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1. Introduction 

1.1 Enzymes in wheat bread making 

1.1.1 Overview of enzymes applied in wheat bread making 

Enzymes have great influence on the quality of wheat bread. Some enzymes are 

endogenously present in wheat, but their content in the grain kernel is strongly dependent on 

the environmental conditions during growth, such as temperature, water availability and 

fertilization [1]. Furthermore, the content of endogenous enzymes usually is too low to have a 

technological impact on dough or bread characteristics [2, 3]. Thus, various types of 

exogenous enzymes, especially amylases, xylanases, lipases and carbohydrate oxidases are 

used in wheat bread making [2, 4].  

Amylases are the most frequently applied exogenous enzymes in bakeries [3]. By degrading 

starch into smaller fragments, they have an impact on the molecular structure of the starch 

and on the amount of mono-, di- and oligosaccharides in wheat dough and bread [2]. Different 

types of amylase have different technological effects on dough and bread and are used in 

wheat bread baking. The most important exogenous ones are α-amylase (EC 3.2.1.1), 

maltogenic α-amylase (EC 3.2.1.133) and maltotetraogenic amylase (EC 3.2.1.60). Chapter 

1.2.3 gives a detailed overview about the different exogenous amylases and their technological 

impact in wheat bread making. 

Xylanases or endo-β-1,4-xylanases are enzymes of the EC 3.2.1.8 group which hydrolyze 1,4-

β-D-xylosidic linkages in xylans. Based on genetic information and structural properties, they 

are mainly grouped into the families 10 and 11 of the glycosyl hydrolase family [5]. The 

structure of a family 10 xylanase is a 8-fold β/α-barrel, whereas the active site is an open cleft 

and the catalytic residues are two glutamate residues [6]. Opposed to family 11, family 10 

xylanases have a higher molecular weight, which results in a wider substrate specificity. In 

addition to the differences in molecular weight, family 11 xylanases have a structure, described 

as simple single ellipsoidal domain, comprising two β-sheets and a single three-turn α-helix. 

The catalytic residues are two glutamates [7]. Endo-β-1,4-xylanases act as part of the 

germination process of cereal kernels and are formed in the aleurone layer. Thus, their 

endogenous contents in wheat flour are quite low [8]. Xylanases are added to the dough as 

exogenous enzymes of microbial origin in wheat bread baking. They act on the xylan backbone 

of arabinoxylans present in the cereal milling products in a random manner [7, 9]. Thus, the 

degree of polymerization of arabinoxylans is reduced. The products of this enzymatic attack 

are xylooligosaccharides, xylobiose and xylose [7].  

The application of xylanase improves dough handling, dough stability, oven spring, bread 

volume and staling in wheat bread baking [3, 10].  
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The impact of a xylanase on bread quality is strongly dependent on its selectivity towards 

water-extractable or water-unextractable arabinoxylans. Especially xylanase which attacks 

water-unextractable arabinoxylans and causes a reduction of water-unextractable 

arabinoxylan content in wheat doughs combined with an increase of solubilized arabinoxylans 

has a positive impact on bread quality [11]. No significant improvement of bread quality results 

from the application of xylanase acting on water-extractable arabinoxylans. This results in a 

reduced water holding capacity of the dough and increased stickiness [4]. 

The substrate selectivity of the xylanase is highly dependent on the origin of the enzyme. It 

was shown that bacterial xylanases are more selective towards water-unextractable 

arabinoxylan and fungal xylanses are more selective towards water-extractable arabinoxylans 

[11, 12]. The quality improving effect of xylanases in wheat bread making depends on the 

molecular interaction between arabinoxylans and gluten. Water-unextractable arabinoxylans, 

as biopolymers, can act like a physical barrier towards gluten network formation during 

kneading or dough fermentation. This results in a reduced gluten network in wheat doughs and 

a lower dough stability. Additionally, the water-unextractable arabinoxylans bind huge amounts 

of water, which is not accessible for the gluten network. This leads to a reduced network 

formation but also to a higher initial firmness of wheat bread after baking [7, 13]. Xylanases 

can cause a partial breakdown of arabinoxylans and can enhance the formation of a gluten 

network which leads to an improved gas retention capacity of the doughs during fermentation 

and oven spring. Additionally, xylanases cause a better gluten hydration. By partial breakdown 

of arabinoxylans and their water binding capacity, water is transferred from water-

unextractable arabinoxylans to gluten proteins [2, 3, 7]. An overdosage of xylanases in wheat 

bread baking leads to an extensive degradation of arabinoxylans and thus to a reduced water 

holding capacity of the doughs. The result are sticky doughs and breads with a poor crumb 

structure [4].  

Another important group of enzymes applied in wheat bread making is the group of lipases. 

Lipases are enzymes of the group EC 3.1.1.3, so-called triacylglycerol lipases, which act 

mainly on the ester bonds of triacylglycerols by releasing a fatty acid and a diacylglycerol. 

Additionally, they are also capable of degrading di- and monoacylglycerols. Since there are 

several hundreds of lipase amino acid sequences known, there are only few structural 

similarities. In general, lipases are characterized by a common α/β-hydrolase fold and a 

conserved catalytic triade with serine as nucleophile, aspartate/glutamate as acidic residue 

and histidine as basic residue [14]. Lipases are endogenously present in the bran and germ 

fractions of the wheat kernel. Thus, their contents in whole grain flour are higher than in white 

wheat flour with low type number and high milling degree [15]. The quality improving effect of 

exogenous lipase addition in wheat bread making is still under debate. Currently, two different 
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modes of action are discussed. The first reaction model focuses on the role of polar lipids in 

gluten aggregation. Several types of lipids are released by lipase during dough mixing and 

fermentation of dough [16]. Mainly polar lipids are incorporated in the gluten network during 

mixing [17]. Due to their amphiphilic nature, they can help connect gluten and starch 

components, as well as promote gluten aggregation itself, while decreasing electrostatic 

repulsion within the gluten polymer [18, 19]. This leads to a strengthening of the gluten network 

and to an indirect improvement of gas retention capacity of doughs due to lipases and their 

reaction products [20, 21]. The volume increasing effect resulting from this mode of action is 

not observed uniformly [16, 21]. It is rather the second reaction model which describes a direct 

effect of lipids on gas cell stabilization in wheat breads, as being responsible for the increase 

in bread volume caused by lipases [22]. According to this model, lipids form a monolayer at 

the gas/liquid interface of the gas bubbles in the dough, which stabilizes the foam structure in 

dough and prevents a coalescence of gas bubbles during fermentation. 

Monogalactosylmonoacylglycerols, N-acyl lysophosphatidylethanolamines and free fatty acids 

were shown to be the most effective lipase hydrolysis products to affect the loaf volume by 

stabilizing gas bubbles [21, 23]. Additionally, the conformation of the lipids has a major impact 

on the stabilizing effect. Hexagonal and cubic arrangements of the lipids in the layer showed 

a stable condensed monolayer. Both, the type of the hydrolysis product and the conformation 

of the lipids can be affected by exogenous lipases [21, 22]. Thus, the use of lipases leads to 

an increase in volume stabilizing the structure of dough and to a uniform and fine crumb 

structure of the breads [16]. 

From the enzyme group of oxidoreductases, glucose oxidase (EC 1.1.3.4) is frequently applied 

in wheat bread making. It is a homodimeric flavoprotein consisting of two identical dimer 

subunits, which are covalently linked via disulfide bonds. The molecular mass of the protein 

ranges between 130 kDa and 175 kDA [24]. Glucose oxidase catalyzes the oxidation of β-D-

glucose to D-gluconic acid and hydrogen peroxide in the presence of molecular oxygen [25]. 

Besides glucose, the sugars mannose, xylose and galactose can be oxidized by glucose 

oxidases, though the reaction rate is lower [26]. Hexose oxidase, another enzyme from the 

group of oxidases applied in baking, shows a broader substrate specificity. It can catalyze the 

oxidation of various mono- and oligosaccharides to the corresponding lactones and hydrogen 

peroxide [25]. Because oxygen is the limiting factor in the reaction of the oxygen-consuming 

enzymes glucose and hexose oxidase, their activity is restricted to the mixing process and the 

early stages of fermentation [27]. It is suggested, that the enzymatically formed hydrogen 

peroxide oxidizes the thiol groups of two cysteine residues to form disulfide bonds [25]. Thus, 

glucose oxidase alters the structure and the functional properties of the gluten network in wheat 

dough. The viscoelastic properties of wheat doughs are significantly affected by decreasing 
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the sulfhydryl content and by creating protein crosslinks through the formation of disulfide 

bonds [28, 29]. Next to the formation of disulfide bonds in gluten, it was shown that glucose 

oxidase can affect the formation of ferulic acid bridges in the arabinoxylans and in a limited 

way the formation of dityrosine crosslinks [26, 29]. This series of crosslinking reactions leads 

to an increase in dough tenacity and elasticity and a decrease in extensibility [25, 28]. The 

effects of the modified gluten network are initially noticeable in improved dough handling 

properties. The bread quality parameters improved by the use of oxidases are mainly the 

crumb structure and crumb texture as well as the loaf volume [25, 30].  

1.1.2 Production of exogenous enzymes applied in wheat bread making 

Enzymes used in food production are derived from plants and animal sources or they can be 

obtained by fermentation using well characterized culturable microorganisms. Considering the 

entirety of food enzymes on the EU market, about 3% of the food enzymes are isolated from 

plants, 6% from animal sources and 91% from microbial sources like fungi or bacteria [31]. 

Wild type strains and genetically modified microorganisms (GMOs) are used for the production 

of microbial enzymes [32]. 

Enzymes of microbial origin are produced in an industrial scale via solid-state fermentation or 

submerged fermentation. During solid-state fermentation microorganisms are grown on solid 

particles in the absence of a free liquid phase. The liquid phase is retained by the solid particles 

and thus serves not only as carrier material but also as nutrient source and moisture reservoir 

[33]. Downstream processing for solid-state fermentation processes is less complex compared 

to the submerged fermentation process due to the absence of a cultivation broth which must 

be removed [34]. Solid-state fermentation is often used for the production of fungal enzymes, 

where stirring in the reactor is not feasible, due to the complex mycelium of the production 

strain [32]. Submerged fermentation is a form of liquid cultivation, where fermentation takes 

place with an excess of free water and high oxygen concentrations. Parameters like 

temperature, pH, aeration and nutritional composition of the medium are constantly controlled. 

Fermentation is performed on different scales and in different culture methods like batch, fed-

batch, perfusion and continuous culture methods [32, 35]. In case of extracellular produced 

enzymes, downstream processing of the fermentation broth includes several steps of 

separation, flocculation, filtration, concentration and crystallization. When enzymes are 

produced intracellular by the corresponding microorganisms prior to the cleanup procedure, a 

mechanical or enzymatic disruption of the cell walls and membranes is needed [32]. The 

purified enzyme concentrates, obtained after downstream processing, are subsequently used 

for the production of commercially available enzyme preparations [35].  
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It is assumed that about one third of the microbially produced enzymes are derived from GMOs 

[31]. The advantages of using GMO for the production of enzymes are an increased enzyme 

production of the microorganism and the avoidance of the production of unwanted secondary 

metabolites [32].  

The microbial production of food enzymes is modified either by genetic modification of the wild 

type expression strain or by the use of recombinant enzymes [32]. The most frequently used 

host strains for GMO are the bacterial species Bacillus subtilis, Bacillus licheniformis and 

Bacillus amyloliquefaciens as well as the filamentous fungi Aspergillus niger and Aspergillus 

oryzae. In addition to these organisms Escherichia coli, Pelomonas fluorescens and Pichia 

pastoris are commonly used organisms [35, 36]. For the design of a recombinant production 

strain, genes encoding the recombinant enzyme are integrated into the host strain via 

expression vectors. Shuttle plasmids with regulatory elements and selection markers are used 

as expression vectors. The vector contains at least an origin of replication for independent 

replication of the DNA within the cell, a multiple cloning site for the integration of the gene of 

interest and a selection marker [32, 37]. Additionally, promoter and terminator regions are 

present in the vector as regulatory sequences which control the transcription of the enzyme 

encoding gene [35]. By the structure of the promoter, the gene expression rate can be 

increased and thus the enzyme yield [32]. The technique for the insertion of the expression 

vector into the host strain depends on several properties of the host and the vector. For 

bacterial hosts, the transformation using cell to cell contact, so-called conjugation, is widely 

used. Additional to this technique electroporation, component cells and protoplasts are used 

for the insertion of a vector into a bacterial host. For yeasts and fungi, vector DNA is 

transformed using incubation with protoplasts [35].  

Lately, new technologies for performing genetic modifications have emerged. It was shown 

that ‘Clustered Regularly Interspaced Short Palindromic Repeat’ (CRISPR) and ‘CRISPR-

associated protein-9’ (Cas9) have potential for microbial engineering applications in industrial 

biotechnology [38]. With this gene engineering technology, the Cas9 endonuclease introduces 

double-stranded breaks into the target DNA. Via endogenous repair mechanisms the genomic 

DNA can either be altered by introducing mutations or a specific donor sequence [32]. Most 

bacteria do not possess the endogenous repair mechanisms and are unable to repair the 

breaks mediated by CRISPR/Cas9. Thus, wild type strains are killed as a consequence of 

Cas9 cleavage. CRISPR/Cas9 is a selection tool against wild type cells, and improves the 

efficiency of bacterial strains after recombineering [39]. For yeasts it was shown, that 

application of CRISPR/Cas9 can increase the rates of recombination by introducing multiple 

recombination events within a single transformation step and this leads to an increase in 

productiveness of the cells [38]. For bacteria, yeasts and filamentous fungi it is possible to 
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perform gene knockouts via CRISPR/Cas9. Consequently, genes contributing to unwanted 

reactions during the industrial production of proteins, like foam or secondary metabolites can 

be disrupted selectively [32, 38]. Filamentous fungi are challenging conventional methods of 

gene modification like recombination. CRISPR/Cas9 can help to make this process more 

efficient by the introduction of heterologous sequences in wild type strains [38, 40]. 

Both techniques, recombination and CRISPR/Cas9 modify the microbial production strain of 

the enzyme. In contrast to this, methods like rational design, directed evolution and semi-

rational design modify the enzyme itself [32]. Rational design requires knowledge about the 

structure of the target enzyme and its function. By replacement, insertion and deletion of 

specific DNA regions encoding for amino acids related to properties of the enzyme, the 

selected characteristics are affected. Directed evolution requires no prior knowledge of the 

enzyme. It mimics natural evolution in an accelerated in vitro process. Genetic diversity is 

created by forced mutagenesis, followed by screening for an enzyme with the characteristic 

properties and its isolation. Semi-rational design is a combination of rational design and 

directed evolution. Thus, amino acids are mutated in a specific region in the first step. In the 

second step, the screening and isolation of a suitable enzyme is performed [32, 41]. 

Temperature optima, thermal stability and pH-tolerance of several enzymes applied in food 

production were altered with the described enzyme modification methods [31, 41]. 

1.1.3 Legal principles for the use of enzymes in food 

Since 2008 the use of enzymes in food is largely harmonized in the EU by the Regulation (EC) 

No 1332/2008 on food enzymes and the Regulation (EC) No 1333/2008 on food additives [42]. 

