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ABSTRACT
The use of barley (Hordeum vulgare L.) in Morocco is still limited to food and feed despite the 
amplified demand by local industries for imported malt. This study aims to evaluate 36 barley 
elite lines for major grain physicochemical parameters and malt quality traits. Analysis of variance, 
Pearson correlation, principal component analysis (PCA), and hierarchical cluster analysis (HCA) 
were performed. The results showed significant genotypic variation among genotypes for individual 
grain and malt traits. High broad sense heritability was obtained for all traits except for plump 
grain percentage, malt friability, and germination capacity. Starch, malt extract, Kolbach index, 
grain area, and test weight correlated significantly and negatively with barley protein. Malt extract 
correlated positively with Kolbach index and starch, but a negative correlation with soluble protein 
and malt protein was found. Based on 12 characters, 77% of the total genotypic variation was 
explained by the three first principal components following PCA and four clusters were depicted 
based on HCA. Genotypes of high interest with desirable levels of quality standards were identified 
to be used as a malt quality traits donor while designing crossing programs.

Introduction

Globally, barley (Hordeum vulgare L.) is ranked as the fourth 
largest cereal crop in terms of production after maize, rice, 
and wheat. It is also known as the ‘climate change crop’ 
and considered as the crop of choice amongst farmers due 
to its wide adaptability to abiotic stress, low labor inputs 
requirement, and yield stability.[1,2] Barley is grown on more 
than 48.8 million hectares (average 2010 to 2018) with an 
average production per year of 140.1 million tonnes 
(FAOSTAT 2020). Barley grain is used principally for animal 
feed (60–70%) and malt production (30–40%), while about 
5% and 2–4% goes for seed use and direct food use, 
respectively.[3]

The continuous rise in the annual requirement of barley 
for the malting industry has given this crop the status of 
an industrial crop.[4] The malt industry consumes approxi-
mately 22 million tonnes per year of malt. This malt is 
further used in beer production (about 50%), distillation 
(20-25%), energy drinks and baby foods (20–25%), and 
medicinal syrups and vinegar (5%).[2,3, 5]

Among the four commercial grass species, barley is the 
most preferred for malt, because of its high starch to protein 
ratio and because its husk protects the coleoptile during 
the germination process and helps in the filtration of wort. 
Furthermore, the firm texture of grains and its amylase 
activity makes it unique among cereals in terms of malt 
yield and brewing quality. The malting process involves 
soaking the barley grains in water (steeping), allowing the 
grains to germinate (germination), and then a drying stage 
(kilning).[6] During this process the cell walls and much of 
the stored proteins are digested, transforming the tough 
barley grain into readily friable malt. At the same time, the 
germination process allows for the synthesis and the mobi-
lization of several amylolytic enzymes that break down the 
cell walls and some of the protein and that convert the 
grain starch into fermentable sugars during the brewing 
process.[7]

In industrial applications, malting quality is an important 
factor in determining the quality of the manufactured prod-
ucts,[8] and varieties suitable for malting attract premium 
prices.[9] Therefore, breeding barley varieties with higher 
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malting quality for processing is an important goal. 
Nevertheless, varietal selection of malting barley is complex 
because of the wide range of desired quality requirements 
in addition to the various positive and negative correlations 
between quality traits as well as between these traits and 
agronomic characteristics.[5,10]

Despite the decline in barley production over the past 
three decades, worldwide beer production from barley has 
shown steady growth reflecting the rising use of barley in 
malting.[3] The industrial use of barley in malting and brew-
ing is also becoming popular in developing countries such 
as in West Asia and North Africa (WANA), due to the 
increased demand for both alcoholic and non-alcoholic 
drinks and other malt-based products. The International 
Center for Agricultural Research in the Dry Areas (ICARDA) 
holds the CGIAR consortium global mandate for barley 
breeding and serves the non-tropical dry areas. The increased 
demand for malting barley in the region can be considered 
an opportunity for creating new sources of additional 
income for local farmers offering premium prices for better 
grain quality.

The need for developing high yielding barley genotypes 
suitable for the WANA region to meet growing demand has 
pushed ICARDA to initiate breeding programs targeting 
malting barley for different countries. In past years, its bar-
ley breeding program in Morocco has given high priority 
to food and feed with limited investment in barley breeding 
for malt production, due to scarce interest in the country 
and the limited number of breweries. Until 1985, farmers 
had small contracts with brewing companies to produce 
barley for malting.[11] With growing urbanization and chang-
ing lifestyles, demand for malt products has increased in 
the last two decades. Beer represents 42% of alcoholic bev-
erages consumed per capita in Morocco[12] with an increas-
ing annual production from 49,400 to 149.649 tons from 
1990 to 2014 (FAOSTAT, 2020). Nowadays there are no 
malting barley varieties registered in the country and the 
cultivated ones are not meeting the minimum standards for 
various grain and malt traits for classification as malting 
grade barley. Local breweries therefore rely completely on 
imported malt for beer production. The development of 
high-yielding malt barley cultivars has thus become a neces-
sity to meet the industrial demand for malt in the country.

Providing malting varieties to boost the production of 
malt in the country will also provide an increased income 
to the farmers that usually grow barley. ICARDA germplasm 
has been used for malting in several countries such as 
Ethiopia, India, Lebanon, and Turkey. This study aimed to 
assess the malting quality of ICARDA elite lines derived 
from barley yield trials performed in Morocco to select the 
best genotypes to be used as donors in malt breeding pro-
grams and delivered to farmers across Morocco and 
North Africa.

Experimental

Plant material

A total of 36 two-row winter barley genotypes were derived 
from the ICARDA winter barley breeding program 

(Supplementary Table S1). The genotypes were sown in an 
α-lattice design with two replications and three genotypes 
‘Tarm92’, ‘Larende’ and ‘Ince04’ planted as a check. The 
material was assessed under rainfed conditions at the exper-
imental station of the National Institute of Agronomic 
Research (INRA) located in Annoceur, on the edge of the 
Middle Atlas in Morocco (33.667 N 4.850 W) during the 
2017-18 crop season. This station is located at 1350 m asl 
(above sea level) and is characterized by a hot summer 
Mediterranean climate, accordingly to Köppen classification 
with rocky limestone clay soil. The long-term average rainfall 
is 500 mm. The minimum temperature is −7° C and the 
maximum temperature is 40° C. Local agronomical practices 
were followed. The genotypes were harvested, and grain 
samples were evaluated for grain physicochemical parameters 
and malting quality traits at the ICARDA Quality Laboratory 
in Morocco.

