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Abstract

This study investigated the activity and thermostability of a-amylase in green malt across a diverse panel of 54 barley geno-
types, comprising 20 mutants, 19 hulled, 4 hulless, and 11 wild types, using starch as a substrate. The primary objective was
to assess the variability in a-amylase activity among these genotypes and identify those with superior enzymatic activity
and thermostability. Given that a-amylase is the most thermostable enzyme among the diastatic power enzymes yet exhibits
significant activity reduction above 72.5 °C, a threshold frequently exceeded in industrial kilning and mashing. This research
is therefore crucial for identifying genotypes that could enhance starch hydrolysis efficiency during mashing, a process criti-
cally dependent on sufficient enzymatic activity. We reported a-amylase activity and thermostability across a temperature
range of 37 to 85 °C. The findings indicated that optimal temperature for a-amylase activity in barley malting lies between
65 and 75 °C. Interestingly, wild barley genotypes demonstrated the highest mean a-amylase activity, while hulless varieties
exhibited the lowest. These results were validated by a significant negative correlation between a-amylase activity and the
content of starch. Among the 54 genotypes, 11 displayed high a-amylase activity at 65 °C. Furthermore, one mutant (BL2105)
and one wild genotype (WS230) exhibited high activity and thermostability at 75 °C, and another wild genotype (WS236)
retained 30% of its original activity after heat treatment at 85 °C. These genotypes with enhanced a-amylase activity and
thermostability could be strategically exploited in breeding programs to develop superior malt varieties. Such advancements
could significantly enhance both malt quality and efficiency in beer production industry.
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Abbreviations Introduction

BOD Biological oxygen demand

BSA  Bovine serum albumin The beer production process involves two steps for produc-
DP Diastatic power ing ethanol from cereal: the enzymatic conversion of starch
GA Gibberellic acid into sugars during mashing, and subsequently, the trans-
OD Optical density formation of these sugars into ethanol and CO, during fer-
PC Principal component mentation. An efficient beer brewing process requires high-
PCA  Principal component analysis quality raw material (malt), which provides a rich extract
U/mg  Units per milligram and produces a wort conducive to fermentation by brewing

yeasts. The malting process remains somewhat traditional,

beginning with steeping, where the raw barley grains are

soaked in water. This process activates dormant seeds and

prepares grains for germination. By the end of steeping, the

moisture content of barley increases from approximately

54 Rachana D. Bhardwaj 15% to 45% (Lopez et al. 2007; Fix 1999). After steeping,
rachanal981_gautam @pau.cdu wet grains are spread out in a germination bed, either in
traditional floor maltings or specialized germination vessels.
During this phase, hydrolytic enzymes facilitate structural
changes within the kernel, leading to the breakdown of large
molecules into reducing sugars and free amino acids. The

Department of Biochemistry, Punjab Agricultural University,
Ludhiana, Punjab 141004, India

Department of Plant Breeding and Genetics, Punjab
Agricultural University, Ludhiana, Punjab 141004, India

@ Springer


http://orcid.org/0000-0002-1537-0974
http://crossmark.crossref.org/dialog/?doi=10.1007/s13562-024-00902-3&domain=pdf

Journal of Plant Biochemistry and Biotechnology (July-September 2024) 33(3):400-412 401

primary goal of germination is to activate enzymes, espe-
cially amylases, which play a crucial role in breaking down
starches into fermentable sugars during the brewing process.
Finally, the germinated grains (green malt) grains are kilned
at temperatures ranging from 45-85 °C to halt enzyme activ-
ity, producing the malt that contributes color and flavor to
beer (Briggs 1998). The finished malt is milled creating
grist. The grist, containing endogenous amylases is mixed
with water and heated at high temperature (~50-70 °C) to
convert the residual starch to simple sugars. The step dur-
ing which gelatinization of the starch granules occur is
called mashing, and immediately following it, the liquid, or
“wort”, is separated and processed further to make beer (Fox
and Bettenhausen 2023). Production of high-quality malt
and wort requires efficient activity and thermostability of
hydrolytic enzymes (proteolytic, cytosolic, and amylolytic)
that are activated or produced during germination. Nota-
bly, barley-derived amylases, particularly a and B-amylase,
play the most important role in fermentable sugar produc-
tion (Pares Viader et al. 2021). However, the kilning and
mashing stages, which involve elevated temperatures, can
significantly influence the stability and activity of these
enzymes. Therefore, understanding the thermostability of
these enzymes is vital in the brewing industry. Given its
contribution to diastatic power (DP) and sensitivity to heat,
extensive research has focused on enhancing the thermosta-
bility of f-amylase by examining barley cultivar variations
(Eglinton et al. 1998; Wang et al. 2003; Gong et al. 2013;
Zhang et al. 2014), the exploration of a-amylase variations
across barley cultivars remains limited. Despite its lesser
contribution to DP than pB-amylase, it is the most thermosta-
ble of all amylolytic enzymes found in barley malt (Evans
and Fox 2017). As a result, with f-amylase becoming dena-
tured in the mashing process, the importance of a-amylase in
breaking down starch and maltodextrins into simpler sugars
becomes significant. (Henson et al. 2014).