These regulations are part of the so-called Food Improvement Agents Package and directly 

applicable in all EU member states [43]. Regulation (EC) No 1332/2008 provides for a list of 

food enzymes approved for use in food within the EU, the so-called Union list [44]. To add 

enzymes to the list and thus allow them within the EU market, they must be evaluated. This 

evaluation process consists of two parts. First, the European Food Safety Authority (EFSA) 

performs a risk assessment of the enzyme which is published as scientific opinion. In the 

second part, based on the risk assessment, the European Commission and the member states 

develop a risk management system [32]. While the Union list is still in preparation, food 

enzymes currently used in food production must undergo a safety preassessment by the EFSA 

[42].  

The term food enzyme is defined in (EC) No 1332/2008 as a commodity which catalyzes 

biochemical reactions and is used on a stage in food manufacturing to achieve a technological 

effect. A technological necessity must be present for its application in food production. 

Enzymes can be used in food production as processing aids [44]. This term is defined in the 
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Regulation (EC) No 1333/2008 as a substance not consumed as food, being added during 

food production for technological reasons and being present as unavoidable technical residues 

with no technological impact on the final product [45]. 

Regulation (EC) No 1829/2003 is the basis for the approval of GMOs in relation to food 

production. Food enzymes, as proteins produced by GMO and used as processing aids, do 

not fall under this regulation. Thus, the use of a food enzyme obtained from a GMO must not 

cause the presence of any material from the GMO in the final food product. In contrast, food 

produced with GMO or consisting of GMO is part of the Regulation (EC) No 1829/2003 and 

has to go through an approval process and fulfill strict declaration rules [32, 46]. 

The Regulation (EU) No 1169/2011, the main legal text related to food labeling in the EU, 

specifies in its Article 20, that food enzymes are excluded from the list of ingredients if they are 

present due to carry-over effects from other ingredients or if they are used as a processing aid 

[47]. Enzymes can only be processing aids if they no longer have a technological impact in the 

final product. This might be the case when enzymes are irreversibly denatured or degraded in 

the manufacturing process. In this case the denatured or degraded enzymes are unavoidable 

residues without a technological impact on the final product [48]. It is generally known that heat 

can inactivate enzymes in an irreversible way. Thus, denatured enzymes present in food which 

was exposed to a heating step during production, such as bread, are classified as processing 

aids. Enzymes as processing aids shall not be activated again by changing parameters like 

pH, temperature or substrate and water availability in the food where they are present [48]. 

Nevertheless, it is possible, that enzymes are present in foodstuff after processing in a 

reversible inactivated state. This would be possible if an enzyme is not irreversibly inactivated 

during baking due to its temperature stability. In this case the Guidance Document on criteria 

for categorization of food enzymes of the European Commission refers on the impact of the 

enzyme in the food. A declaration would be necessary if the enzyme is still able to have a 

technological impact in the food after processing [49]. 
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1.2 Amylases in wheat bread manufacturing 

1.2.1 Overview of amylases 

Amylases are grouped according to the International Union of Biochemistry and Molecular 

Biology (IUBMB) nomenclature of enzymes in the group of glucosidases (EC 3.2.1), enzymes 

hydrolyzing O-glycosyl compounds [50]. The IUBMB categorization is based on the 

biochemical reaction which is catalyzed. The type of enzyme is coded with a four-component 

identifier, the EC number, which classifies the enzyme according to a class and several 

subclasses [51].  

In addition to the IUBMB nomenclature of enzymes, glycosyl hydrolases are grouped 

according to the Carbohydrate Active Enzymes (CAZy) nomenclature. This system groups 

enzymes which assemble or deconstruct glucans. The grouping is based on structural 

similarities in the amino acid composition of the enzymes [5, 52]. Most amylases are members 

of the glycosylhydrolases 13 family. The members of this family share three common domains, 

whereas the catalytic domain is in the form of a (β/α)8-barrel with the active site at the C-

terminal end of the barrel strands. The catalytic triade of glycosylhydrolases 13 family enzymes 

is aspartic acid - glutamic acid - aspartic acid [50]. 

Several amylases are present endogenously in the wheat kernel, such as α-amylase,  

β-amylase, pullulanase and α-glucosidase [53]. α-Amylase (EC 3.2.1.1), β-amylase (EC 

3.2.1.2) and glucoamylase (EC 3.2.1.3) cleave α-1,4-glycosidic linkages in the starch 

molecule. α-Amylase as an endoamylase acts randomly on the starch molecule and thus 

causes an increased release of glucose, maltose and oligosaccharides of varying length. 

Additionally, this action results in changes of the starch structure [2]. In contrast to α-amylase, 

β-amylase and glucoamylase are exoamylases which hydrolyze starch molecules starting at 

the non-reducing end. The result of β-amylase action are β-maltose and β-limit dextrins; 

glucoamylase converts starch successively into β-glucose [4]. The debranching enzyme 

pullulanase (EC 3.2.1.42) cleaves α-1,6-glycosidic linkages and thus removes side chains from 

amylopectin molecules or from limit dextrins [54]. 
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Figure 1: Schematic overview of the amylopectin metabolism of the different amylolytic enzymes. The 
hexagonal structure represents one glucose unit. Endoaction of α-amylase results in branched and 
linear dextrins; action of maltogenic α-amylase results to a large extent in maltose; action of isoamylase 
yields linear dextrins; glucoamylase cleaves off glucose units; action of maltotetraogenic amylase 
resulting mainly in maltotetraose and β-amylase action resulting in maltose and limit dextrins. 

In addition to the endogenous amylases, exogenous amylases from different microbial sources 

are applied in wheat bread making. 
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Of the group of exogenous amylases α-amylase is the most frequently used enzyme in 

bakeries [3]. Other exogenous glucosidases used in bakeries are β-amylase, glucoamylase, 

maltotetraogenic amylase (EC 3.2.1.60), maltogenic α-amylase (EC 3.2.1.133), and the 

debranching enzymes pullulanase (EC 3.2.1.41) and isoamylase (EC 3.2.1.68) [2, 3]. Except 

pullulanase and isoamylase, which act on α-1,6-glycosidic linkages, all exogenous amylases 

cleave α-1,4-glycosidic linkages in the starch macromolecule. Maltotetraogenic amylase 

removes successive maltotetraose units from the non-reducing end, maltogenic α-amylase 

removes in the same manner α-maltose units from the starch [55, 56]. Both, maltogenic α-

amylase and maltotetraogenic amylase are not purely exo-working enzymes and are shown 

to perform a limited number of hydrolytic endo-attacks [57]. Different fungi and bacteria are 

sources of exogenous amylases. Table 1 lists common sources of exogenous amylases 

applied in baking according to Fraatz et al. [31] and Derde et al. [57]. 

Table 1: Amylases with corresponding EC-Number and common sources of the enzyme as 
exogenous amylase in baking 

Amylase EC Number Production strains/ source 

α-Amylase 3.2.1.1 Aspergillus niger, Aspergillus oryzae, Bacillus 

amyloliquefaciens, Bacillus licheniformis, Geobacillus 

stearothermophilus 

β-Amylase 3.2.1.2 Barley, Penicillium multicolor, wheat, soy 

Glucoamylase 3.2.1.3 Aspergillus niger, Aspergillus oryzae 

Pullulanase 3.2.1.41 Bacillus acido-pullulyticus, Bacillus 

amyloliquefaciens, Bacillus brevis, Bacillus 

licheniformis, Bacillus subtilis 

Maltotetraogenic amylase 3.2.1.60 Bacillus licheniformis, Bacillus subtilis, Pelomonas 

saccharophila 

Isoamylase 3.2.1.68 Pseudomonas amyloderamosa 

Maltogenic α-amylase 3.2.1.133 Bacillus amyloliquefaciens, Geobacillus 

stearothermophilus  

 

1.2.2 Endogenous amylases 

Endogenous enzymes are present in the ripe cereal grain or are formed during germination 

and sprouting. This process is related to the uptake of water in the kernel and leads to major 

metabolic changes including the synthesis of hydrolytic enzymes [58]. The germination 

process is regulated by plant hormones, of which abscisic acid and gibberellic acid are the 

most important hormones. Gibberellic acid stimulates growth processes whereas abscisic acid 

counteracts them. Thus, germination processes are significantly regulated by the 

concentration and the ratio of the two plant hormones [59]. Both substances are synthesized 
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in the embryo of the kernel and diffuse to the aleurone where gibberellic acid triggers the 

aleurone and the scutellum cells to start de novo synthesis and secretion of hydrolytic enzymes 

like α-amylase and glucoamylase [60, 61]. Hydrolytic enzymes make nutrients available for 

plant growth and development and thus provide energy to the seedling [61].  

α-Amylase has a key role in the process of germination. During the early stages of germination, 

the enzyme cleaves fragments from the starch and makes them available for other hydrolytic 

enzymes like glucosidase and β-amylase [53, 62]. Four α-amylase isoforms 

TaAMY1 – TaAMY4 are known in wheat. They differ in the length of their amino acid chains, 

their molecular mass (Mr) and their isoelectric point (pI). Table 2 lists the wheat amylase 

isoforms with their molecular characteristics. 

Table 2: Isoforms of α-amylase in wheat with their molecular characteristics. Modified from [63]. 

α-Amylase isoform #Amino acids Mr pI 

TaAMY1 437 47,250 5.98 

TaAMY2 439 48,050 5.52 

TaAMY3 385 45,470 8.37 

TaAMY4 436 47,610 6.01 

 

Although all α-amylase isoforms catalyze the same biochemical reaction, they complement 

each other during the process of germination by a different point in time of expression. TaAMY1 

and TaAMY4 are co-expressed during germination. TaAMY2 is also expressed during 

germination but independently from TaAMY1 and TaAMY4. The isoform TaAMY3 is expressed 

during grain development. Further, it is assumed that the substrate specificity and the 

specificity to inhibitor proteins of the α-amylase isoforms might differ. TaAMY1 and TaAMY4 

are suggested to cleave short oligosaccharides more effectively than TaAMY2 and TaAMY3 

which are more specific to branched oligosaccharides with more than 20 glucose units [63]. 

Further, TaAMY1 activity results in an increased release of endogenous proteases during 

germination [64].  

Although glucosidase is capable of directly metabolizing starch, its most effective action can 

be observed in combination with α-amylase activity. α-Amylase cuts comparatively large 

fragments off the starch macromolecule which are cut down to glucose units by glucosidase 

[65]. The glucose generated is converted into sucrose via the hexose phosphate pool and 

sucrose phosphate synthase, and then is stored in the sieve elements and provides for the 

main energy supply in the early phases of germination [66]. 

In contrast to α-amylase and glucosidase, β-amylase is not synthesized de novo during 

germination. It is present in the ripe cereal kernel in two different forms: A free form, which is 
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directly extractable with water and a bound form, which is present in the endosperm of the 

kernel and bound via disulfide linkages to gliadins. During germination the bound form is 

released by peptidases [67]. Although free β-amylase is present in the ripe kernel, it is not 

involved in the early stages of germination. The main task of the enzyme is to provide maltose 

during the growth of the seedling [61, 67].  

The contents of the different protein groups, and thus the amylase contents in the ripe wheat 

kernel are subject to variations due to environmental conditions. Mainly the factors temperature 

and the amount of rain during the phase of ripening have an impact on amylase content and 

amylase formation in the kernel [1, 62]. Preharvest sprouting (PHS) and late maturity α-

amylase (LMA) are the main reasons for increased amylase levels in wheat. PHS occurs when 

cereal grain kernels are exposed to rainfall and high levels of humidity after the physiological 

ripening process in the field. As a result, the synthesis of TaAMY1 and TaAMY2 starts and the 

cereal grain begins sprouting already on the stalk. The consequence of PHS is an increase in 

α-amylase activity by a factor of 20 - 40 and, as a result, a considerable loss of quality of the 

flour made of PHS cereals [62]. LMA results from a genetic defect which affects the synthesis 

of TaAMY1 and TaAMY4 α-amylases. During the regular ripening process, α-amylase is not 

synthesized before the kernel has reached its physiological maturity [68]. In LMA wheat, 

synthesis of TaAMY1 and TaAMY4 α-amylase is triggered before the grain has reached 

maturity [63, 69]. The accumulation of α-amylase resulting from LMA has no effect on the grain 

appearance, development or morphology [69]. Opposed to PHS, LMA has limited impact on 

the bread making quality of wheat flour. Although LMA results in low falling numbers (< 150s), 

which are an indicator for a low baking quality, no effect of LMA on the quality-related 

parameters oven spring, loaf volume or crumb firmness could be found [70, 71].  

1.2.3 Exogenous amylases 

Exogenous amylases have a long history in bread making. The application of malt flours in 

baking and thus of exogenous amylases is already documented for the late 18th century in 

central Europe [72]. Nowadays, exogenous amylases are applied in wheat bread making to 

achieve a targeted technological impact. An overview of commonly used amylases and their 

sources is shown in Table 1.  

α-Amylase has multiple quality-related functions in baking technology. The enzyme has an 

impact on the fermentation process, on chemical reactions during baking leading to color and 

aroma formation, and on the staling properties of wheat bread.  

The influence of α-amylase on the fermentation process results mainly from the release and 

the degradation of fragments of the cereal starch. Since the amounts of fermentable free 

sugars in wheat dough are relatively low, α-amylase provides the majority of fermentable 
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sugars or their precursors in the dough matrix [73]. By randomly cleaving inner α-(1-4)-

glycosidic bonds in the amylose and the amylopectin of wheat starch, glucose, maltose and 

maltooligosaccharides are released [4]. Maltose and maltooligosaccharides are fermented 

after the yeast cells shift from glucose to maltose metabolism and thus do not contribute to a 

fast CO2 production and a fast increase in loaf volume. However, this action of α-amylases 

prolongs the productive fermentation time while providing additional substrates such as 

maltose and maltotriose to the yeast cells [74]. A fast increase of glucose levels in dough, and 

thus an acceleration of the fermentation rate is achieved by a combination of α-amylase and 

glucoamylase [75]. In this scenario, α-amylase provides starch fragments which are cut down 

subsequently to glucose units by glucoamylase. An increasing glucose level in the dough 

causes a delayed shift in the yeast metabolism from glucose to maltose and as a consequence 

an increased fermentation rate with a higher loaf volume [74, 75]. The accessibility of starch 

to amylases is directly related to its condition. The main substrate for amylases in dough is 

damaged starch, i.e. starch in which the native granular structure is altered. Its amount is 

dependent on the wheat variety and especially on the milling conditions [10]. The amount of 

damaged starch and the α-amylase activity are the limiting factors in the release of fermentable 

sugars from starch. In this case α-amylase has a key role in providing substrates to other 

hydrolytic enzymes [76].  

Sugars formed by the hydrolytic activity of amylases can be precursors in various taste and 

aroma stimuli forming reactions like the Maillard reaction, the Strecker degradation or the 

caramelization process. These reactions, which are mainly responsible for the flavor of wheat 

bread, take place while heat acts on the goods during the baking process in the presence of 

various reducing sugars [77].  