Grain physicochemical parameters

Thousand-kernel weight (TKW; g) and hectoliter weight 
(HW; Kg hl−1) were measured. Different grain fractions were 
sorted and classified based on their plumpness using the 
Sortimat (M/s Pfeuffer GmbH, Germany). According to 
Analytica-EBC (2003),[13] the percentage of grains from two 
different fractions, plump (ranging from 2.8 mm to >2.5 mm) 
and thin (<2.2 mm) was used as a first criteria for germ-
plasm selection. Grain physical characteristics including the 
grain area (mm2), perimeter (mm), grain length (mm) and 
width (mm) were obtained through analyzed images using 
Grainscan software.[14] The images of random samples (250–
400 grains) were scanned using a flatbed scanner (CanoScan 
LiDE 220; Canon) as described by Kehel et  al.[15] Barley 
moisture, grain protein content (BP), and starch content 
(Starch) were determined by near-infrared spectroscopy 
(NIR, Infratec 1241, Foss).

Micromalting

Barley grain samples (100 g of plump grain) of each geno-
type were malted through an automatic micro-malting sys-
tem (M/s Phoenix Systems®, Australia) following a 16 h 
steeping, 76 h germination, and 30-32 h kilning cycle. 
Germination capacity (GC) was calculated after the first 
72 h of barley grain incubation. After the malting process, 
roots and shoots of the dry germinated grains were removed 
manually. The malt obtained from each genotype was stored 
at room temperature in plastic interlocking envelopes.

Malt quality analysis

Malt protein, soluble protein, malt extract content and 
malt friability
Malt protein (MP), soluble protein (SP) and the malt extract 
(ME) content of the different samples were determined by 
NIR (NIR, Infratec 1241, Foss). Results were recorded and 
expressed on a dry matter basis. The Kolbach index (KI) 
was calculated from the formula (% SP/% MP) x 100. The 
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physical quality of malt was measured by the friability of 
malted grains (MF) using a Friabilimeter device according 
to the official method.[13] The Friabilimeter crushes the 
malted grain between a rubber roller and a metal sieve. The 
friability is measured as the percentage of the powdered 
malt able to pass through the sieve.

The β-glucan, α-amylase, and free amino nitrogen 
content
Sample preparation was performed for both barley grain 
and malted barley following the protocol described by EBC 
(1987): 100 mg of the whole grain flour samples were mixed 
in a Pyrex test tube with 9.9 ml of distilled water and with 
100 μl of Termamyl α-amylase. Subsequently, the mixture 
was vortexed and incubated in boiling water for 1 h. 
Afterwards, the tubes were removed and placed in cold tap 
water and cooled to room temperature (5 to 10 min). Then, 
10 ml of sulphuric acid (0.075 mol.litre−1) was added to the 
tube and it was vortexed again. After incubation in boiling 
water for 10 min, the samples were again cooled to room 
temperature for 10 min. The samples were centrifuged at 
3000 rpm for 10 min and filtered through Whatman filters.

Mixed linkage (1 → 3, 1 → 4)-β-D-glucan or commonly 
known as β-glucan (BG) was measured in malt (MBG) and 
barley grain (BBG) samples using the Megazyme (Megazyme 
Ireland Ltd.) assay kit following the automated procedure.[16] 
α-Amylase (AAL) and free amino nitrogen (FAN) content 
of the malted grains were determined using the automated 
procedures SKALAR METHODS (2013)[17] and SKALAR 
METHODS (2005),[18] respectively.

Statistical analysis

Data were analyzed using analysis of variance (ANOVA) 
(α = 0.05). Pearson correlation coefficients were calculated 
between significant variables measured in this study and 
the results were plotted using the corrplot package[19] in R 
version 3.6.2.[20] The best linear unbiased estimations 
(BLUEs) of the genotypes were obtained by considering the 
genotypes as fixed effects, block and replication were con-
sidered as random effects. The principal component analysis 
(PCA) was conducted to determine the traits explaining the 
greater shared variation and to determine different groups 

of genotypes associated with major quality traits. To assess 
the level of similarity between the genotypes tested and to 
understand the relationships between them, a hierarchical 
cluster analysis (HCA) was performed based on recorded 
traits using Ward’s method by calculating the Euclidean 
distance. Both PCA and HCA were performed using the 
BLUEs and the data was scaled before the analysis. The 
plots were constructed using ggplot2 package[21] in R. 
Heatmap correlation (genotypes versus variables) was per-
formed on scaled data using pheatmap package version 
1.0.12 implemented in R software.[22]

Results

Grain quality analysis

A total of seven grain physical traits were recorded to deter-
mine seeds density, weight, and size and shape i.e., hectoliter 
weight, thousand kernel weight, percentage of plump grain, 
and seed area, length, width, and perimeter (Supplementary 
Table S2). Table 1 represents the results of the summary 
statistics, least significant difference at 0.05 (LSD), coefficient 
of variation (CV%), ANOVA expressed in mean square and 
the broad sense heritability of different grain physical 
parameters. A large variation in grain physical parameters 
was found within the genotypes studied. HW showed the 
highest CV followed by the percent of plump grain and 
TKW. On the other hand, seed size and shape traits showed 
the lowest values of CV%. The ANOVA revealed significant 
variation (p < 0.01) among genotypes for HW, seed length, 
and seed perimeter, and a highly significant variation 
(p < 0.0001) for TKW, seed area, and seed width.

