ). The non-
significant (ns) year-by-genotype interaction suggests that the relative protein content of
the genotypes remained consistent across the three years. Protein content showed
moderate variability across the three years. The minimum protein content ranged from
14.44 in 2022 to 17.22 in 2023, while the maximum ranged from 21.52 in 2022 to 23.81
in 2023 (Table 2). The mean protein content was highest in 2023 (20.18) and lowest in
2022 (17.56). The moderate variance (2.01 in 2021, 1.99 in 2022, and 1.56 in 2023),
standard deviation (1.42 in 2021, 1.41 in 2022, and 1.25 in 2023), and coefficient of
variation (7.69% in 2021, 8.03% in 2022, and 6.19% in 2023) suggest that protein content
is influenced by both genotype and environment, though to a lesser extent than Tac or BG
(Hambira, 2010; Martinez-Subira et al., 2020; Nowak et al., 2023).

Genotype z104 had the highest protein content in 2021 (22.43), while z174 led in 2022
(21.52), and z108 topped the list in 2023 (23.81). The parental line ZGMLEL(P1)
appeared in the top 10 for all three years, though its ranking varied (7able 3). The
genotypic means for protein were consistently higher than the parental means across all
years, with percentage differences ranging from 10.50% to 14.71%. Genotypes z79 and
799 also appeared in the top 10 for all three years. Protein content is a crucial nutritional
parameter. The relatively consistent performance of z79 and z99 genotypes across years
suggests a degree of genetic control over protein accumulation. Nitrogen availability in
the soil is a key environmental factor known to influence protein content in grains (Yang
et al., 2019; Victoria et al., 2023; Eid et al., 2024).
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The current results of ANOVA indicated that while the absolute levels of each trait
might change from year to year (due to the significant year effect), the relative ranking of
the genotypes for each trait remained consistent across the three years. This is important
information for breeders, as it suggests that selection for these traits can be effective, even
if the absolute values are influenced by the environment. Based on their consistent
performance and significant improvement over the parental means across multiple traits
and years, several genotypes emerge as promising candidates for future breeding
programs. Genotypes z79 (high Tac, protein), z11 (high amylose, BG), z95 (high Tac,
FA), z146 (high moisture, starch), and ZGMLEL(P1) (consistent protein) demonstrate
desirable characteristics for multiple traits. These genotypes, particularly z79, combine
high levels of valuable components like anthocyanins and protein, making them
especially attractive for developing nutritionally enhanced barley varieties. Further
investigation of these genotypes, including genetic analysis, would be beneficial to fully
understand their potential for barley improvement (Adriana et al., 2015; Xue et al., 2016;
Yiblet et al., 2024).

Correlation analysis

The correlation analysis of the studied traits over three years (2021, 2022, and 2023)
reveals dynamic relationships among biochemical components in the samples 7able 4 and
Figure 1. The variations in correlation values across years suggest environmental or
genetic influences on trait associations. The Figure I (A, B, and C) presented a correlation
matrix in the form of a pie chart correlation plot, which visualized the relationships
between several key biochemical traits in barley. The color gradient scale at the bottom
of Figure 1 provided a visual representation of the Pearson correlation coefficients
between different pairs of traits. Red shades signified negative correlations, indicating
that as one trait increased, the other tended to decrease. In contrast, blue shades indicated
positive correlations, where an increase in one trait was accompanied by an increase in
the other. The intensity of the color correlated with the strength of the correlation: darker
shades denoted stronger correlations, while lighter shades indicated weaker relationships.
The scale spanned from -1 (indicating a perfect negative correlation) to +1 (indicating a
perfect positive correlation), with 0 representing no correlation at all.

Each pie chart within the matrix represented the Pearson correlation coefficient
between two traits, offering a visual summary of the relationship between them. The filled
portion of each pie chart reflected the strength of the correlation: a larger filled area
corresponded to a stronger correlation. The color of the filled area indicated the direction
of the correlation, with red representing negative correlations and blue representing
positive correlations. The pie charts were organized in a symmetrical matrix, with each
pair of traits compared only once. The lower triangular portion of the matrix was shown
for all the studied traits.

Total anthocyanin (Tac) exhibited a negative correlation with moisture and amylose,
but the significance of these associations weakened over time. A strong negative
correlation was consistently observed between Tac and starch (r = -0.74** in 2021 and
2022; -0.51** in 2023), suggesting that increased starch content may suppress
anthocyanin biosynthesis (Table 4). Tac showed no significant relationship with B-glucan
(BG) or fatty acids (FA) across years. However, it maintained a strong positive correlation
with protein (r = 0.69** to 0.43**), indicating a potential link between protein
accumulation and anthocyanin synthesis (Hambira, 2010; Derakhshani et al., 2020; Eid
et al., 2024). Moisture content correlated positively with amylose, starch, BG, and FA
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during 2021 and 2022, but these relationships weakened or became non-significant in
2023. In contrast, moisture showed a consistent negative correlation with protein across
all years (r ranging from -0.30* to -0.13ns), suggesting that higher moisture may reduce
protein content (Han et al., 2018; Oluwajuyitan et al., 2021; Eid et al., 2024).