The Maillard reaction starts with a condensation reaction between a reducing sugar and an 

amino acid, peptide, or other compound with a free amino group. When the reducing sugar is 

an aldose the product of the condensation is a N-substituted glycosylamine, which is further 

converted into the 1-amino-1-deoxy-2-ketose, the so-called Amadori product. In case of a 

ketose being the reducing sugar involved in the Maillard reaction, the product of the 

condensation is a ketosylamine which is converted during Heyns rearrangement to the Heyns 

product, a 2-amino-2-deoxyaldose. Neither the Amadori product nor the Heyns product 

contributes to bread flavor, but they are important precursors which are transformed via 

different pathways depending on the conditions into flavor-active compounds [78, 79]. Figure 

2 provides an overview of the ways for the formation of flavor compounds during the Maillard 

reaction in case of an aldose sugar as reaction co-product.  

Dehydration of the Amadori product, respectively the Heyns product, leads to the formation of 

furfural, 5-hydroxymethylfurfural, 5-methylfurfural or reductones and dihydroreductones that 
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give several furan derivatives [79]. Furfural and 5-hydroxymethylfurfural are highly reactive 

compounds and take part in the formation of melanoidins and other brown colored polymers 

which are responsible for the browning of the bread crust via condensation and polymerization 

reactions [78]. Additionally, dihydroreductones can be transformed into aroma-active 

compounds via Strecker degradation. The Strecker degradation is the oxidative deamination 

and decarboxylation of an α-amino acid in the presence of a carbonyl compound. In the 

following, dihydroreductones can be transformed into aldehydes, which take part in the aroma-

complex of bread [79]. 

 

 

Figure 2: Principal ways of the formation of flavor compounds during the Maillard reaction with an aldose 
sugar. Figure modified from [79]. 

Another pathway of the Maillard reaction is the fragmentation of the Amadori- or the Heyns 

product. This fragmentation leads to a series of α-dicarbonyl and hydroxycarbonyl compounds. 

The reaction products of the Maillard reaction and the Strecker degradation interact with each 

other and lead to the formation of several classes of bread aroma compounds such as 

pyrazines, oxazoles, thiophenes and sulfur-containing heterocyclic compounds [77, 79].  

Since sugars are the most important precursors for dicarbonyls, their content in the dough is 

important for Maillard reaction products formed during baking [79].  

Aroma-active substances resulting from the Maillard reaction are mainly identified in the bread 

crust, due to heat exposure, but they are also present in the bread crumb. In wheat bread 

crust, key odorants are 2-acetyl-1-pyrroline (roasted), (E)-2-nonenal (green, tallow), 3-

methylbutanal (malty), 2,3-butanedione (buttery, caramel), methional (potato like), and (Z)-2-
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nonenal (green). The most important aroma-active compounds in the wheat bread crumb are 

(E)-2-nonenal (green, tallow), (E,Z)-2,6-nonadienal (cucumber-like), (E,E)-2,4-decadienal 

(fatty, waxy), 2,3-butanedione (buttery, caramel), methional (potato like), 1-octen-3-ol 

(mushroom), and (E,E)-2,4-nonadienal (fatty, waxy) [77, 80]. Niehues Birch et al. [80], and Cho 

and Peterson [77] give a detailed overview of the substances related to bread flavor. The 

relative amount of substances resulting from the Maillard reaction in bread is described as 

relatively small, but due to their low odor thresholds they have a huge impact on the overall 

aroma profile of wheat bread [80]. The amount of Maillard reaction products formed during 

baking is highly influenced by the baking temperature in the oven, whereby an increasing 

temperature accelerates the Maillard reaction itself [81]. 

The second temperature-induced reaction leading to the formation of aroma-active compounds 

is the caramelization process of sugars. This reaction takes place when sugars on the bread 

surface are heated above their melting point at about 150°C. From this point on, they react 

and form colored high molecular weight compounds with a bitter and acidic taste, as well as 

different carbonyl compounds such as aldehydes and ketones, which also contribute to various 

odors [77, 81]. Compared to the impact of the Maillard reaction on bread aroma, the 

caramelization of sugars plays a minor role [79]. 

Based on their thermal stability, amylases from different sources can provide sugars on 

different stages of bread making. During the initial stages of baking, sugars are metabolized 

by yeast and contribute simultaneously to the Maillard reaction. Amylases which have a higher 

temperature stability than yeast cells, like bacterial amylases, can provide sugars to the dough 

during later stages of baking. Thus, these sugars are an exclusive substrate for the Maillard 

reaction and are not metabolized by yeast [82].  

Further, the action of amylases on the amylose and amylopectin molecules has an impact on 

the staling properties of wheat bread. It has been shown that different amylases have different 

efficiency as antistaling enzymes [83–85]. Maltogenic α-amylase and maltotetraogenic 

amylase are commonly used as antistaling amylases, but α-amylase also has an effect on the 

staling and firming properties of wheat bread.  

Wheat bread as an unstable multiphase matrix is subject to consistency changing processes 

during storage: The crispiness of fresh bread crust decreases, whereas crumb firmness and 

crumbliness increase [86]. These changes, called staling, are caused by water evaporation, 

immobilization and redistribution processes as well as changes in the ordering structure of the 

starch polymer. The retrogradation of amylopectin during storage immobilizes freezable water, 

thus the water content of the amorphous regions in the bread crumb decreases. The 

immobilized water can no longer plasticize the starch network. Therefore, immobilization of 
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water contributes directly to crumb firming, although the water content of the bread crumb 

remains constant during this process [87]. Redistribution of water occurs via water migration 

from gluten to starch and from crumb to crust during storage. These migration processes 

reduce the moisture content of the starch and the gluten network, which are responsible for 

the elasticity of bread crumb. When the moisture content drops below a critical moisture value 

these biopolymer networks get stiffer and decisively contribute to the firming of bread [87, 88]. 

Complementary to the processes related to water immobilisation and redistribution, wheat 

starch rearrangements play the leading role in crumb firming. Amylose crystallizes already 

during cooling of bread and forms a network which is mainly responsible for the initial firmness 

of bread crumb [87]. Amylopectin side chains recrystallize over a time span of several days in 

a process called retrogradation. As a key part of this process, the side chains are packed into 

tightly packed double-helical structures, which form intra- and intermolecular crystalline 

regions. Thus, the amorphous gelatinized starch network present in fresh bread crumb is first 

transformed into a partly crystalline state and subsequently is extended over time into a 

continuous rigid crystalline starch network [86, 87, 89, 90].  

Błaszczak et al., showed that the supplementation of fungal α-amylase in wheat bread baking 

not only had an effect on the loaf volume, but also on crumb properties such as hardness and 

elasticity. During storage for five days hardness and gumminess of crumb of wheat breads 

made with fungal α-amylase were less pronounced than in the control bread without amylase 

addition. At the same time, elasticity and cohesiveness of the crumb were significantly higher 

than for the control breads [83]. Since bacterial and fungal α-amylase are mainly endo-acting 

enzymes, they act on internal α-1,4-glycosidic bonds of the starch polymer. The result is a 

decrease of the level of long amylopectin starch side chains, which reduces the number of 

connections between crystallites in the starch network und thus hinders starch recrystallization 

[84, 91]. The supplementation of wheat doughs with bacterial α-amylase leads to a decrease 

of the double helical ordering of the starch matrix [85]. This effect does not result from the 

direct modification of the starch chains via α-amylase, but is traced back to the 

oligosaccharides resulting from the action of exogenous α-amylase on the starch polymer [92]. 

It has been reported that oligosaccharides reduce starch recrystallization and might hinder the 

formation of double helices as well as reduce the mobility of the amylopectin side chains, while 

acting as antiplasticizers [84, 92]. Compared to the action of exogenous α-amylase on the 

connections between crystallites in the starch network, the effect of oligosaccharides is 

described as low [84]. It can therefore be assumed that the freshness enhancing effect of 

amylases is due to their impact on the starch network in wheat bread crumb. The application 

of exogenous α-amylases can lead to a fast degradation and thus to a collapse of the starch 

network resulting in a sticky bread crumb. Via the supplementation of exoacting amylases such 
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as maltogenic α-amylases this effect can be prevented. Further, maltogenic α-amylases and 

maltotetraogenic amylases are described as the more efficient antistaling amylases [91, 93].  

Maltotetraogenic amylase from Pelomonas saccharophila hydrolyzes α-(1,4)-D-glycosidic 

bonds which leads to the successive removal of maltotetraose residues from the starch 

polymer. It was shown that the enzyme is not purely an exo-enzyme, but it also shows endo-

action and thus a more accelerated starch breakdown than exclusively exo-working amylases 

[57]. The temperature optimum of the maltotetraogenic amylase from Pelomonas 

saccharophila is at about 60°C and it still showed activity at 90°C. Thus, it can metabolize 

starch over a long period of time during the baking process [55]. The enzyme mainly acts on 

the side chains of amylopectin and thus reduces their rearrangement and crystallization. Via 

the prevention of starch crystallization, bread firming can be delayed [94]. 

Maltogenic α-amylase from Geobacillus stearothermophilus successively cleaves α-maltose 

units from the non-reducing ends of amylose and amylopectin. The enzyme has its 

temperature optimum at 60°C, which is comparable to Pelomonas saccharophila 

maltotetraogenic amylase and it has a wide temperature activity range, so that the enzyme 

can be still active at 90°C [57]. Consequently, the enzyme acts on the starch mainly during the 

later baking phase and during the cooling phase of the bread [95]. It enhances amylose mobility 

and network formation, while reducing the molecular weight of amylose [89]. This results in a 

greater initial firmness of breads manufactured with maltogenic α-amylase compared to breads 

made with α-amylase supplementation or without any exogenous amylase [95]. Maltogenic α-

amylase from Geobacillus stearothermophilus is described as amylase with a high degree of 

multiple attacks. Thus they stay attached rather long to the same starch chain, which results 

in a slow reduction of the overall molecular weight of the starch [55]. This mode of action results 

in a systematic shortening of the side chains of the amylopectin molecules, until they become 

too short to crystallize. Hence, the formation of a permanent, continuous amylopectin network 

during storage is inhibited [84, 93]. Despite the initial increase in crumb firmness caused by 

maltogenic α-amylase, its effect on amylopectin leads to a substantial delay in crumb firming 

[93, 96].  

An additional antistaling effect of both maltotetraogenic and maltogenic α-amylases may result 

from their ability to increase dextrin levels in wheat bread comparable to the action described 

for the α-amylases above. However, this effect is of minor importance in terms of the antistaling 

properties of both enzymes [84].  

1.2.4 Inactivation of amylases during baking and possible residual activity 

The temperature profile of the baking process has a major impact on the kinetics of activation 

and inactivation of endogenous and exogenous enzymes present in the pastry. Besides the 
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temperature and its gradient, the parameters moisture content, pH value, the presence of ions 

and carbohydrates in the bread affect the activity and thermal stability of enzymes [97]. 

Especially temperature in combination with the moisture content determines the kinetics of the 

inactivation, whereby the rate of inactivation increases with increasing water content and 

temperature [98, 99].  

The process of enzyme inactivation is divided into two parts: First, reversible denaturation 

occurs by an unfolding of the enzymes. Thus, enzymes are transformed to an inactive state. 

By increasing the temperature, the enzymes are denaturated and degraded irreversibly [98, 

100]. Denaturation is the loss of tertiary and secondary protein structure, while degradation 

includes the changes in covalent bonds, e.g. deamidation and oxidation processes of amino 

acids. These processes are temperature dependent and accelerated at high temperatures. 

They play a key role in the inactivation of temperature-stable enzymes during heating 

processes. Mainly the structure of an enzyme determines its temperature stability. It is 

suggested, that a negatively charged amino acid residue next to the N-terminus of an α-helix 

has a stabilizing effect due reinforced electrostatic and hydrogen bonds within the helix. 

Additionally, the substitution of proline for other amino acid residues might have a stabilizing 

effect in enzymes [101]. The factors improving thermal stability of an enzyme are discussed 

controversially, but it is assumed, that there is no universal rule for a general protein structure 

that improves the thermal stability of enzymes [101, 102]. It is known that some enzymes used 

in baked goods are not completely denatured or irreversibly inactivated during the baking 

process.  

From the group of amylases, a residual activity after baking is specifically described for 

Geobacillus stearothermophilus maltogenic α-amylase and for Bacillus subtilis α-amylase in 

several studies. Lagrain et al. analyzed the impact of these two enzymes on wheat bread and 

described changes in the saccharide fraction during storage which are a consequence of a 

residual amylase activity in the bread crumb [95]. A residual activity of the two enzymes after 

baking was confirmed by Bosmans et al. [93]. Reichenberger et al. also describe a residual 

amylase activity after baking for Geobacillus stearothermophilus maltogenic α-amylase in 

wheat bread [103]. After incubating maltotetraogenic amylase from Pelomonas saccharophilia 

in a starch solution at 90°C for 30 min Derde et al. still detected a residual activity of the 

enzyme. As these results are not transferable to the complex matrix of bread, it is still not 

clarified if the enzyme would be active in wheat bread crumb after baking [57].  

Only a few studies investigate the residual activity of fungal amylases in baking. Zhang et al. 

found a β-galactosidase from Aspergillus oryzae, which is still active after baking [97]. The low 

number of studies dealing with residual activity of fungal amylases in baking can be explained 
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by the lower temperature stability of amylases from Aspergillus compared to bacterial 

amylases [3].  

1.3 Analysis of amylases, their activity and their hydrolysis products in food 

1.3.1 Falling number 

A widely established method to determine α-amylase activity in cereal products is the falling 

number according to Hagberg and Perten. Due to its simple and fast feasibility it is a preferred 

method in the industry [104]. The falling number method is one of the official international 

standard methods for assessing grain quality and is listed as AACCI Method No. 56-81.03, 

ICC Standard No. 107/1 and ISO 3093:2009. To determine the index a flour-water suspension 

is gelatinized by raising the temperature in the sample vessel under controlled stirring. 

Following the stirring procedure, the stirring rod is dropped through the suspension. Thus, the 

liquefaction of the starch gel by the α-amylase is meant to be the factor influencing the sinking 

time of the rod. The stirring time is set to 60 s and the length of the viscometer is 220 mm. The 

falling number is defined as the sum of the stirring time and the time it takes the rod to sink 

through the suspension [105]. The index is proportional to the viscosity and inversely 

proportional to the α-amylase activity. Falling numbers between 250 s and 450 s stand for 

normal α-amylase activities and should represent wheat flours with good baking properties [71, 

106]. It was shown, that the falling number has a high level of repeatability and shows 

associations with the α-amylase activity of wheat samples [106, 107]. 

However, the applicability of the falling number as predictive value for the α-amylase activity 

or the baking quality of wheat flour is currently under debate. Basically, the method is the 

measurement of an effect and not the direct determination of α-amylase activity. It neglects 

factors such as the rheological properties of the starch or variety-specific starch properties 

[108]. Further, it was shown, that the association between falling number and α-amylase 

activity is indeed present, but not strong enough to consider the falling number a highly robust 

predictor of α-amylase activity [107]. In addition to the properties of starch, the grain protein 

content and composition as well as the genotype influence the falling number [104]. For the 

prediction of LMA or PHS, the falling number was shown to be unsuitable. Based on the falling 

number it was not possible to differentiate between the two genetic defects in endogenous α-

amylase levels and regarding PHS the test was not effective in quantitating a level of sprouting 

[104, 109]. Further, a clear absence of a correlation of falling number values with LMA-related 

α-amylase activities was described [70].  