Hectoliter weight values ranged from 28.80 to 41.50 Kg.
hl−1 with an average of 34.59 Kg.hl−1. TKW was found in 
the range of 40.64-55.30 g with an average of 47.35 g. 
Thirty-three genotypes showed a TKW higher than 45 g, 
with genotype YT-14 showing the highest value; while it 
was less than 45 g for genotypes YT-02, YT-03, and YT-01. 
The percentage of plump grain ranged from 71.6% to 98.6% 
with a mean of 89.88%. Out of 36 genotypes, 17 were found 
to have desirable values (>90%) for plump. The range of 
seed size traits varied between 18.05 to 22.85 mm2, 6.94 to 
8.23 mm, 3.30 to 3.74 mm, and from 22.13 to 25.84 mm for 
the seed area, length, seed width, and perimeter, respectively.

Table 1. Summary statistics, analysis of variance, least significant difference, coefficient of variation and broad-sense heritability for 
grains characteristics of different barley genotypes.
Parameter min. 1st Qu. median mean 3rd Qu. max. lSD cV mS h2

HW (kg/hl) 29 32.17 34.8 34.59 37 41.5 3.49 6.65 12.07** 0.54
TKW (g) 41 45.24 47.27 47.35 48.86 55.3 3.44 4.18 14.25*** 0.73
Plump grain (%) 72 86.02 90.9 89.88 95.12 98.6 5.73 4.97 31.28 ns 0.38
Seed area (mm2) 18 20.1 20.7 20.64 21.29 22.85 1.05 3.04 1.21*** 0.68
Seed length (mm) 7 7.36 7.56 7.55 7.73 8.23 0.33 2.8 0.11** 0.59
Seed width (mm) 3 3.42 3.49 3.5 3.56 3.74 0.09 1.4 0.01*** 0.82
Seed perimeter (mm) 22 23.29 23.77 23.82 24.3 25.84 0.95 2.48 0.91** 0.62
Barley protein (%) 8 9.7 10.65 10.66 11.33 13.53 1.44 7.51 1.88** 0.68
Starch content (%) 53 54.43 54.87 55.01 55.67 57.33 1.02 1.18 0.88* 0.54
Germination capacity (%) 73 92.34 95.52 94.31 97.54 100 3.9 4.99 25.62 ns 0.16

note: hw, hectoliter weight. tKw, thousand-kernel weight. min, minimum. 1st Qu, first quartile. 3rd Qu, third quartile. max, maximum. lSD, least significant 
difference at 5%. h2, Broad sense heritability. mS, mean square. cV, coefficient of variation. cV, coefficient of variation, *significant at p < 0.05, ** significant 
at p < 0.01, *** significant at p < 0.001.
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Summary statistics, LSD, CV%, ANOVA and broad-sense 
heritability of chemical characteristics of grain samples are 
shown in Table 1. Total protein content showed the highest 
CV% followed by germination capacity and starch content. 
Analysis of variance revealed a significant variation (p < 0.01) 
for grain protein and (p < 0.05) starch content. The BP had 
a heritability of 0.68, which is relatively higher compared 
to the heritability (0.54) of starch content and (0.16) ger-
mination capacity. The range of GC (at 72 h) varied from 
73.44% to 100% with an average of 94.31%. A desirable 
range of values (>95%) for GC indicates good seed viability 
and a good germination process. BP varied from 8.08% to 
13.53% with a mean of 10.66%. Desirable values (9-11%) 
of BP were obtained in 30 genotypes. The average of starch 
content was 55.01% with a maximum of 57.33% and a 
minimum of 52.56%. Out of 36 tested genotypes, 22 were 
in the desirable range of values (55-65%) for starch content.

Malt quality analysis

Malt quality parameters of 36 lines are summarized in 
Supplementary Table S2. Descriptive statistics, LSD, CV%, 
and ANOVA expressed as the mean square of malt traits 
are provided in Table 2. Analysis of variance revealed a 
significant variation (p < 0.05) for ME and (p < 0.01) for SP, 
MP, and KI. Whereas no significant variation was observed 
between genotypes for MF. The KI and SP had similar 
heritability of 0.72 and 0.71, which is relatively higher than 
the heritability of other malt traits such as MP (0.67) and 
ME (0.57), while MF had the lowest heritability (0.30) (Table 
2). MF ranged from 66% to 97.8% with a mean of 87.13%. 
Desirable MF (>80%) values were obtained in all genotypes 
except for 3 genotypes YT-02, YT-06, and YT-27, respec-
tively. ME values ranged from a minimum of 78.90 to a 
maximum of 84.70%. Furthermore, desirable values (>80%) 
of ME were obtained in all genotypes except YT-03. A wide 
range of variation was observed between barley genotypes 
for MP, SP, and KI. The SP ranged from 4% to 5.70% and 
the MP content from 9.3% to 12.8%. Overall, most of the 
genotypes fell in the desirable range of values for SP (<5%) 
and MP (9.5%- 12.5%) compared to the EBC standards. 
The KI values ranged from 37.27 to 49.46%, with a mean 
of 43.43%. The KI values of >45% were obtained in 9 gen-
otypes, furthermore, 24 genotypes were in the range of 

41-45%. Values of 35-41% were obtained in 3 genotypes 
(YT-06, YT-24 and YT-29).

After a first screening based on grain physical parameters 
(TKW, TW, and plump %) and malt traits such as MF, MP, 
SP, ME, and KI, the best 20 genotypes were shortlisted. 
Afterwards, selected entries were subsequently tested for 
further malting quality traits such as malt and grain 
β-glucan, α-amylase, and FAN content. Grain physicochem-
ical characteristics and malt quality parameters of the 20 
selected lines are provided in Supplementary Table S3. The 
results of descriptive statistics and analysis of variance are 
shown in Table 1. Grain β-glucan content ranged from 1.41% 
to 2.23% with a mean of 2.03%. In general, all genotypes 
could be selected for malting based on their grain β-glucan 
content, which met the desirable range values (<4%). The 
content of malt β-glucan decreased from the initial level 
after the malting process and ranged from 0.73% to 0.8%. 
The results of the FAN content indicated a mean of 174.4 
(mg N/l) and a range of 149.3 − 211.8 (mg N/l) . FAN values 
of (>180 mg N/l) were obtained in 6 genotypes, namely 
YT-30, YT-04, YT-08, YT-05, YT-15 and the check Turkish 
malt barley cultivar Larende. Malt β-glucan showed the 
highest CV% (42.75%) followed by FAN (8.64%) and barley 
β-glucan (7.46%), while no significant variation amongst 
selected genotypes was obtained for these traits. The analysis 
of variance showed a highly significant (p < 0.001) variation 
between malted genotypes for α-amylase content. The AAL 
values varied from 96.42 to 212.78 (U/g) indicating a wide 
range among genotypes for this trait. The check cultivars, 
Larende and Ince04, showed the highest and the lowest AAL 
content, respectively. In addition to Larende, only 2 geno-
types (YT-05 and YT-25) showed desirable values (> 150 U/g) 
of α-amylase content.