Table 4. Correlation among studied traits for the experiment conducted during the years 2021,
2022 and 2023

Traits Year |Total Anthocyanin| Moisture | Amylose | Starch | p-glucan | Fatty acid
2021 -0.25%
Moisture 2022 -0.03ns
2023 -0.01ns
2021 -0.18* 0.22%*
Amylose 2022 -0.17* 0.20*
2023 -0.12ns -0.12ns
2021 -0.74%%* 0.22% 0.13ns
Starch 2022 -0.74%%* 0.17* 0.24*
2023 -0.51%%* 0.25% 0.35%*
2021 -0.08ns 0.17* 0.34* 0.17*
B-glucan 2022 0.03ns 0.21* 0.30%* 0.09ns
2023 -0.08ns 0.04ns 0.34%* 0.27*
2021 0.13* 0.49%* -0.27* -0.04ns | -0.37*
Fatty acid | 2022 -0.02ns 0.42%* -0.06ns 0.12 -0.55%*
2023 0.08ns 0.08ns 0.24* -0.18%* 0.08ns
2021 0.69** -0.30%* -0.39%* -0.90%* | -0.25* 0.02%**
Protein 2022 0.64** -0.24%* -0.53* -0.85* | -0.05ns -0.20%*
2023 0.43%* -0.13ns -0.53%* -0.82%* | -0.25%* -0.07ns

Pearson correlation coefficients among functional grain traits in 195 barley genotypes measured over
three years (2021-2023). Traits include total anthocyanin (Tac), moisture, amylose, starch, B-glucan
(BQG), fatty acid (FA), and protein. Significance levels: *p < 0.05, **p < 0.01, ns = non-significant
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Figure 1. Correlation Matrix of Key Biochemical Traits in Barley. This figure illustrates the
relationships between seven functional traits, as assessed in the 2021, 2022 and 2023
experiment mentioned in Figure A, B and C respectively. The matrix is composed of pie charts
representing the Pearson correlation coefficients between each pair of traits, with color
intensity indicating the strength and direction of correlations. Red shades indicate negative
correlations, while blue shades indicate positive correlations. Larger filled portions of the pie
charts signify stronger correlations. The lower triangular portion of the matrix is shown to
avoid redundancy
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Amylose was positively correlated with starch and BG throughout the study, with the
strongest correlation (r = 0.35**) recorded in 2023. Its relationship with FA shifted from
negative in 2021 (r = -0.27*) to positive in 2023 (r = 0.24*), while its association with
protein remained strongly negative across years (r = -0.39** to -0.53**) (Mohamed et al.,
2010; Afzal et al., 2013; Xiong et al., 2022; Graton et al., 2024). Starch showed strong
negative correlations with Tac and protein throughout, while its positive association with
amylose strengthened over time. It exhibited weak and inconsistent correlations with BG
and FA, indicating environmental or genotypic modulation of these traits (Zeng et al.,
2020; Niazi et al., 2022; Yiblet et al., 2024).

BG demonstrated a consistent positive correlation with amylose and a variable
relationship with starch. It was negatively associated with FA in 2021 and 2022 but not
in 2023, and its correlation with protein was weak and only significant in 2023 (Martinez-
Subira et al., 2020; Loskutov and Khlestkina, 2021; Rawat et al., 2023). FA content was
positively correlated with moisture and showed a dynamic relationship with amylose and
starch—changing from negative to positive correlations over the three years. Its
association with BG was negative in the first two years but disappeared in 2023.
Correlations with protein were weak and inconsistent across all years (Han et al., 2018;
Yang et al.,, 2019; Geng et al., 2022). Protein content was strongly and positively
associated with Tac, while maintaining significant negative correlations with starch,
amylose, and moisture. Its relationships with BG and FA were weaker and more variable,
suggesting these traits are less tightly linked with protein accumulation (Irshad et al.,
2024; Teoh et al., 2024).

One of the key findings from the correlation analysis is the consistently strong negative
relationship between starch and protein content across all study years. This inverse
association suggests that an increase in starch accumulation comes at the expense of
protein synthesis, indicating a competitive allocation of carbon and nitrogen resources
during grain development (Thabet et al., 2022; Kukoeva et al., 2024). From a breeding
perspective, this trade-off highlights the challenge of simultaneously optimizing yield-
related traits (like starch) and nutritional quality (such as protein content). A similar and
persistent negative correlation was observed between starch and total anthocyanin (Tac),
reinforcing the notion that genotypes favoring starch deposition may suppress
anthocyanin biosynthesis—compounds associated with antioxidant and defense functions
(Hosseinian et al., 2008; Iannucci et al., 2021). Selecting for high-starch lines, therefore,
must be carefully balanced to avoid compromising antioxidant potential and grain
pigmentation.