Nowadays it is assumed, that the isoform of α-amylase present in a wheat sample plays a key 

role for the baking quality, i.e., a high α-amylase level itself does not result in a poor baking 
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quality. It was rather shown, that an increase in the α-amylase isoforms TaAMY1 and TaAMY3 

results in a positive impact on the bread quality parameters volume and browning [64, 70].  

1.3.2 Activity of the different amylases 

Although enzymes usually occur in very low concentrations they can be identified, and their 

activity can be quantified by their catalytic reaction. Such a relatively simple indirect approach 

is not transferable to other proteins present in biological samples such as nucleic acids or 

structural proteins. Despite the relatively simple procedure, enzyme assays are only reliable 

and reproducible if the conditions are strictly standardized. For the activity of enzymes the pH, 

temperature, ion strength and substrate availability are described as the most important factors 

[110].  

Different enzyme assays have been established for the determination of the activity of 

amylases. There are several methods that measure the amount of substrate, for example 

starch, in a sample after amylolytic activity or the amount of reducing sugars; most of them are 

based on spectroscopic techniques [111]. Nowadays, chromogenic methods to determine 

amylase activity, are used more frequently. Here, a soluble dye or a chromogen is coupled to 

a maltooligosaccharide as substrate. Most of them are solution-based fluorometric or 

colorimetric assay procedures. Assay procedures are established for α-amylase, β-amylase, 

debranching enzymes and amyloglucosidase working with a 4-nitrophenyl group coupled to a 

maltooligosaccharide. The structure of the oligosaccharide depends on the substrate affinity 

of the analyzed amylase [112–115]. Since amylases are only capable of cleaving bonds 

between adjacent glucose units, these 4-nitrophenol-based assays include an α-glucosidase 

to cleave off the 4-nitrophenol group from the amylase reaction products, mostly short 

oligosaccharides. The α-glucosidase involved in the assay procedure must not act on the intact 

substrate. Thus, these assays include two steps of enzymatic metabolism. [111]. Figure 3 

shows the reaction scheme of the Ceralpha α-amylase assay. The release of the 4-nitrophenyl 

ion results in a yellow-colored solution with a measurable extinction correlating with the 

respective amylase activity.  
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Figure 3: Reaction scheme of the Ceralpha α-amylase assay. α-Amylase cleaves bonds within the 
blocked 4-nitrophenyl maltoheptaoiside. In the second step the α-glucosidase cleaves 4-nitrophenyl off 
the non-blocked reaction product.  

Chromogenic methods are described as fast and they can be adapted to microtiter plates, 

which ensures high sample throughput. The methods were shown to have high accuracy and 

reproducibility [116].  

Based on the substrate turnover during the incubation time of the assay, the activity of the 

amylase can be expressed in units of activity or Katal (kat). One unit is defined as the enzyme 

amount converting 1 µmole of substrate per minute and it is still very popular although Katal is 

the measuring unit for enzyme activities according to the SI system. One Katal is defined as 

the activity of converting 1 mol of substrate per second [110]. 

1.3.3 Amylase hydrolysis products 

Several methods to identify and quantify mono-, di-, oligo- and polysaccharides have been 

published, whereby different analytical techniques have been used, for example capillary 

electrophoresis [117], LC-MS [118, 119], gas chromatography (GC)-MS [119, 120], high-

performance liquid chromatography (HPLC) coupled with different detection methods [117, 

121] and high performance anion exchange chromatography coupled with pulsed 

amperometric detection (HPAEC-PAD) [76, 122]. Due to the high sensitivity and the ability to 

analyze a large number of different carbohydrates in one run, HPAEC-PAD gained popularity 

in carbohydrate analysis [122].  

Carbohydrates are weak acids and thus their hydroxyl groups are partially transformed into 

oxyanions at high pH. Sodium acetate solution in combination with sodium hydroxide solution 

is routinely applied in anion exchange chromatography to realize a high pH value in the mobile 

phase. The anions are bound to the stationary phase, where the order of retention is negatively 

correlated with the pKa value. During detection via PAD the carbohydrates are oxidized on the 
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surface of a gold electrode. The electrical current generated by their oxidation, results in the 

signal which is measured during detection [121].  

HPAEC-PAD experiments with cereal-based samples require a simple work-up procedure. 

The extraction of carbohydrates can be performed either with water or water-alcohol solutions 

with varying concentrations [122–124]. High alcohol concentrations were shown to reduce the 

amount of starch being extracted. Additionally, endogenous enzymes can be inactivated by 

alcohols in the extraction solution to avoid further hydrolysis of the extracted sugars. A simple 

clean-up procedure of the extract including filtration and evaporation of the alcohols is sufficient 

for the HPAEC experiment [122]. 

1.3.4 Discovery-driven proteomics 

The field of proteomics deals with the large-scale determination of genetic and cellular 

functions at protein level using a whole range of analytical techniques. Mass spectrometry-

based methods have become very popular as a tool to analyze complex protein samples. This 

was made possible by the establishment of gene and genome sequence databases [125]. 

Mainly liquid chromatography (LC) systems coupled to a mass spectrometer (MS) are used in 

MS-based proteomics. The MS system generally consists of an ion source, a mass analyzer 

and a detector. Popular ionization techniques are electrospray ionization (ESI) and matrix-

assisted laser desorption/ionization (MALDI); mass analyzers applied in proteomics are time-

of-flight (TOF) or triple quadrupole (QQQ) analyzers. MALDI-TOF-MS is routinely used for the 

characterization of intact proteins, whereas discovery-driven and targeted proteomics, 

focusing on tryptic peptides, are performed with LC-ESI-TOF-MS and LC-ESI-QQQ-MS 

systems, respectively [125, 126].  

In general, the discovery driven-proteomics approach is chosen when a mixture of different 

proteins should be analyzed. Therefore, proteins are extracted or isolated followed by a 

hydrolysis step, during which a sequence specific protease like trypsin cleaves the proteins 

into specific peptides [127]. The peptide mixture is separated via LC to reduce its complexity 

and transferred to the MS.  

Typical discovery-driven proteomics experiments are designed as data-dependent acquisition 

(DDA) experiments. Therefore, within a TOF-MS scan, precursor ions are detected and 

selected according to DDA criteria like intensity in the first quadrupole. These precursor ions 

are fragmented in the collision cell of the system. In the following step the resulting product 

ions are detected based on their mass-to-charge ratio by a TOF-analyzer [128]. Identification 

of the detected peptides is performed in silico. The spectra of the detected peptides are 

matched with databases containing proteins and their simulated peptides. These database 

searches are performed with protein databases available online [129] which are processed by 
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search engines implemented in bioinformatics software tools such as MaxQuant [130]. Figure 

4 illustrates the workflow of a discovery-driven proteomics experiment in a simplified form.  

 

Figure 4: Workflow of the discovery-driven proteomics approach. Sample preparation including the 
main steps protein extraction, tryptic digest and sample clean-up via Solid Phase Extraction (SPE). 
Proteomics experiment is performed on a UHPLC-TOF-MS system, data processing includes the 
identification of peptides and corresponding proteins in the samples with MaxQuant. 

In addition to DDA experiments, lately so-called data-independent acquisition (DIA) 

experiments have become more popular in proteomics. In the DIA mode, all ionized 

compounds of a sample that fall in a specified mass range are fragmented. Thus, DIA provides 

a huge amount of information, but comes along with a large increase in the complexity of the 

data evaluation process compared to DDA experiments [131].  
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2. Aim of the work 

Exogenous enzymes are used routinely in wheat bread making. They are added during dough 

preparation with the intention of acting as technological processing aids on various stages of 

bread making. Among these enzymes, amylases are the most important representatives. They 

are added to improve volume and color of wheat bread as well as decrease bread staling. As 

processing aids, their activity has to be limited to the production process according to European 

legislation. Otherwise, if there is a technological function on the final product, they are no longer 

processing aids and have to be labeled on the product. Until now, it was assumed that 

amylases in wheat bread making are inactivated during the baking process and that they have 

no technological function in the final product. Consequently, there is little information available 

about a residual activity in wheat bread.  

The aim of our study was to elucidate the relationship between the protein composition of 

amylase preparations, changes in sugar composition of the breads during storage and a 

possible residual activity of the enzyme. 

For this purpose, we first identified and quantitated different amylases (α-amylase, 

maltotetraogenic amylase and maltogenic α-amylase) in common preparations used in baking 

via label-free discovery-driven mass spectrometry. This step should generate knowledge of 

the proteins present in the preparations and should enable the assignment of an activity to 

each amylase. 

To study the action of the amylases in the matrix bread, baking experiments with the 

application of the amylase preparations were performed in the second step. By monitoring 

mono-, di- and oligosaccharides in these model breads we got insights in the saccharide 

composition and its development during storage. Further the activity of amylases was 

determined with suitable colorimetric assays to detect a possible residual activity in the bread 

crumb. The combination of these two methods allows to establish the relationship between 

characteristic molecular changes in the bread crumb and an amylolytic residual activity in the 

breads. 

Thus, the combination of these methodological approaches and the resulting novel findings 

shall provide fundamental knowledge about the application of amylases in baking, their 

possible residual activity and the resulting changes in the sugar spectrum. 
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3. Results 

3.1 Impact of exogenous α-amylase on sugar formation in straight dough 

wheat bread 

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 

License, which permits use, sharing, adaptation, distribution and reproduction in any medium 

or format, as long as you give appropriate credit to the original author(s) and the source, 

provide a link to the Creative Commons licence, and indicate if changes were made. The 

images or other third party material in this article are included in the article’s Creative 

Commons licence, unless indicated otherwise in a credit line to the material. If material is not 

included in the article’s Creative Commons licence and your intended use is not permitted 

by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 

from the copyright holder. To view a copy of this licence, visit 

http://creativecommons.org/licenses/by/4.0/. 

 

In a set of five different commercially available α-amylase preparations, we identified the 

amylases responsible for the amylolytic activity of the preparations by a discovery-driven 

proteomics approach. Further, baking experiments were performed to identify a residual 

amylase activity in the bread crumb after baking. Within the scope of HPAEC-PAD 

experiments, mono-, di- and oligosaccharides in the model breads were identified and their 

development during storage was monitored. Gerold Rebholz developed the concept of the 

experimental setup, planned, performed the experiments and carried out the data analysis and 

data interpretation.  

In the five α-amylase preparations, a total of three different α-amylases were identified. Two 

preparations contained bacterial α-amylase from Bacillus amyloliquefaciens and 

Thermoactinomyces vulgaris, respectively. In three preparations, amylases from Aspergillus 

oryzae were identified, one α-amylase and one glucoamylase. The preparation containing 

Bacillus amyloliquefaciens α-amylase showed the largest impact on the sugar spectrum of the 

model breads. During the storage time of up to 96 h the total sugar content increased by 

408.6% compared to the control bread without amylase addition. Moreover, this preparation 

showed a residual activity of 4.01% based on the applied activity. The fungal preparations 

showed changes in the sugar composition of bread during storage, which were, however, 

smaller compared to the control bread. For the fungal preparation no residual amylolytic activity 

was detected in the bread crumb. 
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Our work provides new insights into the processes of the saccharide fraction of wheat bread 

supplemented with α-amylase. The combination of this part of the work together with the 

proteomics-based approach of the enzymatic activity allowed to establish a link between 

exogenous α-amylase and its activity during wheat bread storage. Thus, our research provided 

the basis for a further investigation of the technological function in the bread crumb.  

Additionally, Gerold Rebholz designed the figures, wrote the manuscript and revised it 

according to the comments of the co-authors and reviewers. 
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Abstract

The use of bacterial or fungal α-amylases is common in wheat bread production to improve several quality-related parameters 

such as loaf volume, crust color or staling behavior. To study the impact of exogenous α-amylases on straight dough wheat 

bread, we quantitated mono-, di- and oligosaccharides and residual α-amylase activity in bread crumb during storage for up 

to 96 h. Discovery-driven proteomics of the five α-amylase preparations studied showed that only a few different amylases 

per preparation were responsible for the hydrolytic effect. Compared to the control, the supplementation with α-amylase 

from Bacillus amyloliquefaciens in wheat dough preparation led to major changes in the sugar composition of bread crumb 

during storage with the formation of oligosaccharides like maltopentaose, maltohexaose, maltoheptaose, and maltooctaose. 

A residual activity corresponding to 4.0% of the applied activity was determined in the breads prepared with α-amylase 

from B. amyloliquefaciens, but no residual activity was detected for any of the other fungal or bacterial α-amylases from 

Aspergillus oryzae or Thermoactinomyces vulgaris. Whether the detected residual activity is related to the characteristics 

of bread staling or bread crumb properties must be clarified in further studies.

Keywords Amylase · Bread · Enzymatic activity · Maltose · Oligosaccharides · Wheat

Introduction

Amylases are present endogenously in wheat flour, but their 

activities vary greatly depending on the type and variety of 

grain, the environmental conditions during cultivation, and 

the state of maturity at harvest [1]. It is generally accepted 

that the amount of amylases present endogenously in wheat 

flour is too low to have a technological impact during the 

manufacturing of wheat bread except in cases of pre-harvest 

sprouting or late-maturity amylase activity. Considerable 

levels of β-amylase are present in unmalted wheat flour, 

while its α-amylase content and associated activity are low. 

α-Amylases (EC 3.2.1.1) are the most widely used enzymes 

in baking and play an important role due to their multiple 

quality-related functions in baking technology [2]. The 

quality-improving effect of the different α-amylases used in 

baking is mainly based on their influence on the fermenta-

tion process, the influence on chemical reactions during bak-

ing leading to color and aroma formation and/or antistaling 

mechanisms [3, 4].

α-Amylases predominantly catalyze endohydrolysis of 

α-(1–4)-D-glycosidic bonds in the amylose and amylopec-

tin molecules of wheat starch, but may also act as α-exo-

amylase, generating α-maltose from the non-reducing end. 

Thus, α-amylases cause an increased release of α-configured 

glucose, maltose, and oligosaccharides of varying length 

resulting in changes in the starch structure [5]. The addition 

of α-amylase to wheat doughs improves the fermentation 

rate by providing additional substrates such as maltose and 

maltooligosaccharides to the yeast cells. This leads to a pro-

longation of the productive fermentation due to the fact that 
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these sugars can be fermented by yeast shifting from glucose 

to maltose metabolism [6, 7].

In addition, the sugars formed by the hydrolytic activ-

ity of amylase can be substrates in various taste and aroma 

stimuli forming reactions. Especially, the caramelization 

process, the Maillard reaction, and the Strecker degradation 

are reactions that take place during the baking process under 

the influence of heat and in the presence of various reducing 

sugars. They are mainly responsible for the flavor and taste 

of wheat bread [8].

The action of α-exo-amylases on the amylose and amy-

lopectin molecules has a major impact on the staling prop-

erties of wheat bread. The degradation of the amylopectin 

side chains by α-amylase hinders starch recrystallization and 

thus reduces the firming rate of starch [9]. Thermostable 

and intermediate temperature stability bacterial α-amylase 

had an antistaling effect due to its ability to decrease the 

double-helical ordering of the starch matrix and this hin-

dered starch retrogradation [10]. In addition to the antistal-

ing effect resulting from the action on the three-dimensional 

structure of starch, α-amylase might show an antistaling 

effect due to the release of oligosaccharides from starch [11]. 