Correlation between grain physicochemical 
parameters and malt quality traits

The Pearson correlations between significant traits that affect 
malting quality are shown in Figure 1. Correlation analysis 
among grain physical parameters revealed seven significant 
positive correlations. HW was correlated with Width, TKW 
was highly correlated with Area, and Width. Furthermore, 
Area was highly correlated with Length, Width, and 
Perimeter. The association between grain physical and 

Table 2. Descriptive statistics, least significant difference at 5%, coefficient of variation, analysis of variance and broad-sense heritability 
of malt quality traits of different malted genotypes.
Parameter n min. 1st Qu. median mean 3rd Qu. max. lSD cV (%) mS h2

Malt friability (%) 36 66 84.1 89.4 87.13 93.3 97.8 7.05 7.05 66.36 ns 0.3
Malt extract (%) 36 78.9 81 82 81.82 82.72 84.7 1.49 1.11 1.77* 0.57
Soluble protein (%) 36 4 4.4 4.6 4.65 4.9 5.7 0.4 4.57 0.14** 0.71
Malt protein (%) 36 9.1 10.05 10.8 10.74 11.32 12.8 1.05 5.37 0.90** 0.67
Kolbach index (%) 36 37.27 42.11 43.26 43.43 44.81 49.46 2.9 3.49 8.55** 0.72
Barley β-glucan (%) 20 1.41 1.97 2.07 2.03 2.15 2.23 – 7.46 0.02 ns –
Malt β-glucan (%) 20 0.73 0.75 0.76 0.76 0.77 0.8 – 42.75 0.00 ns –
FAN (mg N/ml) 20 149.3 161.3 172.9 174.4 187 211.8 – 8.64 227.12 ns –
AAL (U/g) 20 96.42 110.32 135.1 138.4 156.47 212.8 – 13.43 345.5*** –

note: fan, free amino nitrogen. aal, α-amylase. n, number of genotypes (36 is the total number of tested genotypes, 20 is the number of selected genotypes). 
min, minimum. 1st Qu, first quartile. 3rd Qu, third quartile. max, maximum. lSD, least significant difference at 5%. h2, Broad sense heritability. mS, mean 
square. cV, coefficient of variation. *, significant at p < 0.05, **, significant at p < 0.01, ***, significant at p < 0.001.
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chemical parameters revealed that BP was negatively cor-
related with HW, Area, and Perimeter. Whereas starch 
showed a significant positive correlation with HW. 
Furthermore, Starch had a relatively high negative correla-
tion with BP. Among malt traits, MP was positively cor-
related with SP, while negatively correlated with ME and 
KI. Moreover, ME was correlated negatively with SP and 
positively with KI. The association between grain physico-
chemical parameters and malt traits revealed that MP was 
negatively correlated with Perimeter, Length, and Starch, 
while positively correlated with BP. Similarly, SP showed a 
positive correlation with BP and a negative correlation with 
Starch. ME was correlated positively with Starch and neg-
atively with BP. Moreover, KI showed a significant negative 
correlation with BP.

Multivariate analysis

Principal component analysis
The principal component analysis (PCA) based on the sig-
nificant grain physicochemical parameters and malt traits 

showed that the first three-axes of the PCA explained 38.9%, 
21%, and 17.2% of the genotypic variation, respectively. The 
correlation and the contribution (in percentage) of each 
trait to the first three principal components are provided 
in Table 3. The first principal component (PC1) was pos-
itively correlated with Grain Area, ME, Starch to a lesser 
extent to Grain Length, Grain Perimeter and KI. At the 
same time, PC1 was largely and negatively influenced by 
BP, MP, and SP. The second principal component (PC2) 
was positively and highly associated with Grain Perimeter, 
Grain Length, and Grain Area, while negatively correlated 
with Starch content. The third principal component (PC3) 
was positively and highly associated with Grain Width, 
TKW and HW. Biplot of PCA (Figure 2) showed that the 
evaluated genotypes can be grouped into four clusters. PC1 
showed clear variability contributed from BP, MP, SP, ME, 
Starch, and Grain Size parameters. Cluster 1 was charac-
terized by genotypes with a high barley protein and malt 
protein, which was negatively correlated with cluster 2, 
which reflects the dominance of ME, Starch, HW and KI. 
The PC2 showed clear differences among genotypes from 

Figure 1. Pearson correlations coefficient among measured traits. Positive correlations are displayed in blue and negative correlations 
in red. the intensity of the color and the size of the circles are proportional to the correlation coefficients. the color legend shows 
the correlation coefficients and the corresponding colors. thousand kernel weight (tKw), hectoliter weight (hw). Percentage of plump 
grains (Plump). Seed area (area), Seed length (length). Seed width (width). Seed perimeter (Perimeter). Barley protein (BP). Starch 
content (Starch). malt extract (me). malt protein (mP). Soluble proteins (SP). Kolbach index (Ki). *significant at p < 0.05, ** significant 
at p < 0.01, *** significant at p < 0.001.
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cluster3 and cluster4 based on SP, Grain Perimeter, Length, 
Area, TKW and HW.