Beer and wine have concealed a fascinating part of history
and social life. Over the past half-century, advancements in
beer and wine production have been driven by evolving con-
sumer preferences, technological innovations, and a deeper
understanding of the brewing sciences. In 2021, global beer
production surged to 1.86 billion hectoliters from 1.3 billion
in 1998, showcasing the ever-growing demand and love for
beer. China, with its vast population, has emerged as the
predominant producer and consumer of beer, reflecting the
global shift in beer consumption patterns (Statista 2022).
The selection of grains during the brewing process is fun-
damental for defining the taste, texture, and quality of beer.
Various cereals, including wheat, barley, sorghum, corn,
rice, and oats, are frequently used in multiple forms to obtain
different beers (Puligundla et al. 2020). Barley stands out
unequivocally as a global favourite. Its unique composition,
especially its optimal protein-to-starch ratio, makes it an

ideal grain for brewing (Rani and Bhardwaj 2021). Moreo-
ver, barley exhibits a wide range of phenotypic and genetic
variations due to its extensive history of cultivation and its
adaptation across various global environmental and climatic
conditions. This diversity is preserved in gene banks, both
governmental and international, and in germplasm collec-
tions housed in universities, research institutions, breeding
firms, and international agricultural agencies (Visioni et al.
2023). Recognizing the unparalleled importance of barley
in beer production, there has been a surge in research aimed
at improving barley varieties.

a-amylase (a-1,4 glucan glucanohydrolase EC. 3.2.1.1),
an endohydrolase, is main enzyme in starch hydrolysis
during mashing, breaking down amylose and amylopectin
into dextrin (Pati and Samantaray 2022). It is synthesized
in the aleurone layers of germinating grains in response to
gibberellins (Zhang et al. 2019). In barley, there are two
a-amylase isozyme families, AMY1 and AMY2. The two
families have distinct isoelectric points (pIs) with AMY1
ranging from 4.7-5.2 and AMY2 from 5.9-6.1 (Ajandouz
et al. 1992). Notably, AMY?2 constitutes 80-98% of the
overall a-amylase content in green malt. Unlike AMY1,
its levels remain largely consistent during heat treatment in
the kilning process (Jones and Jacobsen 1991; Tibbot et al.
2002). Although both isoforms share 80% sequence similar-
ity (Rogers 1985), they exhibit variations in certain physical
and chemical characteristics. These differences include the
affinity for calcium ions, thermostability and pH fluctua-
tions (Jones and Jacobsen 1991; Rodenburg et al. 1994). In
a recent transcriptomic study, malting barley was observed
to differentially express 25 of 40 starch hydrolytic enzyme
genes, with the maximum number of genes contributing to
a-amylase (Vinje et al. 2021). These enzymes exhibit vari-
ous biochemical properties and thermal responses. Stud-
ies indicate that a-amylase starts to lose its activity above
72.5 °C and becomes inactive at 80 °C (de Schepper et al.
2021). Evan et al. (2003) observed that the levels of activity
retained after a 10-min exposure to 72.5 °C ranged from 25
to 67%.