Oligosaccharides with an average degree of polymerization 

of 5.1–6.2 for Bacillus subtilis α-amylase and with 2.6–2.8 

for Geobacillus stearothermophilus maltogenic α-amylase 

might act as antiplasticizers, which reduce the mobility of 

amylopectin side chains and hinder the formation of double 

helices. However, despite a high amount of oligosaccharides, 

recrystallization was hardly reduced in wheat bread crumb 

[12].

During the baking process, the amylases are first revers-

ibly unfolded and converted into an inactive state. In the 

second step after extended heat exposure, the proteins are 

irreversibly denatured [13]. The kinetics of inactivation is 

strongly correlated to the water content and heating rate in 

bread [14]. It is known that amylase from B. subtilis and G. 

stearothermophilus might be partly active after baking in 

wheat bread crumb, whereas the thermal stability of fungal 

amylase is lower than that of cereal amylase [15, 16].

In the European Union the use of enzymes in food pro-

duction must be in compliance with the Regulation (EC) 

1332/2008 [18]. In consideration of the Regulation (EU) 

No 1169/2011 on the provision of food information to con-

sumers, enzymes used as processing aid are not classified as 

food ingredients [19]. Thus, they do not have to be labeled. 

In the case of residual activity of enzymes in food, it must 

be clarified if the residual activity has a technological func-

tion in the final product. If there is a technological function 

in food, the enzymes are classified as ingredients and have 

to be labeled [18, 19]

In our study, we focused on the impact of exogenous 

α-amylases in straight dough wheat bread making. The 

main goal was to elucidate the relationship between the 

composition of commercial α-amylase preparations, changes 

in bread during storage and possible residual activity of the 

enzyme. Via label-free discovery-driven mass spectrometry, 

we aimed to identify and quantitate α-amylase in common 

preparations used in baking. By monitoring mono-, di- and 

oligosaccharides in the bread we got insights into the saccha-

ride composition and its development during storage. The 

combination of these two methods with a colorimetric assay 

for the activity in bread after baking gave information about 

the cause and effect of molecular changes related to residual 

amylolytic activity in straight dough wheat bread.

Materials and methods

Chemicals and flours

All chemicals and solvents were at least HPLC-grade or 

higher. Water was purified using an Arium 611VF water puri-

fication system (Sartorius, Goettingen, Germany). Trypsin 

(from bovine pancreas, TPCK-treated, ≥ 10,000 BAEE U/mg 

protein), sodium hydroxide solution (50–52%), and anhy-

drous sodium acetate (≥ 99%) were obtained from Sigma-

Aldrich (Steinheim, Germany). α-Amylase assay reagent 

(4-nitrophenyl α-D-maltoheptaoside (blocked), plus excess 

α-glucosidase and glucoamylase) and β-amylase assay rea-

gent (4-nitrophenyl β-D-maltotrioside, plus excess thermo-

stable β-glucosidase) were purchased from Megazyme (Bray, 

Ireland). D-(+)-glucose (≥ 99.5%), D-(−)-fructose (≥ 99%), 

sucrose (≥ 99.5%), maltose monohydrate (≥ 99%), malto-

triose (≥ 90%), and maltoheptaose (≥ 70%) were obtained 

from Sigma-Aldrich. Maltotetraose (≥ 97%), maltopentaose 

(≥ 90%), maltohexaose (≥ 95%) and maltooctaose (≥ 80%) 

were purchased from Santa Cruz (Dallas, USA). Wheat 

flour type 550 was provided by Rosenmühle (Ergolding, 

Germany).

Amylase preparations

Five different α-amylase preparations commonly applied 

in bread making were used. The enzymes originated from 

Bacillus amyloliquefaciens (A), Thermoactinomyces vul-

garis (B), and Aspergillus oryzae (C, D and E). The prepa-

rations, their ingredients and dosage specified by the manu-

facturer are listed in Table 1. The activity was determined 

by means of the α-amylase assay procedure described below.

Enzyme extraction from amylase preparations 
and determination of the protein content

The amylase from the preparations was extracted accord-

ing to Uhr et al. [19]. A sample quantity corresponding to 

0.5 g of dry matter was extracted using 5.0 mL of extraction 
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buffer (0.1 mol/L ammonium bicarbonate, 4.0 mol/L urea, 

and 0.005 mol/L dithiothreitol (DTT) (pH 8.0) in water). The 

extraction procedure was performed at room temperature by 

stirring for 30 min. Following the extraction step, the extract 

was centrifuged (20 min; 20 °C; 3750×g) and the superna-

tant was collected for further analysis.

The proteins were quantitated in the extracts of the prepa-

rations by an RP-HPLC method using a Jasco-XLC System 

(Jasco, Pfungstadt, Germany) with an Acclaim 300  C18 col-

umn (3 µm particle size, 30 nm pore size, 2.1 mm × 150 mm; 

Thermo Fisher Scientific, Waltham, USA) equipped with a 

security guard ultra column of the same type. The column 

temperature was 60 °C; the injection volume was 10 µL. 

Elution solvents were (A) 0.1% aqueous trifluoroacetic acid 

(TFA) and (B) acetonitrile containing 0.1% TFA. A linear 

gradient was applied as follows: 0.0 min, 0% B; 0.4 min 

0% B, 0.5 min, 24% B; 15.0 min, 56% B; 15.1 min, 90% 

B; 19.1 min, 90% B; 19.2 min, 0.0% B; 35.0 min, 0.0% B. 

The flow rate was 0.2 mL/min. Detection was carried out by 

measuring the UV absorbance at 210 nm [21]. Control of the 

system and the evaluation of the chromatograms were done 

with the software ChromPass (Jasco). Quantitation of the 

protein content of the samples was performed by means of 

external calibration using reference gliadin from the Work-

ing Group on Prolamin Analysis and Toxicity (PWG-glia-

din) [22]. All determinations were done in triplicate.

Sample preparation for ultra‑high‑performance 
liquid chromatography time‑of‑flight mass 
spectrometry (UHPLC–TOF–MS)

Amylase from wheat flour and from the preparations 

was extracted according to Uhr et al. [19]. Following the 

extraction and centrifugation an appropriate volume of the 

supernatant was diluted to a protein content of 0.5 mg/mL 

in 0.3 mL and 0.1 mL Tris–HCl (1.5 mol/L) and 0.1 mL 

1-propanol was added. Reduction was performed by adding 

0.05 mL tris(2-carboxyethyl)phosphine (0.05 mol/L tris(2-

carboxyethyl)phosphine in 0.5 mol/L Tris–HCL, pH 8.5) 

and incubating for 30 min at 60 °C. The cysteine residues 

of the proteins were alkylated using 0.1 mL chloroaceta-

mide solution (0.5 mol/L chloroacetamide in 0.5 mol/L 

Tris–HCl, pH 8.5) per sample for 45 min at 37 °C in the 

dark. After the alkylation step, the samples were evaporated 

to dryness using a rotary vacuum concentrator (37 °C, 3 h, 

800 Pa). Tryptic hydrolysis was carried out by reconstitu-

tion of the samples in 0.5 mL trypsin stock solution with 

trypsin:substrate ratio of 1:20 (w/w) (0.04 mol/L urea in 

0.1 mol/L Tris–HCl, pH 7.8). The samples were incubated 

at 37 °C for 16 h. Hydrolysis was stopped by heating the 

samples at 95 °C for 8 min. Following the tryptic diges-

tion, the samples were purified via solid-phase extraction 

using 100 mg Discovery DSC-18 tubes (Merck, Darm-

stadt, Germany). The tubes were activated using methanol 

(1 mL), equilibrated with acetonitrile/water/formic acid (FA) 

(80:20:0.1; 1 mL) and washed with acetonitrile/water/FA 

(2:98:0.1; 5 × 1 mL). After washing the tubes, the samples 

were loaded on the tubes and the cartridges were washed 

again as described before. Elution of the peptides was per-

formed with acetonitrile/water/FA (40:60:0.1). The eluate 

was dried using a rotary vacuum concentrator (37 °C, 4 h, 

800 Pa), reconstituted in 500 µL FA and filtered (0.45 µm; 

wwPTFE). The analysis of three independent technical rep-

licates each confirmed that the chosen workflow led to repro-

ducible results in terms of confident qualitative peptide and 

protein identification.

Discovery‑driven proteomics using UHPLC–TOF–MS

UHPLC−TOF−MS measurements were carried out on a 

Sciex TripleTOF 6600 mass spectrometer (Sciex, Darm-

stadt, Germany) connected to a Shimadzu Nexera X2 system 

(Shimadzu, Kyoto, Japan) operating in the positive electro-

spray ionization (ESI) mode. Control of the instrument and 

data acquisition were performed using AnalystTF software 

(Version 1.7.1, Sciex). Chromatography was performed on 

a 150 × 2.1 mm, 1.6 µm BioZen Peptide PS-C18 LC column 

(Phenomenex, Aschaffenburg, Germany) equipped with a 

security guard ultra column (2 × 2.1 mm) of the same type. 

Elution solvents were (A) 1% aqueous FA and (B) acetoni-

trile containing 1% FA. The gradient was performed at a 

flow rate of 0.35 mL/min starting at 0 min, 5% B; 5 min, 

5% B; 60 min, 40% B; 65 min, 100% B; 69 min, 100% B; 

70 min, 5% B; and 75 min, 5% B. The temperature of the 

column oven was set to 40 °C, the injection volume was 

10 μL.

Table 1  Composition of 

the enzyme preparations as 

indicated by the manufacturer, 

dosage recommended by the 

manufacturer, and activity of 

the amylase added to the dough

Preparation Enzyme Other ingredients Dosage [mg/kg 

based on flour]

Activity 

[nkat/gdm]

(A) Bacterial α-amylase Wheat starch, edible oil 50 1.77

(B) Bacterial α-amylase Wheat flour, sunflower oil 600 62.74

(C) Fungal α-amylase Wheat flour, wheat starch, dextrin 10 6.52

(D) Fungal α-amylase Wheat flour, dextrin 25 77.39

(E) Fungal α-amylase Wheat flour 50 27.08
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For the experiments, the ion spray voltage was set at 

5500 eV, the source temperature was 550 °C, the nebulizing 

gas was at 55 psi, the heating gas was at 65 psi and nitrogen 

served as curtain gas at 35 psi.

In the information-dependent acquisition mode (IDA), a 

TOF−MS survey scan was acquired from m/z 400 to 1000 

using an accumulation time of 250 ms, collision energy (CE) 

of 10 V and a declustering potential (DP) of 80 V. Prod-

uct ion spectra for the 12 most abundant compounds were 

recorded in the high-resolution mode for 70 ms within the 

m/z range of 100 − 2000 using a DP of 80 V and CE of 40 V, 

with CE spread of 15 V. IDA criteria for the precursor ion 

included intensity of > 100 counts/s. Q1 resolution was set 

to 0.7 Da.

Protein identification using MaxQuant

A search workflow using MaxQuant (version 1.6.10.43) was 

developed for the identification and relative quantitation of 

proteins (Fig. 1). The MS raw files were used as input in the 

MaxQuant software for different searches against databases 

derived from UniProtKB. The first step of data evaluation 

was the identification of enzymes from the class of glyco-

sylases (EC 3.2.-.-). A database was built with all proteins 

belonging to the class EC 3.2.-.- from Triticum aestivum 

and from 14 microorganisms relevant for the production 

of food-grade amylases according to the European Food 

Safety Authority and the US Food and Drug Administra-

tion [23, 24]. This resulted in a database containing 5550 

proteins (Download: 01.07.2019). To identify all possible 

proteins present in the sample, in the second step a database 

containing the proteome of the identified organisms was 

used, respectively. In the final third step, the relative quan-

titation of the proteins was performed using the intensity 

based absolute quantitation (iBAQ) algorithm implemented 

within MaxQuant. Via iBAQ, the iBAQ intensities of differ-

ent proteins within one sample can directly be compared to 

each other, and the relative concentrations of proteins can be 

determined [25]. Therefore, for each sample, an individual 

database was built containing all the identified proteins from 

the second step. A total sum normalization of iBAQ protein 

intensities between samples was performed to correct for dif-

ferent total protein injection amounts. The parameters were 

set as follows for all MaxQuant searches: Variable modi-

fication included oxidation of methionine and N-terminal 

protein acetylation. Carbamidomethylation on cysteines was 

specified as fixed modifications. Trypsin was set as a proteo-

lytic enzyme with up to two allowed missed cleavage sites. 

Match-between-runs was enabled with a matching time win-

dow of 0.7 min and an alignment time window of 20 min. 

Results were filtered for a minimal length of five amino acids 

and 1% peptide and protein false discovery rate.

Baking experiments

Baking experiments were performed on a 50 g flour scale. 

The baking recipe was: Wheat flour type 550 (50 g, based on 

14% moisture), 2.0 g baking soda, 0.25 g sodium chloride, 

Fig. 1  Workflow illustrating the procedure from sample preparation 

to UHPLC–TOF–MS analysis and data evaluation using three subse-

quent search strategies to identify the peptides and the correspond-

ing proteins present in the amylase preparations and the wheat flour. 

iBAQ, intensity-based absolute quantitation; SPE, solid-phase extrac-

tion; UHPLC-TOF–MS, ultra-high-performance liquid chromatogra-

phy time-of-flight mass spectrometry
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bulk liquid as determined in the Farinograph-E [26]. To 

obtain a pH comparable to yeast-leavened wheat bread (pH 

6) water as the bulk liquid was replaced by a buffer solution 

with 0.1 mol/L citric acid monohydrate and 0.1 mol/L triso-

dium citrate dihydrate (pH 2.75). Baking soda was added 

1 min before the end of the kneading time. The amylase 

preparation was added to the dough in powder form and 

dosed as shown in Table 1. The dough was kneaded in the 

Farinograph-E at 60 rounds per min to optimum consistency 

[26]. After kneading the dough was rounded for eight cycles 

and placed in the proofing cabinet, where the first dough rest 

took place for 20 min in a water-saturated atmosphere at 

30 °C. Then, the dough piece was rolled (roll gap: 0.8 cm), 

folded into half, rounded for five cycles, and put into an alu-

minium baking pan. The second dough rest was performed 

for 40 min under the same conditions as for the first dough 

rest. Baking took place in a deck oven Type-9110-0082 

(Binder, Tuttlingen, Germany) at 230 °C for 18 min.

For the determination of the amylase activity in bread 

all experiments were carried out in triplicate. The breads 

were stored for 30 h at 22 °C under vacuum. The breads 

used for the sugar identification and quantitation were either 

extracted directly after cooling (2 h) or stored under vacuum 

for up to 96 h at 22 °C. These baking experiments were car-

ried out in fourfold determination.

Determination of amylase activity

Extraction of α-amylase was performed according to 

Cornaggia et al. [27]. The amylase preparations or bread 

(1.0 g dry matter) were extracted each with 10 mL extrac-

tion buffer (0.1 mol/L sodium maleate, pH 5.5, 1.0 mg/mL 

bovine serum albumin, 0.025 mol/L DTT) for 16 h at 22 °C. 