Hierarchical cluster analysis
The result of the PCA was verified by an agglomerative 
hierarchical clustering using Ward’s method based on 
Euclidian distance. It shows the presence of four distinct 
clusters comprising the same cultivars that are at par with 
the PCA biplot. The clustering dendrogram coupled cross 
information of 36 genotypes is given in Figure 3. The mean, 
minimum, maximum, and standard deviation values of each 
trait in each of the four clusters are presented in Table 4. 
The first cluster grouped four barley genotypes; this group 
of genotypes showed high values of BP, MP and SP, and 

low values of HW, TKW, grain size parameters, starch, and 
ME. The second cluster was represented by 8 genotypes 
with high ME, KI, Starch, HW and low values of BP and 
MP. The third cluster combined 13 genotypes including the 
check Ince04. Genotypes falling in this group showed high 
values of SP, Perimeter, Length, and grain Area. The fourth 
cluster grouped 11 genotypes with optimum values of most 
of the traits and low KI and grain area compared to the 
other clusters. Furthermore, genotypes sharing similar ped-
igree were also grouped in the same cluster. The sister lines 
(YT-09, YT-07) and (YT-33, YT-34) were grouped in cluster 
2. The third cluster grouped the sister lines (YT-10, YT-11), 
(YT-30, YT-31), and (YT-27, YT-28). Out of 13 genotypes, 
5 genotypes (YT-26, YT-31, YT-30, YT-27, and YT-28) share 
the cross (24569/5/F2//Radical/Karat/3/Radical/4/Xemus) in 

Figure 2. Biplot of the first two dimensions (Pc1 and Pc2) of the principal component analysis (Pca) for the 36 genotypes based on 
their significant physicochemical and malt traits. the clusters were obtained by the hierarchical cluster analysis using ward’s method 
by calculating the euclidean distance. Variables contribution to explained variation (Var.contrib). hectoliter weight (hw), thousand 
kernel weight (tKw), seed area (area), seed length (length), seed width (width), seed perimeter (Perimeter), barley protein (BP), grain 
starch content (Starch), malt protein (mP), soluble protein (SP), malt extract (me), Kolbach index (Ki).

Table 3. correlation and the contribution (%) of studied traits to the first three principal components of the principal component 
analysis.

trait

correlation contribution (%)

Pc1 Pc2 Pc3 Pc1 Pc2 Pc3

HW 0.35 −0.47 0.49 2.58 8.79 11.42
TKW 0.44 0.29 0.73 4.20 3.33 25.79
Area 0.66 0.65 0.30 9.31 16.67 4.41
Length 0.54 0.72 −0.34 6.34 20.55 5.58
Width 0.37 0.10 0.87 2.93 0.41 36.75
Perimeter 0.53 0.75 −0.31 5.94 22.39 4.50
BP -0.90 0.29 0.11 17.48 3.40 0.55
Starch 0.60 -0.52 0.12 7.70 10.86 0.70
MP -0.89 0.27 0.28 16.89 2.87 3.67
SP -0.61 0.42 0.24 7.89 6.85 2.77
ME 0.76 −0.29 −0.27 12.50 3.22 3.47
KI 0.54 0.13 −0.09 6.23 0.67 0.39

note: Pc1, first principal component. Pc2, second principal component. Pc3, third principal component. hw, hectoliter weight. tKw, thousand kernel weight. 
area, seed area, length, seed length. width, seed width. Perimeter, seed perimeter. Plump, percentage of plump grain. BP, barley protein. Starch, starch 
content. mP, malt protein. SP, soluble protein. me, malt extract. Ki, Kolbach index.
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their selection history. This cross was also shared by 4 gen-
otypes in group 4 (YT-06, YT-29, YT-16 and YT-05).

Selection of the best malting genotypes

Hierarchical clustering and Heatmap of grain physicochem-
ical characteristics and malt quality traits in the 20 selected 

genotypes were performed on scaled data. The clustering 
of individuals was done based on seven variables using 
Euclidean distance, while clustering of variables was done 
based on the Pearson correlation between them. The hier-
archical clustering and Heatmap (Figure 4) show three dis-
tinct clusters for entries based on two physical parameters 
and five malt traits. The first main cluster contained 8 

Figure 3. Dendrogram of 36 barley genotypes based on twelve grain and malt quality parameters. Pedigree information of each 
genotype plotted on the left vertical axis.

Table 4. mean value, minimum, maximum, and standard deviation of grain physicochemical and malt quality traits in the four clusters 
of 36 barley genotypes.
cluster Statistics hw tKw area length width Perimeter BP Starch mP SP me Ki

I Mean 35.93 47.60 21.06 7.72 3.49 24.24 9.59 55.45 9.81 4.46 82.84 45.71
Max 40.08 50.23 22.05 7.92 3.56 25.09 10.09 56.90 10.37 4.74 84.44 47.22
Min 31.87 43.72 20.49 7.50 3.38 23.33 8.97 54.88 9.19 4.30 81.71 43.28
SD 2.73 2.05 0.54 0.16 0.06 0.61 0.45 0.67 0.33 0.16 0.83 1.17

II Mean 32.73 44.27 19.36 7.24 3.42 22.90 12.19 54.38 11.88 5.02 80.42 42.37
Max 33.85 45.42 19.59 7.31 3.49 23.07 12.88 55.12 12.34 5.37 81.32 43.64
Min 31.69 43.37 18.86 7.18 3.35 22.76 11.55 54.10 11.49 4.79 79.24 41.17
SD 1.13 1.00 0.34 0.07 0.06 0.17 0.55 0.49 0.40 0.25 0.87 1.18

III Mean 32.94 47.93 21.16 7.75 3.49 24.43 11.20 54.35 11.14 4.78 81.13 42.71
Max 36.41 54.17 22.30 7.94 3.68 24.96 12.94 55.15 12.40 5.22 81.69 44.60
Min 30.46 45.36 20.47 7.64 3.41 23.95 10.41 53.77 10.27 4.33 80.20 41.22
SD 1.77 2.94 0.57 0.09 0.08 0.29 0.92 0.46 0.62 0.30 0.55 1.08