Identifying barley genotypes with enhanced a-amylase
activity and thermal stability can revolutionize brewing effi-
ciency, and these genotypes can be used to identify novel
a-amylase alleles associated with high activity and thermo-
stability. Based upon previous literature on barley malting,
there is limited investigation into how the genetic differences
among barley cultivars influence a-amylase activity and its
thermostability. Published studies have generally involved
a narrow selection of genotypes or have examined a lim-
ited temperature range for thermostability. In the present
study, we investigated the activity and thermal stability of
a-amylase across a range of temperatures (37, 55, 65, 75, and
85 °C) in wide barley germplasm, including mutant, hulled,
hulless, and wild barley. Further we validated our results
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by correlating the activity of a-amylase with starch con-
tent of green malt. A deeper understanding of the improved
a-amylase activity and thermostability in the identified
barley varieties can help ensure a consistent and effective
conversion of starch to sugars during mashing, even under
suboptimal conditions. It may also pave the way for new
brewing techniques that exploit the full potential of these
enzymes. Consequently, identifying the genotypes with high
activity and thermostability can be a game-changer for the
beer industry, leading to higher yields, better consistency,
and potentially novel beer flavors and profiles.

Materials and method
Plant material and malting procedure

Barley seeds from 54 genotypes (comprising 20 mutants,
19 hulled, 11 wild and 4 hull-less) were cultivated and har-
vested from the fields of Department of Plant Breeding and
Genetics. Before initiating the malting process grains larger
than 2.5 mm were selected after removing the thinner ones
and seeds were sterilized in a 0.3% sodium hypochlorite
solution for 20 min and rinsed with sterile distilled water
to prepare for malting. The malting was carried out in a
biological oxygen demand (BOD) incubator set at 18 °C
and 75-85% humidity. The steeping process was divided
into three phases: 8 h wet stage, 17 h air rest, then a 6 h wet
stage. The germination was done at 17 °C for 96 h. After
this, barley seeds whose plumules had grown to about 75%
of the grain’s length were selected.

Extraction and estimation of a amylase

Germinated barley grains (200 mg) were ground with 2 ml
of an extraction buffer. The extraction buffer consisted of
50 mM sodium acetate (pH 5), I mM calcium chloride, and
a small amount of polyvinylpyrrolidone. After thoroughly
mixing, the mixture was left at ambient temperature for one
hour. The resulting homogenate was then strained through
cheesecloth and subsequently centrifuged at 10,000 x g for
10 min at a temperature of 4 °C. To inactivate the f-amylase,
the collected supernatant was heated to 70 °C for a dura-
tion of 20 min. After cooling, it was centrifuged again at
10,000 % g for 15 min and 4 °C. The resulting clear super-
natant was then used to measure the a-amylase activity as
described by Devi et al. (2007).

Estimation of a amylase activity and thermostability
To measure the enzyme activity, 450 ul of 50 mM sodium

acetate buffer containing 1 mM calcium chloride was added
to a mixture containing the enzyme (50 ul) and the substrate
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(500 pl). The substrate used was 1% starch, prepared in
50 mM sodium acetate buffer with a pH of 5.0. Follow-
ing one hour incubation in a water bath at temperatures of
37 °C, 55 °C, 65 °C, 75 °C and 85 °C, the reaction was
stopped with 1 ml of alkaline copper solution. The Nelson
and Somogyi method was employed to determine the reduc-
ing sugars produced by a-amylase, using water as a control
(Nelson 1944). The test values were calculated by deducting
the optical density (OD) of the substrate and enzyme blanks.
The a-amylase activity was measured by preparing stand-
ard curve of glucose, ranging from 20 to 100 pg. Protein
concentration in the enzyme extract was measured follow-
ing the Lowry method (Lowry et al. 1951), using bovine
serum albumin (BSA) as a standard, within a 10-100 ug
range. The specific activity of a-amylase was expressed in
enzyme activity units per milligram of protein. To inves-
tigate the thermostability in more detail, enzyme extracts
were incubated for 10 min at temperatures ranging from 55
to 85 °C. Right after the incubation, the tubes were promptly
cooled by placing them on ice. The remaining activity of the
enzyme was measured using 50 ul samples from these tem-
perature-treated extracts, following the previously described
method for samples at 37 °C without treatment. The percent-
age of relative residual activity was determined by com-
paring the enzyme activity between treated and untreated
conditions.