After centrifugation (10 min; 20 °C; 2500×g) and filtration 

(0.45 µm; cellulose acetate) an aliquot (0.1 mL) of the super-

natant was used to determine the α-amylase activity with 

the Ceralpha Method (Megazyme). The supernatant as well 

as the α-amylase substrate, containing 4-nitrophenyl-β-D-

maltoside and a thermostable β-glucosidase, were prein-

cubated at 40 °C. For the assay, the preincubated superna-

tant and 0.1 mL of preincubated substrate were mixed and 

incubated for 60 min at 40 °C. The assay was stopped by 

adding 1.5 mL of 20% (w/v) tri-sodium phosphate buffer 

(pH 11). Release of 4-nitrophenyl was measured spectro-

photometrically at 400 nm. A solution of 1.5 mL 20% (w/v) 

tri-sodium phosphate buffer (pH 11), 0.1 mL substrate and 

0.1 ml enzyme extract was used as blank. α-Amylase activity 

was expressed in nkat/gdm. One kat is defined as the amount 

of 4-nitrophenol in mol released from the substrate non 

reducing-end blocked 4-nitrophenylmaltoheptaoside in one 

second under the assay conditions. All enzyme extractions as 

well as determinations of α-amylase activity were performed 

with three technical replicates.

Extraction, identification, and quantitation 
of mono‑, di‑, and oligosaccharides from wheat 
flour, dough and bread

Breadcrumb (0.5 g dry matter) was extracted using 4.0 mL 

of 50% (v/v) methanol while stirring for 30 min at 22 °C. 

The suspension was centrifuged for 20 min and 20 °C at 

3500×g. The supernatant was dried using a rotary vacuum 

concentrator (37 °C, 9 h, 800 Pa) to remove the solvent. 

The samples were reconstituted in 1.0 mL deionized water 

and purification of the extracts was performed using strong-

cation exchange columns (StrataX-C 33 µm, 200 mg, 3 mL, 

Phenomenex). The columns were activated with methanol 

(1 × 3.0 mL), equilibrated and washed with 0.1% (v/v) FA 

(3 × 3.0 mL). After loading the sample, the sugars were 

eluted with 0.1% (v/v) FA (2 × 2.0 mL). The eluent was 

removed using a rotary vacuum concentrator and the sugars 

redissolved in deionized water.

Mono-, di-, and oligosaccharides were analysed by high-

performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) on a Dionex ICS-

5000 system (Thermo Fisher Scientific) equipped with 

a CarboPac PA-100 column (250 × 4 mm) connected to a 

CarboPac PA-100 guard column (50 × 4 mm). The flow rate 

was 1.0 mL/min. Solvent A was 1.0 mol/L sodium acetate 

solution, solvent B 1.0 mol/L sodium hydroxide solution and 

solvent C: deionized water. Solvent B was set to 15% for the 

total run time. The gradient was 0 min, 0.5% A; 2 min, 0.5% 

A; 8 min, 10% A; 18 min, 20% A; 23 min, 20% A; 24 min, 

0.5% A; 39 min, 0.5% A. The pulsed amperometric detector 

was equipped with a gold working electrode operating with a 

standard quadruple waveform. Data analysis was performed 

using Chromeleon software 7.2 (Thermo Fisher Scientific). 

Quantitation of the sugars was performed by means of exter-

nal calibration with standard solutions. Concentration ranges 

for the calibration were as follows: glucose and fructose, 

0.130–0.004 mg/mL; sucrose and maltose, 0.100–0.003 mg/

mL; maltotriose, 0.150–0.005  mg/mL; maltotetraose, 

0.130–0.004  mg/mL; maltopentaose, 0.180–0.006  mg/

mL; maltohexaose, 0.160–0.005 mg/mL; maltoheptaose, 

0.180–0.006 mg/mL; maltooctaose, 0.130–0.004 mg/mL.

Statistical analysis

The sugar content of the bread samples is presented as mean 

value ± standard deviation. To account for the data depend-

ency within each bread sample and to investigate differences 

of the sugar contents across time points (2 h, 22 h, 48 h, and 

96 h after baking) linear mixed models were used. P-values 

were adjusted for multiple testing across time points by the 

Bonferroni procedure. Statistical analyses were performed 

with R statistical software (Vienna, Austria).
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Results

Protein identification and composition 
of the amylase preparations

Both bacterial α-amylase preparations (A) and (B) contained 

one α-amylase each. In the three fungal preparations (C), 

(D) and (E) one α-amylase (D9J2M5) and one glucoam-

ylase (EC 3.2.1.3, A0A1S9DG38), both from A. oryzae, 

were identified (Table 2). Other proteins from the enzyme 

group of glycosylases (EC 3.2) were not identified in the 

bacterial or fungal preparations. The protein composition 

of the amylase preparations is shown in Fig. 2. Preparation 

(A) consisted of 85.0% α-amylase P00692. The amount of 

α-amylase A0A0N0H9C2 in (B) was 21.1%. Both prepara-

tions contained various proteins from the respective organ-

ism B. amyloliquefaciens (A) and T. vulgaris (B) (1.6% (A), 

6.1% (B)). Wheat proteins were present additionally to the 

microbial proteins. They were grouped into gluten proteins 

and other wheat proteins. Preparation (A) contained 13.4% 

other wheat proteins, whereas (B) contained 38.7% other 

wheat proteins and 34.1% gluten proteins.

The composition of the fungal α-amylase preparations 

(C), (D) and (E) was similar in terms of the protein groups. 

The relative percentage of the fungal α-amylase D9J2M5 

was 73.4% in (C), 53.7% in (D) and 79.4% in (E). Compared 

to D9J2M5 the percentage of glucoamylase A0A1S9DG38 

was low: preparations (C) and (D) contained 0.3%, respec-

tively, and (E) 0.2%. The total amount of other A. oryzae 

proteins was 4.0% for (C), 1.4% for (D) and 1.2% for (E), in 

which A0A1S9DG38 was included due to the low relative 

percentage. Other wheat proteins were present with 15.4% in 

(C), 16.8% in (D) and 9.1% in (E) and gluten proteins with 

7.2% in (C), 28.1% in (D) and 10.2% in (E).

Table 2  Amylases identified 

in the preparations with their 

UniprotKB accession number, 

the number of peptides 

identified per amylase, the 

corresponding protein coverage 

and the organism to which the 

amylases were assigned

All protein scores were > 150

Preparation Protein Enzyme No. of 

peptides

Coverage [%] Organism

(A) P00692 α-Amylase 33 72.6 Bacillus amyloliquefaciens

(B) A0A0N0H9C2 α-Amylase 25 53.1 Thermoactinomyces vulgaris

(C) D9J2M5 α-Amylase 27 41.4 Aspergillus oryzae

A0A1S9DG38 Glucoamylase 13 21.7 Aspergillus oryzae

(D) D9J2M5 α-Amylase 26 34.9 Aspergillus oryzae

A0A1S9DG38 Glucoamylase 12 21.6 Aspergillus oryzae

(E) D9J2M5 α-Amylase 29 47.6 Aspergillus oryzae

A0A1S9DG38 Glucoamylase 11 21.9 Aspergillus oryzae

Fig. 2  Relative distribution of wheat and microbial proteins in the tested α-amylase preparations based on MaxQuant iBAQ values. a Bacillus 

amyloliquefaciens (BACAM) preparation, b Thermoactinomyces vulgaris (THEUV) preparation, c–e Aspergillus oryzae (ASPOZ) preparations
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Sugar release during wheat bread storage 
by endogenous amylase

The sugars glucose, fructose, sucrose, maltose, maltotri-

ose, and maltotetraose were detected in the control breads 

without any exogenous amylase addition at 2 h, 24 h and 

48 h after the end of the baking process (Fig. 3). Neither 

the qualitative nor the quantitative sugar composition in the 

bread changed during the first 48 h of storage. The average 

quantity of total sugar was 27.6 mg/gdm (± 4.5), with maltose 

as the predominant sugar in the breads (14.6 mg/gdm (± 1.1) 

2 h after baking). Glucose and fructose were present in a 

similar quantity (glucose: 2.9 mg/gdm (± 0.6) and fructose: 

2.8 mg/gdm (± 2.0)) over 48 h. The average quantity was 

5.8 mg/gdm (± 0.8) for sucrose, 1.5 mg/gdm (± 0.1) for mal-

totriose and 1.1 mg/gdm (± 0.3) for maltotetraose.

Sugar release during wheat bread storage 
by exogenous amylases

In the breads manufactured with the addition of prepara-

tion (A), glucose, fructose, sucrose, maltose and maltotriose 

were detected 2 h after baking (Fig. 4). Further, maltotetra-

ose was identified 22 h after baking and maltopentaose, 

maltohexaose, maltoheptaose and maltooctaose were pre-

sent in the sample 48 h after baking. Two hours after baking 

13.1 mg/gdm (± 3.0) glucose, 24.8 mg/gdm (± 4.6) fructose 

and 13.8 mg/gdm (± 3.5) sucrose were measured in the bread. 

The total content of mono-, di-, and oligosaccharides was 

140.5 mg/gdm (± 5.0) 2 h after baking. The amounts of these 

sugars did not change significantly during the total storage 

time of 96 h. The maltotriose content increased significantly, 

starting at 17.4 mg/gdm (± 0.9) 2 h after baking to 32.3 mg/

gdm (± 4.2) 22 h after baking, and from 38.3 mg/gdm (± 3.6) 

48 h to 46.6 mg/gdm (± 5.8) 96 h after baking. Maltotetra-

ose increased significantly from 6.9 mg/gdm (± 5.7) 22 h 

after baking to 43.0 mg/gdm (± 8.1) at 96 h. Furthermore, 

the contents of the sugars identified and quantitated for the 

first time at 48 h of storage increased significantly until 

96 h of storage: Maltopentaose increased from 21.4 mg/gdm 

(± 4.9) to 34.6 mg/gdm (± 7.0), maltohexaose from 31.40 mg/

gdm (± 18.3) to 48.0 mg/gdm (± 25.0), maltoheptaose from 

31.1 mg/gdm (± 14.6) to 52.0 mg/gdm (± 9.2). The increase 

of maltooctaose from 17.9 mg/gdm (± 11.4) to 29.1 mg/gdm 

(± 8.6) was not significant.

In the breads manufactured with (B), the composition of 

the sugar spectrum did not change significantly during the 

first 48 h of storage (Fig. 5). The total sugar content at 2 h 

was 44.4 mg/gdm (± 3.0). The glucose content of the breads 

increased significantly from 4.2 mg/gdm (± 0.5) at 2 h of 

storage to 5.6 mg/gdm (± 1.1) at 48 h of storage. Further, 

fructose increased significantly in the first 48 h of storage 

from 9.5 mg/gdm (± 1.2) to 12.4 mg/gdm (± 2.5) and maltose 

increased from 20.3 mg/gdm (± 1.2) to 24.7 mg/gdm (± 1.3). 

Between the time points 22 h and 48 h of storage no signifi-

cant changes were detected for all sugars.

For the three fungal α-amylase preparations (Fig. 6) glu-

cose, fructose, sucrose, maltose, and maltotriose could be 

identified in the breads. Except for (D), maltotetraose was 

identified. In general, no significant changes in sucrose were 

identified for all three preparations. Further, the use of the 

preparation (C) did not result in significant changes in the 

contents of glucose, fructose, maltose, and maltotriose. With 

Fig. 3  Sugar content of control breads manufactured without addition 

of exogenous α-amylase. Samples were taken 2 h, 22 h and 48 h after 

baking. Values are displayed as means ± standard deviation (n = 4). 

There were no significant differences within each sugar between the 

different time points

Fig. 4  Sugar content of model breads manufactured with the addition 

of (A), α-amylase preparation containing α-amylase from Bacillus 

amyloliquefaciens. Samples were taken 2 h, 22 h, 48 h and 96 h after 

baking. Values are displayed as means ± standard deviation (n = 4). 

Significant differences between the different time points for each 

sugar are indicated by asterisks (p < 0.05)
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the application of (D) no maltotetraose was formed during 

bread processing. For preparation (D), significant increases 

were monitored during the 96 h of storage in glucose, fruc-

tose, and maltose contents. Glucose increased from 7.8 mg/

gdm (± 0.4) at 2 h of storage to 11.4 mg/gdm (± 1.0) at 96 h of 

storage, fructose increased from 15.0 mg/gdm (± 1.2) at 2 h 

to 21 mg/gdm (± 1.8) at 96 h and maltose as the predominant 

sugar increased from 26.5 mg/gdm (± 1.3) to 37.9 mg/gdm 

(± 1.9) at 96 h. The average total sugar content was 91.0 mg/

gdm (± 7.0) for (C) and 55.0 mg/gdm (± 2.2) for (D) 2 h after 

the end of the baking process.

The application of preparation (E) led to an amount of 

total sugar in bread of 92.8 mg/gdm (± 3.0) and showed 

similar changes as (D). The amount of glucose present in 

the bread manufactured with (E) at 2 h increased signifi-

cantly from 5.4 mg/gdm (± 0.7) to 23.5 mg/gdm (± 1.4) at 

96 h of storage. Fructose increased from 9.1 mg/gdm (± 1.9) 

at 2 h to 37.3 mg/gdm (± 1.6) at 96 h; maltose increased from 

52.2 mg/gdm (± 1.7) to 85.2 mg/gdm (± 2.6) in the same time 

period.

Fig. 5  Sugar content of model breads manufactured with the addition 

of (B), α-amylase preparation containing α-amylase from Thermoac-

tinomyces vulgaris. Samples were taken 2 h, 22 h, 48 h, and 96 h after 

baking. Values are displayed as means ± standard deviation (n = 4). 

Significant differences between the different time points for each 

sugar are indicated by asterisks (p < 0.05)

Fig. 6  Sugar content of model breads manufactured with the addi-

tion of fungal α-amylase preparations (C), (D) and (E) containing 

α-amylase from Aspergillus oryzae. Samples were taken 2  h, 22  h, 

48 h, and 96 h after baking. Significant differences between the dif-

ferent time points for each sugar are indicated by asterisks (p < 0.05)
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Residual activity of α‑amylases in model toast bread

In the wheat flour used for the baking experiments, the activ-

ity of endogenous α-amylase was 4.11 nkat/gdm (± 0.65). 

After baking, no activity of endogenous α-amylase was 

detected in the crumb of the control breads.

The activity of exogenous α-amylases applied in the 

baking experiments was based on the dosage recommenda-

tions of the manufacturers of the preparations. The activity 

applied to the dough (Table 1) was 1.77 nkat/gdm (± 0.03) 

for preparation (A), 62.74 nkat/gdm (± 2.40) for preparation 

(B), 6.52 nkat/gdm (± 1.67) for (C), 77.39 nkat/gdm (± 20.83) 

for (D) and 27.08 nkat/gdm (± 1.64) for (E).

For preparation (B) and the fungal preparations (C), (D) 

and (E) no activity in the crumb of the model toast breads 

was detected after baking. For preparation (A) an activity of 

0.07 nkat/gdm (± 0.02) was detected. This corresponded to 

residual activity of 4.01% in relation to the activity applied 

to the dough under the selected parameters of dough produc-

tion and baking.

Discussion

In the present study, we applied a discovery-driven prot-

eomics strategy combined with monitoring of enzymatic 

hydrolysis products and the quantitation of amylase residual 

activity in bread to get new insights into the complexity of 

enzymatic mechanisms in toast bread manufacturing.