IV Mean 35.32 47.70 20.41 7.41 3.52 23.42 10.58 55.32 10.78 4.59 82.03 42.65
Max 38.55 53.48 21.30 7.70 3.65 23.93 11.60 56.08 11.73 5.04 83.28 46.84
Min 31.11 44.75 19.33 7.09 3.32 22.51 9.57 54.65 10.01 4.10 80.80 37.95
SD 2.13 2.78 0.61 0.16 0.09 0.36 0.57 0.45 0.43 0.27 0.67 2.52

Total Mean 34.59 47.35 20.64 7.55 3.50 23.82 10.67 55.01 10.75 4.65 81.83 43.40
Max 40.08 54.17 22.30 7.94 3.68 25.09 12.94 56.90 12.40 5.37 84.44 47.22
Min 30.46 43.37 18.86 7.09 3.32 22.51 8.97 53.77 9.19 4.10 79.24 37.95
SD 2.45 2.67 0.78 0.23 0.08 0.68 1.02 0.70 0.78 0.30 1.04 2.21

note: hw, hectoliter weight. tKw, thousand kernel weight. area, seed area, length, seed length. width, seed width. Perimeter, seed perimeter. BP, barley protein. 
Starch, starch content. mP, malt protein. SP, soluble protein. me, malt extract. Ki, Kolbach index. min, minimum. max, maximum. SD, standard deviation.
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genotypes, which were characterized by a higher percentage 
of plump grain and lower ME values than the other clusters. 
The second cluster grouped 4 genotypes including the best 
control Larende. Genotypes belonging to this group showed 
higher AAL, FAN and moderately lower values of KI. The 
third cluster contained 8 genotypes characterized by high 
values of ME, MF, KI, and low values for Plump and AAL 
compared to the first and second clusters. The heat maps 
showed the potential of genotypes with high or low values 
for individual traits. Regarding variables, three distinct clus-
ters were identified with MF, ME, and KI clustering in one 
group. AAL, FAN, and HW clustered in a second group 
and Plump Grain in a third group.

A weighted score was given to each selected genotype 
based on important parameters for the malt industry includ-
ing HW, Plump %, MF, ME, KI, FAN (AAL was also 
included) (Table 5) as per Kumar et  al.[23] in order to select 
performant genotypes that could be useful sources for barley 
improvement for the malt segment. Based on the weighted 
score of the seven parameters, 21 was the highest possible 
score. Out of the 20 selected lines, only the genotype YT-05 
(19/21) exceeded the best check Larende (17/21). 
Furthermore, the genotypes YT-04 and YT-30 were similar 
to the best control despite having a higher HW and a lesser 
AAL than the best check Larende. These 3 genotypes ful-
filled all quality parameter standards.

Discussion

The worldwide demand for malting barley is rising to meet 
industrial requirement for malting purposes.[24] Barley pro-
duction requires breeding programs to provide varieties 
combining efficient production characteristics and quality 
attributes suited to barley end uses.[25] This study aimed to 
assess the malting quality of elite lines derived from the 
ICARDA winter barley breeding program and to select suit-
able lines for malting that could be delivered to ICARDA’s 
NARS partners. Malting quality is a complex phenotype 
genetically determined by a large number of interrelated 
components, which are expressed prior to and during the 
malting process. In this regard, 36 genotypes were tested 
for important grain quality traits before malting and for 
malt quality traits after malting. Twenty genotypes were 
shortlisted based on important grain and malt parameters 
and were analyzed for further malt traits (BBG, MBG, AAL 
and FAN).

Grain and malt quality analysis

Results showed significant differences in both grain char-
acteristics and malt quality parameters among the tested 
genotypes. Grain weight and size are crucial components 
that affect barley yield and malt quality,[26] mainly specified 

Figure 4. heatmap and hierarchical clustering for physicochemical and malt quality traits in the 20 selected genotypes. genotype 
names on the vertical axis. Variables names on the horizontal axis. hectoliter weight (hw), percentage of plump grain (Plump), malt 
friability (mf), malt extract (me), Kolbach index (Ki), free amino nitrogen (fan), α-amylase (aal). Bright blue indicates lowest values 
while bright red indicates highest values for each trait.
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by three dimensions (length, width, and thickness) and the 
degree of filling.[27] Improving grain weight and size are 
important breeding goals for barley malting quality, thus 
breeders target high yielding genotypes with improved grain 
quality attributes such as plump and uniform grains, TKW, 
and HW. Two-rowed malting barley grains normally have 
a TKW ranging from 32 g to 44 g, while six-rowed barleys 
usually have values of around 30 g.[28] Large, plump, and 
uniform kernels are desired because they enable homogenous 
water uptake and modification. This study provides valuable 
information about the range of grain physicochemical 
parameters in the ICARDA winter barley program and the 
correlations existing between these traits. All grain size and 
weight traits had a broad-sense heritability over 50%, except 
for the percent of plump grain (38%), indicating that the 
phenotypic variance on grain size and weight in barley is 
mainly dominated by genetic effects. Fang et  al.[26] reported 
similar ranges for TKW and grain size parameters (area, 
width, length, and perimeter) and higher heritability. 
Significant variation was found for all size and weight traits 
tested except for the percent of plump grain. Most of the 
tested lines fulfilled the standard values for TKW (>45 g), 
and percent of plump grain (>90%).

Barley for malting requires a low protein content and a 
high starch content to maximize the potential for an 
extracted yield.[29] Generally, higher protein content is asso-
ciated with shriveled grains due to the negative relationship 
between grain protein and starch content. Genotypes in the 
desirable range (9-12%) of protein and starch (>50%) were 
observed. Barley with high protein (>13%) gave poor endo-
sperm modification and a reduced level of malt extract, 
while a low protein content (<9.5%) can compromise the 
enzyme levels[30] necessary to modify the barley endosperm, 
to break down the starch, and to ensure good yeast amino 
acid nutrition during the brewing process.[5, 25]

Germination is probably the most important quality 
requirement for malting. Barley grain must have the ability 
to germinate rapidly and synchronously to produce a homo-
geneous malt product. The failure of barley grain to ger-
minate at an acceptable level (>95%) will directly affect the 
enzymatic activity, as well as cell-wall breakdown in the 
endosperm, and protein solubilization[25] and thus can cause 
problems during the malting process, which can negatively 
impact the brewing performance.[25, 31,32]