Moisture content showed a weakening negative correlation with Tac over time, with
the strongest relationship detected in 2021. This temporal pattern suggests that
anthocyanin accumulation may have been more sensitive to specific environmental
factors—such as humidity and temperature—during that year. Additionally, moisture was
positively associated with starch and amylose in the earlier years but less so in 2023,
implying that the influence of water availability on carbohydrate synthesis is modulated
by seasonal variation and genotypic response (Hosseinian et al., 2008; Eid et al., 2024).
The consistently positive correlation between amylose and B-glucan (BG) across all years
implies shared biosynthetic regulation, likely due to their mutual role in dietary fiber
content and functional food properties. This is promising for breeders aiming to enhance
health-promoting components, as selecting for higher amylose content may
simultaneously increase BG levels—a valuable trait in improving cereal-based functional
foods (Derakhshani, 2019; Thabet et al., 2022). On the other hand, amylose exhibited a
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negative correlation with protein, indicating a resource allocation trade-off that limits the
simultaneous enhancement of both traits. Fatty acid (FA) correlations showed year-to-
year fluctuations, particularly in relation to moisture, amylose, and BG. In 2021, FA was
positively associated with moisture but negatively correlated with amylose and BG. These
relationships shifted in 2022 and 2023, reflecting the influence of both genetic expression
and environmental variability on lipid metabolism (Derakhshani, 2019; Zeng et al., 2020).
Such dynamics underscore the importance of evaluating biochemical traits over multiple
seasons to identify stable, heritable associations.

A consistently strong positive correlation between protein and Tac suggests that both
may be co-regulated by nitrogen availability or share metabolic pathways, offering an
opportunity to simultaneously improve nutritional value and antioxidant capacity through
selection (Jin et al., 2022). Conversely, the negative correlations of protein with starch,
moisture, and amylose reinforce the challenge of combining high yield with high
nutritional content. These trade-offs imply that selecting for high-starch genotypes may
unintentionally reduce levels of protein and anthocyanins, potentially affecting the grain’s
dietary quality (Ijaz et al., 2023; Kadege et al., 2024). The positive relationship between
amylose and BG highlights a synergistic target for improving dietary fiber content, while
the fluctuating associations between FA and other biochemical traits indicate the
necessity of genotype-by-environment interaction studies. Future research should explore
how variables like rainfall, temperature, and soil nutrients influence these correlations to
support more precise selection in breeding programs (Fatemi et al., 2023; Hejazi et al.,
2025). Overall, the findings underline the importance of a balanced breeding strategy that
enhances not only yield-related traits but also quality parameters such as BG and protein,
optimizing the nutritional and functional value of barley grains (Yang et al., 2013; Ahsan
et al., 2024; Eid et al., 2024). These insights are valuable for guiding breeding decisions
that align with both health-oriented food science and agricultural productivity goals.

Conclusion

This study provides key insights into the differences in nutrient functional composition
among various grain types in barley recombinant inbred lines (RILs). Significant genetic
and environmental effects were observed on Tac, moisture, amylose, starch, BG, FA, and
protein content, with genotype rankings remaining stable across years, making them
suitable for selection in breeding programs. Genotype z79 consistently exhibited high Tac
and protein levels, with a peak Tac content of 1.57 in 2023, a 94.22% improvement over
the parental mean. Moisture content remained stable (CV < 3%), while amylose
(15.00%-27.02%) and starch (~51%) showed moderate fluctuations. BG content varied
widely (3.60%—13.05%), indicating strong environmental influence. FA content showed
proportional variation (CV: 17.24%-18.95%), and protein reached its highest level
(23.81%) in 2023. Correlation analysis highlighted key trade-offs, with starch and protein
showing a strong negative correlation (-0.90** to -0.82**), while Tac was inversely
correlated with starch (-0.74** to -0.51**). Conversely, amylose and BG exhibited a
stable positive correlation (0.34** in 2023), making them promising targets for functional
food applications. Superior genotypes, including z79 (high Tac, protein), z11 (high
amylose, BG), and z95 (high Tac, FA), are ideal candidates for breeding programs. These
superior RILs could be strategically utilized in future breeding strategies to enhance
nutritional traits, with a focus on creating barley varieties that not only offer superior
nutrient profiles but also adapt well to varying environmental conditions, ultimately
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contributing to climate-resilient and nutritionally enhanced crops. Future studies should
explore environmental factors influencing these traits to further refine breeding
approaches.
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