Extraction and estimation of starch

Starch extraction followed a slightly adjusted method from
Yoshida et al. (1976). Barley green malt (200 mg) was
treated with 4 ml of 80% ethanol, followed by heating in a
boiling water bath for 2 h. The extract was then filtered to
separate the sugars. This procedure was repeated using both
80% and 70% ethanol. The remaining residue, which con-
tained starch, was dried at 60 °C. 4 ml of distilled water was
added to the dried residue, and the mixture was boiled for
half an hour. Subsequently, 9.2 N perchloric acid (HCIO,)
was added, and the mixture was stirred for 15 min. After
centrifuging at 2000 X g, the supernatant was collected. The
pellet was treated with 2 ml of 4.6 N HCIO,, stirred for
another 15 min, and then diluted to 10 ml using distilled
water. After another round of centrifugation at 2000 X g, the
supernatants were combined and diluted with distilled water
to a total volume of 25 ml. The total sugars in the combined
supernatants were quantified using the Dubois et al. (1956)
method. The standard curve of starch (10-100 pg) was pre-
pared simultaneously.

Statistical analysis

The activity and thermostability measurements were based
on the average of three replicates. These averages were then
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analysed using a analysis of variance, conducted with the
GraphPad Prism software (version 9.0.0). Graphical rep-
resentations were created using Microsoft Excel (Office
365), R (version 4.2.0), GraphPad Prism (version 9.0.0),
and NCSS statistical software (2022). To quantify the rela-
tive change in enzyme activity, a straightforward percentage
change calculation was employed. By subtracting the initial
values from the final observed values, and normalizing this
difference to the initial value, we obtained a clear metric of
change, expressed as a percentage. This method provides a
direct and interpretable measure of how enzyme activity var-
ied across different conditions. Furthermore, to facilitate a
more structured analysis, the barley genotypes were stratified
into three distinct categories based on their enzyme activity
and thermostability profiles: low, medium, and high. This
categorization was done using equal distribution method
by subtracting the lowest value from the highest value. The
resulting difference was then divided by three, creating three
categories of equal range, as described by Kaur et al. (2019).
Such categorization not only aids in the comparative analysis
of genotypes but also provides insights into potential geno-
type clusters that might exhibit similar patterns under vary-
ing temperature conditions.

Results and discussion

Examination of variation in a-amylase activity
in green malts at different temperatures.

The a-amylase activity is crucial in the malting process as
it directly influences the breakdown of starches, thereby
affecting the sugar profile and ultimately determining the
brewing efficiency and flavor profile of beer. In this study,
green malt from various barley genotypes, including hulled,
hulless, wild, and mutant types, were analyzed for a-amylase
activity and thermostability across a temperature range of
37 to 85 °C. The genotypes, along with their pedigree infor-
mation, are mentioned in Supplementary Table 1. Among
the 54 barley samples examined, the pattern of a-amylase
activity showed significant variation, with significant dif-
ferences at varying temperatures (ANOVA, P <0.0001,
a=0.05, as depicted in Fig. 1). This variation underscores
the substantial impact of genotypic differences on enzyme
activity. This finding is consistent with previous research
indicating substantial variation in a-amylase activity among
different barley cultivars (Acquistucci et al. 2011; Cu et al.
2016; Bera et al. 2018).

At 37 °C, a-amylase activities in the genotypes ranged
from 24.4 to 800 U/mg protein (Fig. 2a), with most geno-
types (33%) exhibiting activity within the 100-200 U/mg
protein range (Fig. 3a). The highest average a-amylase
activity was higher in wild genotypes (404.9 U/mg protein),

600 = Mutant
=

Hulled
7z Wild
@ Hulless

400

Specific activity (U/mg protein)

MM
NN =

37 55 65 75 85
Temperature (°C)