Malt quality traits including MP, SP, ME, and KI were 
found to be significant except for MF, which showed a lower 
heritability (30%). The phenotypic variation between tested 
genotypes for MP, SP, KI, and ME was mainly determined 
by the genetic effects as indicated by the medium to high 
broad sense heritabilities of 67%, 71%, 72%, and 57%, 
respectively. MF measures the modification of starchy endo-
sperm during the malting process. ME is one of the key 
parameters for the selection of good quality malt,[4] and it 
is considered a complex trait and is influenced by environ-
mental factors, with several genetic and biochemical com-
ponents affecting the final level. This includes row type, 
husk thickness, grain size, protein, starch, non-starch poly-
saccharides, and enzyme production, in addition to the effect 
of the malting process.[25] Out of 36 genotypes, over 90% 
of genotypes fulfilled the value of the standards (>80%) for 
ME and only three lines were not in the desired range for 
MF (>80%).

The protein content in malted grains decreased slightly 
after malting compared to the unmalted grains, while 
increasing in some of the lines. Fox et  al.,[33] reported that 
the variation of protein content after malting is related to 
the initial content of barley protein, the method of malting, 
and it is highly dependent upon the proteinase activity 
during the malting process. The increase of protein after 
malting could be related to the release of more soluble 

Table 5. weighted score for selected genotypes based on seven quality traits as described by Kumar et  al.[23] (free amino nitrogen 
and alpha-amylase included).
genotype hw Plump mf Ki me fan aal total (21)

YT-09 1 2 3 2 3 1 0 12
Ince04 1 3 3 3 3 0 0 13
YT-28 1 1 3 3 3 2 0 13
YT-16 1 2 3 3 3 1 0 13
YT-10 1 3 3 2 3 1 0 13
YT-06 1 2 3 2 3 1 1 13
YT-18 2 3 3 2 3 1 0 14
YT-33 2 1 3 3 3 2 0 14
YT-19 1 3 3 3 3 2 0 15
YT-11 1 3 3 3 3 1 1 15
YT-25 1 1 3 2 3 2 3 15
YT-13 2 3 3 3 3 2 0 16
YT-08 1 3 3 3 3 3 0 16
YT-22 2 3 3 3 3 2 0 16
YT-24 2 2 3 3 3 2 1 16
YT-15 2 2 3 3 3 3 0 16
YT-04 2 3 3 3 3 3 0 17
YT-30 2 3 3 2 3 3 1 17
Larende 1 1 3 3 3 3 3 17
YT-05 2 2 3 3 3 3 3 19
note: fan, free amino nitrogen (<160 = 0, 160-170 = 1, 170-180 = 2, >180 = 3). aal alpha amylase (<140 = 0, 140-150 = 1, 150-160 = 2, >160 = 3). hw, hectoliter 

weight (<30 = 0, 30-35 = 1, 35-40 = 2, >40 = 3). Plump = percent of plump grain (<80 = 0, 80-87 = 1, 88-92 = 2, >92 = 3). mf, malt friability (<45 = 0, 45-55 = 1, 
55-65 = 2, >65 = 3). Ki, Kolbach index (40-44% = 3, 35-39 & 45-49 = 2, 30-34 & 50-54 = 1, <30 & >54 = 0). me, malt extract (>80.0 = 3, 78-80 = 2, 76-78 = 1, 
<76 = 0).
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free amino acids. However, the difference is somewhat 
minor after malting, despite the internal changes from 
barley to malt.[32] The SP, derived from grain protein, pro-
duces various amino acids and small molecular peptides 
following degradation. The SP ratio to the total malt pro-
tein is known as the Kolbach index. This represents the 
degree of protein modification during malting and mash-
ing, as the greater the hydrolysis of proteins during malt-
ing, the more nitrogenous compounds will be soluble.[4, 26] 
Most of the tested genotypes fulfilled the standards values 
for MP (9.5-12.5%), SP (<5%) and KI (41-45%). Values of 
KI below 35% are indicative of insufficient malt disinte-
gration and reduced enzyme activity, resulting in a lower 
ME, protein turbidity, and wort filtration difficulties. Values 
of 41-45% indicate very good modification and values 
above 48% indicate excessive disintegration, which com-
promises the normal proportion of protein components 
and can result in accelerated yeast aging and a thin beer 
taste.[26] The KI of elite malt should therefore be controlled 
between 41 and 48%.[33]

Out of 36 genotypes, 20 were selected and analyzed for 
further malt quality traits. The α-amylase activity varied 
considerably among the selected genotypes, whereas no sig-
nificant variation was obtained for FAN, BBG and MBG. 
Most of the selected elite lines were in desirable average 
values of α-amylase activity (> 150 U/g). Amylolytic enzymes 
are a crucial component of malting barley due to their 
important role in good quality malt. Four starch degrading 
enzymes (α-amylase, β-amylase, limit dextrinase, and 
α-glucosidase) are identified as active during germination 
and mashing.[25] The diastatic power of malt represents the 
collective activity of these enzymes.

A low β-glucan content is desired for the brewing and 
malting industries.[34] In the tested genotypes, the β-glucan 
content was found to be similar within all genotypes for 
both barley and malt samples. Its content in grain samples 
was very low (<3%) in all tested lines and decreased sig-
nificantly after the malting process (within 58-69%) resulting 
in malt with low values of β-glucan (<1%). Several studies 
have reported a significant decrease of β-glucan content 
(70-80%) in malted grain compared to the initial level.[35–37] 
The decrease of β-glucan after malting suggests that the 
enzymatic activity during germination results in more reduc-
tion in β-glucan content. In brewing and malting, a high 
β-glucan content is a causative agent of high wort viscosity, 
low filterability, and low malt extracts.[28]