The approach using discovery-driven proteomics under-

lined that amylase preparations used in baking generally 

contain a small number of functional proteins responsible 

for the hydrolytic activity of the preparation. This was also 

shown before by Picariello et al. and Prandi et al. [28, 29]. 

The iBAQ evaluation is suitable for the relative quantitation 

of several different proteins in one sample [25, 30] and it 

showed differences in the protein composition between the 

preparations. The proportion of α-amylase in the bacterial 

preparations (A) and (B) was 21.1% and 85.0%, respectively. 

In preparation (B) gluten proteins and other wheat proteins 

were detected, indicating that wheat flour was used as filler 

material. Only non-gluten proteins were present in prepara-

tion (A). In particular, the protein P27736, which is a starch 

synthase and present in wheat starch, shows that (A) con-

tained wheat starch as filler material [31]. The fungal prepa-

rations had a similar composition and besides 53.7–79.4% 

of α-amylase, the other ingredients were wheat flour and 

various Aspergillus proteins.

The baking experiments were carried out without yeast 

fermentation in a simplified model bread because we 

intended to focus on differentiating the action of endoge-

nous wheat amylases from exogenous microbial amylases 

and study the specific changes caused by each of these 

preparations. Adding yeast with its associated diverse enzy-

matic activity would have added a potential confounding 

factor. Due to their sensitivity to heat, the yeast enzymes 

are unlikely to influence the sugar composition during stor-

age, rather during dough preparation and the early stages of 

baking. Further experiments would be necessary to study 

the exact influence of using exogenous microbial amylases 

in yeast-leavened breads and see how the sugar composition 

is affected in general. A novel approach using a gas-free 

crumb pellet system already demonstrated that firming kinet-

ics appeared to be unaffected by the leavening method [32].

The control breads showed no significant changes in the 

sugar profile during the first 48 h storage. In accordance 

with Struyf et al. [7], amylase addition in wheat bread-mak-

ing had a major impact on the maltose levels of dough and 

bread. Maltose was the sugar found in the highest concentra-

tions in the control breads as well as in the breads with bac-

terial or fungal α-amylase. For all preparations, the amounts 

of maltose in bread were higher than in the control bread. 

Preparation (A) led to an increase in maltose of 385.6% com-

pared to the control breads, which was the largest impact 

on the maltose content in this study. The maltose content 

of the breads stored for 2 h and baked with the addition 

of (B) showed the smallest increase (39.0%) compared to 

the control bread. All fungal preparations showed different 

changes in maltose content, which was about 80.1–257.5% 

higher in the breads with fungal amylase addition compared 

to the control bread. This could imply that all amylases had 

at least some exo-activity, but an increased maltose content 

can also be caused by endo-amylase activity because more 

non-reducing ends are generated that are susceptible to sub-

sequent β-amylase attack [6].

Two hours after baking a total sugar content between 

44.4 mg/gdm (± 3.0) for (B) and 140.5 mg/gdm (± 5.0) for (A) 

was observed. Hence, the impact of the preparation on the 

sugar content is highly dependent on the amylase applied. 

However, considering the impact of the three fungal prepara-

tions on the total sugar content of the breads, we showed that 

the effect of the same protein could be different: The total 

sugar content was 91.0 mg/gdm (± 7.0) for (C), 54.9 mg/gdm 

(± 2.22) for (D) and 92.8 mg/gdm (± 3.0) for (E). There was 

no correlation between the applied α-amylase activity and 

the magnitude of change of the sugar spectrum between the 

breads.

The main difference between the bacterial preparations 

(A) and (B) regarding the sugar spectrum was the occur-

rence of new oligosaccharides: maltopentaose, maltohexa-

ose, maltoheptaose and maltooctaose were detected for the 

first time at 48 h of storage. In addition, a significant increase 

of 167.8% in maltotriose content between 2 and 96 h after 

baking was observed (17.4 mg/gdm to 46.6 mg/gdm). Malto-

tetraose was detected after 22 h of storage with 7.0 mg/gdm 

and its content increased by 514.3% to 43.0 mg/gdm after 
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96 h of storage. These maltooligosaccharides, which were 

formed during storage in considerable amounts, are typi-

cal products of α-amylase activity [33]. The effect of new 

sugars occurring after 48 h of storage was not observed for 

preparation (B). Furthermore, no significant changes in mal-

totriose and maltotetraose were observed during the 48 h of 

storage. For (A), a residual activity of 0.07 nkat/gdm, corre-

sponding to 4.01% of the applied activity of 1.77 nkat/gdm, 

was determined in the assay, as expected based on previ-

ous reports on its temperature stability [34]. By checking 

the signal-to-noise ratio of the assay, the extinction value 

corresponding to the residual activity of 0.07 nkat/gdm was 

proven to be valid. There was no direct relation between the 

amount of sugar produced during storage and the residual 

activity [nkat], defined as mol substrate turnover per second. 

Enzymatic activity in bread is a function of many factors in 

the enzyme environment including but not limited to the 

concentration of the substrate, the concentration of the prod-

uct, the mobility of the enzyme or substrate, the presence of 

inhibitors, the pH value, and the temperature. However, the 

temperature optimum of α-amylase from B. amyloliquefa-

ciens is 70 °C and it still shows activity at 90 °C [34]. Thus, 

the changes in maltotriose and maltotetraose as well as the 

release of new sugars after 48 h can be explained by enzy-

matic activity. Further research is required to investigate the 

stability of this enzyme in the bread matrix.

Both preparations (A) and (B) showed an increase in 

maltose, which was significant during the first 48 h of stor-

age. For (A), it was 22.2 mg/gdm corresponding to 31.3% 

and for (B), it was 7.7 mg/gdm or 37.9%. Due to the lack of 

residual activity for the T. vulgaris α-amylase in prepara-

tion (B) this effect cannot be caused by residual activity. 

The changes in maltose content may be related to changes 

in the extractability of sugars from bread due to starch ret-

rogradation. Lin and Lineback [35] also showed that the 

amount of extractable maltooligosaccharides in wheat bread 

without and with the addition of α-amylase changed during 6 

days of storage, but they did not propose a mechanism on a 

molecular level. More recently, several mechanisms on how 

mono-, di- and oligosaccharides influence starch gelatiniza-

tion have been discussed based on water activity, glass tran-

sition temperatures, and intermolecular hydrogen bonding 

[36]. The denaturation and melting behavior of biopolymers, 

like starch, in the presence of plasticizers such as sugars and 

polyols was found to be related to the effective molar density 

of hydroxyl groups available for intermolecular hydrogen 

bonding, also designated as effective solvent volume frac-

tion [37]. This term was found to describe gelatinization in 

ternary starch/sugar/water mixtures and it was linked to the 

volumetric density of intermolecular hydrogen bonds [38]. 

Therefore, it might be possible that hydrogen bonds between 

starch and sugars are weakened during retrogradation and 

lead to a change in the extractability of sugars over time. 

Because the overall sugar contents in the control bread were 

considerably lower than in the breads with enzyme addition, 

the changes in extractability are expected to be smaller.

All fungal α-amylase preparations (C), (D) and (E) 

showed no residual activity in the assays performed. Fun-

gal α-amylase showed a lower inactivation temperature 

than bacterial α-amylase at about 80 °C [16]. Despite the 

irreversible inactivation of the α-amylase from A. oryzae 

in preparations (C), (D) and (E), significant changes in the 

sugar spectrum of the breads manufactured with the prepa-

rations (D) and (E) were observed. In the breads manufac-

tured with the respective preparation, glucose, fructose, 

and maltose content significantly increased during the 96 h 

of storage. It may be possible that the change in the sugar 

spectrum without a measurable residual amylase activity 

is related to changes in the extractability of sugars caused 

by starch retrogradation [35].

Conclusion

Five different α-amylase preparations commonly applied 

in bread production were analyzed regarding their protein 

composition and their impact on straight dough wheat 

breads. We identified three α-amylases of different origins 

in the sample set. Preparation (A) with α-amylase from B. 

amyloliquefaciens showed the largest impact on the total 

sugar content of bread, with an increase of 408.6% compared 

to the control (at 2 h). The fungal preparations did not show 

a uniform impact on the total sugar content with increases 

ranging from 99.0 to 229.6% compared to the control. Resid-

ual activity of 0.07 nkat/gdm corresponding to 4.01% of the 

applied activity was determined in the breads of preparation 

(A). This resulted in a significant increase of maltotriose and 

maltotetraose during storage as well as the formation of new 

sugars, but we cannot conclude whether the residual activity 

measured after extraction from the crumb of baked bread 

has any technological function on the bread during storage. 

Our proteomics-based approach coupled with the quantita-

tion of sugars and the detection of residual activity in bread 

allowed observing the activity of exogenous enzymes in 

straight dough wheat bread during storage for the first time.
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3.2 Impact of exogenous maltogenic α-amylase and maltotetraogenic 

amylase on sugar release on white bread 
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Five different commercially available maltogenic α-amylase preparations and two 

maltotetraogenic amylase preparations were investigated regarding their protein composition. 

Using baking experiments, the residual activity of amylases in the bread crumb and the effects 

of the preparations on the sugar composition of the bread crumb were analyzed. Gerold 

Rebholz planned and performed the experiments, and collected, analyzed, and interpreted the 

data. 

Via discovery-driven proteomics the amylases which caused the activity of the respective 

preparations were identified, and their share within the proteins present was quantitated by 

intensity based absolute quantitation (iBAQ). A residual activity in bread crumb was measured 

for all amylases included in the study. The relative activity compared to the applied activity was 

1.1% - 1.9% for the maltotetraogenic amylases and 13.9% - 45.5% for the maltogenic α-

amylases. This confirms the high thermal stability of the maltogenic α-amylase used in wheat 

bread baking. Moreover, the changes in sugar spectrum during storage were quite different. 

This includes the absolute amount of sugar formed during storage as well as the composition 

of the individual sugar spectrum. Whether the detected residual activity is related to the 

characteristics of bread staling or bread crumb properties must be clarified in further studies. 

Based on our work, we were able to describe the link between the applied amylases, their 

residual activity and the resulting changes in the sugar spectrum of wheat bread crumb. This 

provides the basis for further research regarding a possible technological impact of 

maltotetraogenic amylase and maltogenic α-amylase in wheat bread. 



Results  40 
 

 

In addition to the practical research work Gerold Rebholz wrote the manuscript, designed the 

figures and tables and revised it according to the comments of the co-authors and reviewers. 
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Abstract

The use of exogenous maltogenic α-amylases or maltotetraogenic amylases of bacterial origin is common in wheat bread 

production, mainly as antistaling agents to retard crumb firming. To study the impact of maltogenic α-amylase and malto-

tetraogenic amylase on straight dough wheat bread, we performed a discovery-driven proteomics approach with commercial 

enzyme preparations and identified the maltotetraogenic amylase P22963 from Pelomonas saccharophila and the maltogenic 

α-amylase P19531 from Geobacillus stearothermophilus, respectively, as being responsible for the amylolytic activity. 

Quantitation of mono-, di- and oligosaccharides and residual amylase activity in bread crumb during storage for up to 96 h 

clarified the different effects of residual amylase activity on the sugar composition. Compared to the control, the application 

of maltogenic α-amylase led to an increased content of maltose and especially higher maltooligosaccharides during storage. 

Residual amylase activity was detectable in the breads containing maltogenic α-amylase, whereas maltotetraogenic amylase 

only had a very low residual activity. Despite the residual amylase activities and changes in sugar composition detected in 

bread crumb, our results do not allow a definite evaluation of a potential technological function in the final product. Rather, 

our study contributes to a fundamental understanding of the relation between the specific amylases applied, their residual 

activity and the resulting changes in the saccharide composition of wheat bread during storage.

Keywords Bread · Discovery-driven proteomics · Enzyme activity · Maltogenic α-amylase · Maltotetraogenic amylase · 

Wheat

Introduction

Wheat bread can be considered as an unstable multiphase 

food matrix subject to changes during storage: the flavor of 

fresh bread and the crispiness of the bread crust decrease, 

whereas crumb firmness and crumbliness increase. The 

changes in the bread crumb, also known as staling, lead to a 

loss of resilience and to firming [1], caused by water immo-

bilization and redistribution processes. The retrogradation 

of amylopectin during storage immobilizes water, which 

leads to a decrease in freezable water in the bread crumb 

[2]. Furthermore, water redistribution occurs via water 

migration from gluten to starch and from crumb to crust. 

These migration patterns lead to an additional decrease in 

freezable water and to an increase in crumb firmness [3, 

4]. Wheat starch rearrangements play the leading role in 

crumb firming. Amylose gelation occurs within hours, 

whereas that of amylopectin takes several days and involves 

reorganization of amylopectin side chains to form tightly 
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packed double-helical structures. During storage, the amor-

phous gelatinized starch network present in fresh bread is 

transformed first into a partly crystalline state and then to a 

mostly continuous rigid crystalline starch network [3, 5, 6].

Amylases can be added during bread production as 

antistaling agents [7]. Maltotetraogenic amylases and malto-

genic α-amylases are most commonly described as efficient 

antistaling agents in bread making [6, 8]. Maltotetrao-

genic amylase from Pelomonas saccharophila hydrolyzes 

α-(1 → 4)-D-glucosidic bonds to remove successive malto-

tetraose residues from the non-reducing ends. It mainly acts 

on amylopectin, thus reducing amylopectin side chain rear-

rangement and crystallization [9, 10]. Maltogenic α-amylase 

from Geobacillus stearothermophilus successively cleaves 

α-maltose units from the non-reducing ends of amylose and 

amylopectin. In comparison to maltotetraogenic amylase, 

it has a smaller effect on the molecular weight of the starch 

polymers and degrades the amylopectin molecules relatively 

slowly [8, 10]. However, the enzyme reduces the molecu-

lar weight of amylose and thus, enhances amylose mobility 

and network formation [5]. This results in a greater initial 

firmness of breads manufactured with maltogenic α-amylase 

[11, 12]. The main influence on bread firming caused by 

maltogenic α-amylase is due its subsequent cleavage along 

the side chains of the amylopectin molecules. They become 

too short to crystallize and the formation of a permanent 

amylopectin network during storage is inhibited [8, 10]. 

Despite the initial increase in crumb firmness, this leads to 

a substantial delay in crumb firming [12].

An additional antistaling effect of maltotetraogenic 

and maltogenic α-amylases may result from their ability 

to increase dextrin levels in wheat bread. Dextrins hin-

der the crystallization of amylopectin helices and may 

increase relative crumb humidity. However, compared to 

the hydrolytic effect on the starch polymers, the antistaling 

effect of dextrins is described to be of minor importance 

[13]. Maltotetraogenic amylase from P. saccharophila and 

maltogenic α-amylase from G. stearothermophilus have a 

temperature optimum at approximately 60 °C [14]. Several 

studies showed that both enzymes have a high temperature 

stability, whereby it is accepted that G. stearothermophilus 

maltogenic α-amylase has a higher temperature stability and 

can be still active in wheat bread crumb after baking [8, 15, 

16]. It is unknown whether this activity is associated with 

an additional antistaling effect during storage of bread. In 

the following, residual activity means the amylolytic activ-

ity measured using enzymatic assays after extraction from 

baked bread crumb. To gain a better understanding of the 

effects of maltogenic α-amylase and maltotetraogenic amyl-

ase in wheat bread making, it is necessary to study the for-

mulation of the specific preparations as well as the impact of 

the preparations on sugar release during bread storage. Thus, 

a combined analytical approach has to be implemented to 

focus on the different relevant parameters in amylase prepa-

rations and wheat bread.