Fig.1 Mean a-amylase specific activity (units per milligram of pro-
tein) at temperatures of 37, 55, 65, 75, and 85 °C. Each measurement
was performed in triplicate. Error bars represent the standard devia-
tion for the average activity at each temperature. Distinct letters sig-
nify statistically significant variations with a p value of less than 0.05,
as determined by Tukey’s HSD test

followed by hulled (252.1 U/mg protein), mutant (191 U/mg
protein), and hulless varieties (77.4 U/mg protein). Notably,
two wild genotypes, WS228 and WS230, showed exception-
ally high a-amylase activity in the higher range of 541.4
to 800 U/mg protein, this level of enzymatic activity was
not observed in the hulled, mutant, or hulless genotypes at
37 °C. This striking difference in enzyme activity under-
scores the potential of wild genotypes in enhancing malt-
ing quality. When compared to wild types, the a-amylase
activity in hulled genotypes was 1.6-fold lower, in mutants
2.12-fold lower, and in hulless genotypes 5.23-fold lower.
This trend suggests a significant correlation between geno-
type and enzyme activity, with wild genotypes emerging as
superior in terms of a-amylase production. All hulless geno-
types showed activity in the lower range (24.30-108.35 U/
mg protein), with KARANI16 recording the lowest activity
(88 U/mg protein). This finding supports the hypothesis that
a-amylase activity in hulless barley is compromised due to
reduced enzyme synthesis during malting, possibly a con-
sequence of acrospire loss and kernel damage owing to the
absence of hull protection (Li et al. 2006). Prior research
on different hulless varieties has shown that a-amylase in
hulless barley malt is more susceptible to inactivation dur-
ing kilning than in hulled barley malts (Edney and Langrell
2004; Li et al. 2006). The high temperatures used in kilning
contribute to the hardening of hulless barley malt, leading to
poor malt modification. However, optimizing kilning condi-
tions and modifying the germination process can mitigate
damage to acrospires in hulless barley. In a recent study,
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Izydorczyk et al. (2022) developed hulless barley lines with
improved malting potential, marked by significant enhance-
ments in diastatic enzyme levels. The authors suggested
that multiple steeping/air-resting cycles and increased water
uptake during steeping benefitted the newly developed hul-
less barley lines. These newly developed lines demonstrated
starch contents ranging from 50-70%, aligning with find-
ings from other studies (Asare et al. 2011; Li et al. 2021).
In our study, the high starch content in hulless genotypes
(67.5-70%) compared to other varieties suggests an insuf-
ficient level of a-amylase activity in these lines.

At 55 °C, notable increase in a-amylase activity was
observed across all genotypes compared to their performance
at 37 °C. Specifically, the mutant and hulled genotypes dem-
onstrated a significant 40% increase in their average enzyme
activity. In contrast, the hulless and wild genotypes exhib-
ited more modest increases of 23% and 8%, respectively.
This differential response to temperature among genotypes
could be attributed to variations in the amino acid composi-
tion and tertiary structure of the a-amylase enzyme, which
affect its thermal stability and activity profile. Figure 2b
represents the a-amylase activity of individual genotypes at
55 °C. Analyzing the frequency distribution of a-amylase
specific activity at this temperature, we found that 50% of
the total genotypes fell within the 100 to 300 U/mg protein
range, while 18% displayed activity in the 300-400 U/mg
protein range (Fig. 3b). Among all, the average activity was
highest in wild genotypes (437.5 U/mg protein). Notably,
two wild genotypes, WS228 and WS230, stood out with an
exceptionally high activity range of 600—-860 U/mg protein.
Additionally, the hulled genotype BL.1714, which exhibited
relatively low a-amylase activity (128.4 U/mg protein) at
37 °C, displayed a remarkable increase to 860 U/mg protein
at 55 °C. This genotype also demonstrated high thermosta-
bility for p-amylase across all the temperatures from 37 to
85 °C, as reported in our previous publication (Rani et al.
2022). The activity of hulled, mutant and hulless genotypes
was 1.3, 1.4 and 1.2-fold lower than that of wild genotypes
at this temperature.