FAN is a measure of the available nitrogen compounds, 
predominately free amino acids that are assimilated or 
metabolized by yeast during fermentation.[30, 38,39] The desir-
able malting range (140-180 mg/L) for FAN was obtained 
in all of the twenty selected lines. The final FAN in the 
extract is related to the initial nitrogen and starch content 
in the grain and both enzyme production during malting 
and carbohydrates/soluble nitrogen after endosperm mod-
ification.[39,40] It has been noted that higher nitrogen barley 
produced a lower yield of malt extract, released higher 
levels of soluble protein, FAN, and peptides in the 
extract.[38, 40]

Association between grain and malt quality 
parameters

Pearson correlation coefficient among significant measured 
traits was used to understand the existing correlation 
between studied grain and malt traits, high values of HW 
and TKW were obtained from genotypes having a high seed 
width, high percentage of plump grains, high starch, and 
low BP. As expected, HW showed a significant positive 
correlation with starch and a negative correlation with BP. 
Also, HW and TKW were positively correlated with grain 
width. Grain area was negatively correlated with BP, while 
grain length and grain perimeter were negatively correlated 
with MP. It has been shown that variation in grain size has 
a direct impact on components whiting the kernel such as 
starch, non-starch polysaccharides such as β-glucan, and 
proteins.[32] Fox et  al.[25] and Izydorczyk and Edney[30] 
reported that plump grain has increased starch and lower 
protein levels resulting in greater malt extract potential.[25, 30]

SP was found to be correlated positively with BP, MP, 
KI, and negatively with starch content and ME, whereas KI 
was correlated positively with ME and negatively with MP 
and BP. Similar correlations have been reported in earlier 
studies.[9, 41–43] Moreover, ME was negatively correlated with 
BP, MP, and SP, while positively correlated with starch. 
Similar findings have been reported in earlier studies.[5, 36, 44] 
Correlations between ME and BP were also reported by Qi 
et  al.[45] and Mohammadi et  al.[46] Mather et  al.[47] noted 
that grain proteins were responsible for enzymes degrading 
malt starch including α-amylase and β-amylase.

Multivariate analysis

Principal component analysis (PCA) was used to estimate 
the contribution of each trait to the total variations between 
the genotypes and to then identify the major traits account-
ing for the greater share in the observed variations. Over 
70% of the cumulative variation was explained by the first 
three principal components. Traits of most importance in 
the first PC were BP, MP, ME, Area, and Starch. The vari-
ation explained by the second PC was mostly related to 
seed perimeter, seed length, seed area and starch content. 
The variation explained by the third PC was mainly con-
tributed by grain width, TKW and HW. The hierarchical 
cluster analysis (HCA) classified the 36 genotypes into four 
major clusters based on 12 significant variables. Obtained 
results indicated that these methods (PCA and HCA) were 
efficient in classifying tested genotypes based on similar 
grain and malt quality attributes. The number of genotypes 
varied from one cluster to another indicating considerable 
diversity in germplasm for the studied quality traits. 
Genotypes belonging to the first and third clusters contained 
relatively high BP, MP, and SP coupled with low starch, ME, 
and HW values. Although these two clusters might not be 
good for malt barley, they can be good for feed barley due 
to their relatively higher protein content, especially cluster 
one. The second and the fourth clusters are more suitable 
for malt barley, particularly cluster four, which grouped 
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genotypes with optimum combinations of grain and malt 
traits. The clustering approach can also be used to charac-
terize genotypes for different end uses.

Genotypes with good malting quality were spread across 
identified clusters and genotypes with similar genetic back-
grounds were often grouped in the same cluster. Verma and 
Sarkar[48] studied the genetic diversity for malting quality 
in 72 barley varieties released in India and identified nine 
clusters based on malt and grain quality traits.

Identification of the best malting genotypes

Studied traits often showed strong positive and negative 
correlations with each other and it becomes very difficult 
to combine all of the desirable traits in one single geno-
type. The hierarchical clustering and heat maps of the 
selected 20 genotypes based on only seven traits of interest 
(protein, β-glucan, and TKW were not included) depicted 
three distinct clusters for individuals and three groups of 
variables. The weighted score of the parameters used to 
build the Heatmap clustering identified 4 genotypes (YT-05, 
Larende, YT-30, and YT-04) combining important malting 
quality attributes. The genotype YT-05 showed a higher 
score (19/21) than the best check Larende (17/21), while 
YT-30 and YT-04 were similar to the best check. Larende 
and YT-05 were grouped in the second cluster along with 
genotypes having high AAL, FAN and HW, whereas YT-30 
and YT-04 were clustered in the first cluster with genotypes 
having higher plump grain compared to other clusters. 
Genotypes with low ME, MF, KI, and AAL were grouped 
in the third cluster. The heat map clustering of variables 
and individuals helped in identifying the genotypes com-
bining desirable traits for malting. Furthermore, the selec-
tion of genotypes with desired levels of single or combined 
traits could be identified more easily with heat map clus-
tering. These selected genotypes can be used as a malt 
trait donor when designing crosses in a breeding program 
for the development of superior malting quality varieties.

Conclusions

The present study was conducted to evaluate the malting 
potential of 36 elite lines derived from the ICARDA yield 
trials. The study revealed a considerable variation among stud-
ied germplasms and the presence of genotypes with desired 
levels for major grain and malt quality traits. The correlation 
analysis indicated that the studied traits were significantly 
intercorrelated, either positively or negatively. The multivariate 
analysis indicated that most variability was explained mainly 
by BP, MP, SP, ME, starch, seed area, seed length, seed perim-
eter, HW, and TKW contributions. This could help breeders 
focus on these traits for malt barley improvements. Genotypes 
with similar quality attributes have often been grouped in the 
same cluster. Considerable genetic diversity in germplasm 
exists for the studied traits as the number of genotypes varies 
from one cluster to another. However, the present study pro-
vides detailed information about the malting potential of the 
ICARDA winter barley elite lines. Moreover, the present 

investigation differentiated genotypes combining levels of qual-
ity standards. Three genotypes are of high interest for ICARDA 
and NARS partners breeding programs for both direct release 
and/or for use as malt traits donors in crossing programs. It 
is also noteworthy to mention that the release of malting 
barley varieties, potentially adapted to the harsh environment 
of the Middle Atlas, might represent a new source of income 
for farmers in the area.
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