In our study, all examined genotypes reached their peak
a-amylase activity at 65 °C, indicating that the temperature
range of 65-75 °C is optimal for a-amylase activity. These
findings are in line with previous research suggesting that
a-amylase is one of the most thermostable enzymes involved
in diastatic power, retaining nearly 100% of its activity after
an hour at 65 °C during simulated mashing processes (Evans
and Fox 2017; Evans et al. 2003). In contrast, the activity
of mutant genotypes almost doubled at 65 °C, while hulled
and wild genotypes demonstrated an increase of more than
22%, respectively, compared to their activity levels at 55 °C.
Figure 2c represents the a-amylase activity of individual
genotypes at 65 °C. Further analysis revealed that 28% of
the genotypes had activity levels ranging from 300 to 400 U/
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mg protein (Fig. 3¢). Notably, except for the hulled geno-
type BL1714, all genotypes which displayed high activity
at 55 °C also maintained their performance in the higher
range at 65 °C, with activities varying from 197 to 890 U/mg
protein. The average a-amylase activity was highest in wild
genotypes (536.1 U/mg), with four wild genotypes, WS228
(890 U/mg protein), WS230 (847.5 U/mg protein), WS220
(719 U/mg protein) and WS231 (690 U/mg protein) show-
ing activity in higher range, underscoring their potential for
efficient starch conversion in brewing processes. Moreover,
two hulled, BL1715 (811 U/mg protein) and PL807 (668 U/
mg protein) and five mutant genotypes, including BL2089
(836.5 U/mg protein), BL2091 (711 U/mg protein), BL2098
(707.2 U/mg protein), BL2079 (691 U/mg protein), BL2087
(684.67 U/mg protein) possessed activity in higher range.
The average a-amylase activity was observed to be highest
in wild genotypes followed by mutants, hulled and hulless.
The a-amylase activity is notably impacted by various fac-
tors including genetic makeup, germination duration, growth
conditions, and the presence of endogenous a-amylase
inhibitors and the hormone gibberellin (Cu et al. 2016). In
our study, while growth conditions and germination times
were uniform across all genotypes, the genetic diversity, lev-
els of a-amylase inhibitors, and the synthesized gibberellic
acid (GA) in different genotypes likely contributed to the
observed variations in a-amylase activity. Moreover, product
inhibition or competition could be another factor influencing
enzyme activity in barley. Recent findings by de Schepper
et al. (2022) suggest that all products of starch hydrolysis,
not just maltose, can diminish a-amylase activity. This is
supported by the Baks et al. (2006), who found that increas-
ing concentrations of soluble starch, maltodextrin, and sug-
ars led to decreased amylase activity. Thus, understanding
the extent to which product inhibition from starch hydrolysis
impacts starch degradation efficiency during mashing is a
crucial area for future research.

a-amylase activity declined significantly at 75 °C for all
the genotypes except BL2105 and WS230 (Fig. 2d). These
results were in line with other studies, which suggested
that activity for a-amylase decreased once the temperature
increased above 72.5 °C (de Schepper et al. 2021; Evans
et al. 2003). Decline was more than 50% for all the varie-
ties when the temperature is raised to 75 °C, indicating a
quick degradation of the enzyme at 75 °C. The presence of
bifunctional amylase subtilisin inhibitor (BASI, an inhibitor
of a-Amy II isoform) above 75 °C in these genotypes may be
another factor for low activity at higher temperature. How-
ever, the decline was highest (82%) in the case of hulless
genotype. This supports an idea that enzymes in hulless bar-
ley have less activity because of lack of insulation of a hull
during kilning. Figure 2d represents the a-amylase activity
of individual genotype at 75 °C. The frequency distribution
of the means for a-amylase activity at 65 °C indicated that
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«Fig.2 Bar charts depicting the a-amylase specific activity (units per
milligram of protein) for each genotype at temperatures of 37, 55, 65,
75, and 85 °C. Different colors of the bars represent different geno-
type types (mutant, hulled, hulless, and wild barley). Each measure-
ment was performed in triplicate. Error bars represent the standard
deviation in the specific activity of each genotype. Statistically signif-
icant differences between genotypes at each temperature are indicated
by distinct letters, with a significance level of p<0.05, as determined
by Tukey’s HSD test

76% of the genotypes had a-amylase activity up to 200 U/
mg protein and few had activity ranging from 200-300 U/
mg protein (Fig. 3d). Two genotypes, a mutant BL2105 and
a wild genotype WS230 had activity in the higher range
(698-1040 U/mg protein). All the remaining genotypes had
a-amylase activity in lower range (14-356 U/mg protein).
The average a-amylase activity was observed to be less in
the case of mutant, hulled and hulless as compared to wild
genotypes. All the hulless genotypes possessed activity
below 100 U/mg protein with BHS352 possessing the high-
est activity (83 U/mg protein).

At 85 °C, an analysis of variance revealed a significant
decrease in a-amylase activity compared to its activity at
75 °C (P=0.0012). The total decrease in activity exceeded
60% as compared to 65 °C, with the majority of genotypes
exhibiting a decline greater than 80%.The average a-amylase
activity in hulless, mutant, hulled, and wild genotypes
diminished by 77%, 70%, 53%, and 42%, respectively,
relative to their activity at 75 °C. The range of a-amylase
activity at 85 °C was between 3.14 and 378 U/mg protein.
Figure 2e depicts the a-amylase activity of each genotype
at 85 °C. The frequency distribution for a-amylase activ-
ity at 85 °C, as shown in Fig. 3e, indicates that most of
the genotypes exhibited activity below 100 U/mg protein,
while the rest had activity under 200 U/mg protein, except
for one wild genotype, WS236, which showed the highest
activity of all (238 U/mg protein). It was also observed that
the average a-amylase activity in hulless, mutant, and hulled
genotypes was significantly lower (12-fold, twofold, and 1.6-
fold, respectively) compared to wild genotypes.

Variation among mutants, hulled, hulless, and wild
barley genotypes for a-amylase activity at different
temperatures

The average a-amylase activity for mutant, hulled, hulless,
and wild barley genotypes within the studied temperature
range are presented in Fig. 4. Analysis of variance revealed
significant variations in a-amylase activity among these
genotypes (P <0.001, a=0.05), with temperature changes
further influencing these differences (P <0.001, a=0.05).
Principal Component Analysis (PCA) was employed to
assess the impact of temperature on the a-amylase activity

@ Springer

of a diverse array of barley genotypes (n=54). Based on
the eigenvalues, two principal components (PCs) were
identified: PC1, accounting for 58.45% of the total vari-
ance, and PC2, explaining 21.7%. Together, these PCs
represented 80.1% of the total variation. The PCA biplot,
depicted in Fig. 5, clearly illustrates the distribution of
genotypes across various temperature treatments and their
interaction with the first two PCs.

The observed average a-amylase activity was notably
lowest in hulless genotypes and highest in wild genotypes
across all tested temperatures. Of all the genotypes stud-
ied, eleven demonstrated notably high a-amylase activ-
ity (ranging from 659 to 890 U/mg protein) at a tem-
perature of 65 °C. Interestingly, two genotypes, one wild
(WS230) and one mutant (BL2105), exhibited significantly
higher a-amylase activities at 75 °C. At this temperature,
WS230 maintained an a-amylase activity similar to that
at 65 °C, while BL2105 showed a threefold increase in
activity compared to its performance at 65 °C. However, a
sharp decline in activity was noted at 85 °C. Yet, WS236,
another wild genotype, showed a marked increase in activ-
ity at 85 °C. These three genotypes, WS236, WS230, and
BL2105, demonstrated distinct responses to temperature
variations, as indicated by their PC1 scores. Contrarily,
none of the hulled or hulless genotypes showed higher
range activities at 75 °C and 85 °C. Within the hulled cat-
egory, BL1714 showed the highest activity at 55 °C, while
BL1715 and PL807 showed highest activity at 65 °C, dem-
onstrating their high activity. This increased activity may
be due to the presence of diverse a-amylase isozymes or
unique a-amylase alleles in these barley lines, possibly
offering more stable enzyme structures at elevated temper-
atures. Variations in a-amylase isozymes might arise from
post-translational modifications, such as protease cleavage
at the C or N termini (Koehler and Ho 1990; Jones and
Jacobsen 1991; Sggaard et al. 1991). Unlike enzyme activ-
ity, thermostability is less impacted by germination time
and is more closely linked to protein structure (Kadziola
et al. 1994) and the heat shock response generated during
heat stress. Previous research on B-amylase has delved into
various factors influencing its activity and thermostabil-
ity, including site-directed mutagenesis, random mutation,
and substrate docking. However, detailed information on
factors enhancing a-amylase’s thermostability remains
scarce. Cu et al. (2016) identified three single nucleotide
polymorphisms in the amy1 gene sequence of a wild bar-
ley accession (Tel-Shoket CPI77146-32), potentially con-
tributing to the enhanced activity and thermostability of
a-amylase in this variety. Further investigations, particu-
larly in mapping populations derived from these identified
lines, are expected to shed more light on the underlying
reasons for the heightened a-amylase activity.
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Fig.3 Histograms displaying the frequency distribution of a-amylase activity across 54 barley genotypes at five distinct temperatures (37 °C,
55 °C, 65 °C, 75 °C, and 85 °C). The distribution highlights the number of genotypes exhibiting specific ranges of activity at each temperature

Residual a-amylase activity of barley genotypes
after incubation at different temperatures

To study the thermal stability of a-amylase from various
barley genotypes, the residual a-amylase activity was meas-
ured following a 10-min exposure to temperatures between
55 and 85 °C. There was no significant difference in mean
residual activities at 55 °C versus untreated samples and
65 °C versus untreated samples except in case of hulless,
as shown in the Fig. 6. Notably, there was a significant
reduction of 70-90% in residual a-amylase activity after
a 10-min exposure at 75 °C, with a further pronounced
decrease observed at 85 °C. These findings are in line with
the earlier observations that a-amylase activity diminishes
significantly at elevated temperatures of 75 and 85 °C.
Interestingly, the mutant genotype BL2105, known for its
high a-amylase activity at 75 °C, showed non-significant
change for residual activity after a 10-min heat treatment
at 75 °C as observed in the untreated sample. This suggests

that BL2105 possesses a unique thermal stability or a heat-
resistant variant of a-amylase. WS230, also characterized by
high enzyme activity at 75 °C, demonstrated 40% reduction
in activity after the same heat treatment. This indicates that
while WS230 has robust a-amylase activity and is thermally
stable but its enzyme is not as thermally stable as that of
BL2105. Furthermore, % decrease in residual activity after
heat treatment at 75 °C was substantially highest in hulless
barley genotypes followed by hulled, mutant and wild geno-
types. At 85 °C, almost all genotypes exhibited negligible
residual activity, except for WS236, which retained 30% of
its activity.

Correlation of a-amylase activity with starch
content in different barley genotypes

The correlation of starch content with a-amylase activ-

ity at 37 °C is presented for each genotype in Fig. 7.
There was a significant variation in the total starch
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Outliers are represented by dots outside the whiskers. Each dot within

concentration among the 54 genotypes, ranging from
50-70% (p <0.0001, o =0.005). The results confirmed
the anticipated inverse relationship between total
a-amylase activity and starch content. In summary, there
was a strong negative correlation between starch content
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the box plots represents a different genotype, with colors of the boxes
corresponding to different temperatures (37 °C, 55 °C, 65 °C, 75 °C,
and 85 °C). Distinct letters indicate statistically significant differences
in mean activity at each temperature for each genotype type (mutants,
hulled, hulless, and wild), as determined by one-way ANOVA fol-
lowed by Tukey’s HSD test

and a-amylase activity (r=-0.87, p <0.001), highlighting
the critical role of a-amylase in converting starch into
sugars.
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Fig. 6 Scatter plot representing the residual a-amylase activity after a
10-min heat treatment at various temperatures (55 °C, 65 °C, 75 °C,
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the untreated control samples. Each point represents average residual
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ferent letters indicate statistically significant differences in average
residual activity between genotype types and temperatures, as deter-
mined by Tukey’s HSD test. Each measurement was performed in
triplicate
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Conclusion

This study highlights significant variability in a-amylase
activity among different barley genotypes, underscoring the
crucial role of temperature on enzyme performance. The
data indicate that a-amylase activity peaks at 65 °C and sig-
nificantly declines at 75 °C, suggesting an optimal activity
range between 65 and 75 °C. Eleven genotypes exhibited
exceptionally high activity at 65 °C, with one mutant geno-
type (BL2105) and one wild genotype (WS230) demon-
strating both high activity and remarkable thermostability
at 75 °C. These genotypes could be targeted for enhancing
malting efficiency. Furthermore, wild varieties demonstrated
higher average activity and residual activity percentages
compared to hulled, hulless, and mutant types, underscor-
ing their value as resources for breeding programs aimed at
improving thermal stability in cultivated barley. Identifying
the isoforms related to high activity and thermostability in
these genotypes in future studies could lead to advancements
in enzyme engineering, optimizing a-amylases for different
temperatures, and enhancing malting processes. Addition-
ally, genotypes with lower thermostability identified in our
study could be further tested for desirable malt qualities and
might be useful in producing low-alcohol beers.
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