The use of enzymes in food production is defined in the 

European Union by the Regulation (EC) no. 1332/2008 and 

has to be in line with the Regulation (EU) no. 1169/2011 

on the provision of food information to consumers [17, 18]. 

According to these regulations, enzymes used as processing 

aids do not have to be labeled, because they are not classi-

fied as food ingredients of technological relevance in the 

final product. However, only in case this potential residual 

activity would have a functional effect in the final product, 

it would have to be labeled [17, 18].

The aim of our work was to characterize the protein com-

position of commercial amylase preparations commonly 

used in bread making and to elucidate their impact on the 

formation of sugars in the bread crumb during storage. In 

the first step, we identified and quantitated the amylase com-

pared to other proteins in the preparation. Then we moni-

tored sugar concentrations in wheat bread crumb during 

storage for up to 96 h and combined this with the quantita-

tion of residual amylase activity. This approach allowed us 

to detect changes caused by a residual amylolytic activity in 

straight dough wheat bread.

Materials and methods

Chemicals and flours

All chemicals and solvents were HPLC-grade or higher. 

Water was deionized and purified using an Arium 

611VF water purification system (Sartorius, Goettin-

gen, Germany). Trypsin (from bovine pancreas, TPCK-

treated, ≥ 10,000 BAEE U/mg protein), sodium hydroxide 

solution (50–52%; eluent for IC) and anhydrous sodium 

acetate (≥ 99%) were from Sigma-Aldrich (Steinheim, 

Germany). α-Amylase assay reagent (4-nitrophenyl α-D-

maltoheptaoside (blocked), plus excess α-glucosidase and 

glucoamylase) and β-amylase assay reagent (4-nitrophenyl 

β-D-maltotrioside, plus excess thermostable β-glucosidase) 

were purchased from Megazyme (Bray, Ireland). D-( +)-Glu-

cose (≥ 99.5%), D-(-)-fructose (≥ 99%), sucrose (≥ 99.5%), 

maltose monohydrate (≥ 99%), maltotriose (≥ 90%) and 

maltoheptaose (≥ 70%) were from Sigma-Aldrich; malto-

tetraose (≥ 97%), maltopentaose (≥ 90%), maltohexaose 

(≥ 95%) and maltooctaose (≥ 80%) from Santa Cruz (Dal-

las, USA). Wheat flour type 550, according to the German 

flour classification system, was provided by Rosenmühle 

(Ergolding, Germany).
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Amylase preparations

Seven different commercial amylase preparations commonly 

applied in wheat bread making were used (Table 1). Two of 

them, (I) and (II), contained maltotetraogenic amylase (EC 

3.2.1.60) from P. saccharophila. The maltogenic α-amylase 

(EC 3.2.1.133) in the preparations (III), (IV), (V), (VI), and 

(VII) was from G. stearothermophilus.

Determination of maltotetraogenic amylase activity

The extraction of amylases for the activity assays was per-

formed according to Cornaggia et al. [19]. In total, 1.0 g of 

dry matter of amylase preparation or bread was extracted 

with 10 mL of extraction buffer (0.1 mol/L sodium maleate, 

pH 5.5, 1.0 mg/mL bovine serum albumin, 0.025 mol/L 

dithiothreitol (DTT)) for 16 h at 22 °C. Then, centrifugation 

(2500×g; 20 °C; 10 min) and filtration (0.45 µm; cellulose 

acetate filters) were performed.

The activity of maltotetraogenic amylase was determined 

using the Ceralpha method (Megazyme). The assay pro-

cedure was carried out as described by the manufacturer, 

except that the incubation time was extended to 60 min at 

40 °C for the assay reaction. Quantitation of 4-nitrophenol 

was conducted by means of external calibration with a stand-

ard solution containing 4-nitrophenol dissolved and diluted 

with 1.5 mL of 20% (w/v) tri-sodium phosphate buffer (pH 

11). Maltotetraogenic amylase activity was reported in nkat/

gdm. One kat is defined as the amount of 4-nitrophenol in 

mol released from the substrate non reducing-end blocked 

4-nitrophenylmaltoheptaoside in one second under the assay 

conditions. All determinations were performed with three 

technical replicates.

Determination of maltogenic α‑amylase activity

The extraction of maltogenic α-amylase was carried out as 

described above according to Cornaggia et al. [19]. Then 

the betamyl-3 method (Megazyme) was used to determine 

maltogenic α-amylase activity. The amylase extract was 

diluted in an appropriate ratio with 0.1 mol/L 2-(N-mor-

pholino)ethanesulfonic acid buffer (pH 6.2) containing 

0.01 mol/L ethylenediaminetetraacetic acid and 1.0 mg/mL 

bovine serum albumin. For the assay procedure, the incuba-

tion time of the extract and the substrate was set to 20 min 

at 40 °C. The following procedure was performed exactly as 

described by the kit manufacturer. Quantitation of 4-nitro-

phenol was performed by means of external calibration 

with a standard solution containing 4-nitrophenol dissolved 

and diluted in 1% (w/v) tris(hydroxymethyl)aminomethane 

(Tris)-buffer (pH 8.5). Amylase activity was expressed in 

nkat/gdm. One kat is defined as the amount of 4-nitrophenol 

in mol released from the substrate non reducing-end blocked 

4-nitrophenyl-β-D-maltotrioside in 1 s under the assay condi-

tions. All determinations were performed with three techni-

cal replicates.

Extraction of enzymes from the amylase 
preparations and determination of the protein 
content

For ultra high-performance liquid chromatography time-of-

flight mass spectrometry (UHPLC–TOF–MS) analysis, the 

amylases were extracted from the preparations as described 

by Uhr et al. [20]. Each sample (0.5 g of dry matter) was 

extracted using 5.0 mL of extraction buffer (0.1 mol/L 

ammonium bicarbonate, 4.0 mol/L urea and 0.005 mol/L 

DTT, pH 8.0, in water). The extraction was carried out at 

Table 1  Composition of the bacterial amylase preparations and dos-

age recommendation as indicated by the manufacturer, activity of 

the amylase added to the dough in the baking experiments, residual 

activity in the bread crumb and relative residual activity based on the 

activity added to the dough

dm, based on dry matter, values are given as means (n = 3) ± standard deviation

Preparation Enzyme EC number Other ingredients Dosage

 (mg/

kg of 

flour)

Activity 

(nkat/

gdm)

Residual activity

(nkat/gdm) Mean (%) Range (%)

(I) Maltotetraogenic amylase 3.2.1.60 Sodium chloride, wheat starch 850 85.8 0.9 ± 0.3 1.1 0.6–1.4

(II) Maltotetraogenic amylase 3.2.1.60 Sodium chloride, wheat starch, 

microcrystalline cellulose

300 31.7 0.6 ± 0.2 1.9 1.2–2.9

(III) Maltogenic α-amylase 3.2.1.133 Wheat flour, sodium chloride 100 22.0 9.3 ± 1.4 42.3 38.0–47.7

(IV) Maltogenic α-amylase 3.2.1.133 Maltodextrin, sodium chloride 100 43.0 11.0 ± 5.3 25.7 11.3–35.7

(V) Maltogenic α-amylase 3.2.1.133 Maltodextrin, sodium chloride, 

sunflower oil

100 38.6 11.0 ± 5.0 28.6 18.5–43.9

(VI) Maltogenic α-amylase 3.2.1.133 Wheat flour, sodium chloride 100 31.5 14.3 ± 3.8 45.5 36.3–51.0

(VII) Maltogenic α-amylase 3.2.1.133 Maltodextrin, sodium chloride, 

sunflower oil

50 41.0 5.7 ± 1.2 13.9 11.9–15.0
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room temperature by stirring for 30 min. The extract was 

centrifuged (20 min; 20 °C; 3750×g) and the supernatant 

was collected for further analysis. To optimize the condi-

tions for the tryptic digest of extracts, the protein contents 

were quantified via a RP-HPLC method with UV detection 

at 210 nm as described earlier [21].

Sample preparation, tryptic digest, and peptide 
clean‑up

The supernatant of the enzyme extracts was diluted in an 

appropriate volume to a protein concentration of 0.5 mg/

mL in 0.3 mL and 0.1 mL Tris–HCl (1.5 mol/L) and 0.1 mL 

1-propanol were added. Reduction was performed by adding 

tris(2-carboxyethyl)phosphine solution (0.05 mol/L tris(2-

carboxyethyl)phosphine in 0.5 mol/L Tris–HCl, pH 8.5) 

and incubation for 30 min at 60 °C. Alkylation of cysteine 

residues was performed for 45 min at 37 °C in the dark 

using 0.1 mL chloroacetamide solution (0.5 mol/L chloro-

acetamide in 0.5 mol/L Tris–HCl, pH 8.5). Then the samples 

were dried using a rotary vacuum concentrator (37 °C, 3 h, 

800 Pa). For protein hydrolysis, the samples were reconsti-

tuted in 0.5 mL of trypsin stock solution with a trypsin-to-

substrate ratio of 1:20 (w/w) (0.04 mol/L urea in 0.1 mol/L 

Tris–HCl, pH 7.8) and incubated at 37 °C for 16 h. The 

hydrolysis was stopped by heating the samples at 95 °C 

for 8 min. The peptide mixture was cleaned by solid phase 

extraction (SPE) using 100 mg Discovery DSC-18 tubes 

(Merck, Darmstadt, Germany). The tubes were activated 

with methanol (1 mL), equilibrated with acetonitrile/water/

formic acid (FA) (80:20:0.1; 1 mL) and washed with ace-

tonitrile/water/FA (2:98:0.1; 5 × 1 mL). Having loaded the 

samples, the cartridges were washed again (5 × 1 mL). The 

peptides were eluted with acetonitrile/water/FA (40:60:0.1) 

and dried using a rotary vacuum concentrator (37 °C, 4 h, 

800 Pa). For UHPLC-TOF–MS analysis, the peptides were 

reconstituted in 500 µL FA and filtered (0.45 µm; wwPTFE).

Discovery driven LC–MS/MS analysis

A Sciex TripleTOF 6600 mass spectrometer (Sciex, Darm-

stadt, Germany) connected to a Shimadzu Nexera X2 system 

(Shimadzu, Kyoto, Japan) operating in the positive electro-

spray ionization (ESI) mode was used for UHPLC–TOF–MS 

analysis. Control of the instrument and data acquisition were 

performed using AnalystTF software (version 1.7.1, Sciex). 

The chromatography system consisted of a 150 × 2.1 mm, 

1.6 µm BioZen Peptide PS-C-18 LC column (Phenomenex, 

Aschaffenburg, Germany) equipped with a security guard 

ultra-column (2 × 2.1 mm) of the same type. The injection 

volume was 10 μL and the temperature of the column oven 

was set to 40 °C. The elution solvents were (A) 1% (v/v) 

aqueous FA and (B) acetonitrile containing 1% (v/v) FA. 

A 75 min gradient was used to separate the peptides with 

a flow rate of 0.35 mL/min starting at 0 min, 5% B; 5 min, 

5% B; 60 min, 40% B; 65 min, 100% B; 69 min, 100% B; 

70 min, 5% B; and 75 min, 5% B. The following parameters 

were set: ion spray voltage: 5500 eV, source temperature: 

550 °C, nebulizing gas: 55 psi, heating gas: 65 psi and nitro-

gen as curtain gas: 35 psi.

A TOF–MS survey scan was acquired in the information-

dependent acquisition mode (IDA), from m/z 400 to 1000 

using 250 ms as accumulation time, 10 V as collision energy 

(CE) and 80 V as declustering potential (DP). Product ion 

spectra were recorded in the high-resolution mode for 70 ms 

for the 12 most abundant compounds. The m/z range was 

m/z 100–2000 using a DP of 80 V and CE of 40 V, with CE 

spread of 15 V. IDA criteria were set for the precursor ion 

intensity at > 100 counts/s. Q1 resolution was set to 0.7 Da.

Identification of amylases using MaxQuant

TOF raw files were used for the identification and relative 

quantitation of proteins using MaxQuant (version 1.6.10.43) 

[22]. A workflow with different searches against databases 

derived from UniProtKB using the search engine Androm-

eda was developed [23]. The first step of data evaluation 

comprised the identification of enzymes from the class EC 

3.2.-.- (glycosylases). A database with all proteins belong-

ing to the class EC 3.2.-.- from Triticum aestivum and from 

14 microorganisms relevant for the production of food 

grade amylases according to EFSA and FDA was built [24, 

25]. This database contained 5550 proteins (downloaded 

from UniProtKB on July 01, 2019). In the second step, all 

proteins present in the sample were identified, using data-

bases containing the proteome of the identified organisms, 

respectively. In the final step, the relative quantitation of the 

proteins was performed using the intensity based absolute 

quantitation (iBAQ) algorithm implemented within Max-

Quant [26]. For each sample, an individual database was 

built containing all proteins identified in the second step. A 

total sum normalization of iBAQ protein intensities between 

samples was performed to correct for the different total pro-

tein injection amounts.

The MaxQuant parameters were set as follows for all 

searches: Variable modifications: oxidation of methionine, 

N-terminal protein acetylation; fixed modification: carba-

midomethylation on cysteine; proteolytic enzyme: trypsin; 

missed cleavage sites: up to two. Match-between-runs was 

enabled with a matching time window of 0.7 min and an 

alignment time window of 20 min. Results were filtered for 

a minimal length of five, a maximal length of 50 amino acids 

and 1% peptide and protein false discovery rate.

The content of amylase [mg/g] present in the preparations 

added in the baking experiments, respectively, was calcu-

lated based on the protein contents of the amylase extracts 
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for UHPLC–TOF–MS analysis considering the percentage 

of amylase determined via iBAQ. Thus, the absolute protein 

content in the sample was multiplied with the relative iBAQ 

value for each amylase.

Baking experiments

The recipe for the baking experiments was: Wheat flour 

type 550 (50 g, based on 14% moisture), 2.0 g baking soda, 

0.25 g sodium chloride and bulk liquid as determined in the 

Farinograph-E [27]. Water as bulk liquid was replaced by a 

buffer solution with 0.1 mol/L citric acid monohydrate and 

0.1 mol/L trisodium citrate dihydrate (pH 2.75) to obtain a 

pH comparable to yeast-leavened wheat bread (pH 6). Bak-

ing soda was added 1 min before the end of the kneading 

time. The dough was kneaded at 60 rpm to optimum consist-

ency in the Farinograph-E [27]. After kneading, the dough 

was rounded for eight cycles and placed in the proofing 

cabinet for 20 min at 30 °C in a water-saturated atmosphere. 

Then the dough piece was rolled (roll gap: 0.8 cm), folded 

in half, rounded for five cycles, and put into an aluminium 

baking pan for the second dough rest for 40 min under the 

same conditions as before. Baking took place in a deck oven 

Type-9110-0082 (Binder, Tuttlingen, Germany) at 230 °C 

for 18 min.

The breads were either analysed after cooling (2 h) or 

they were stored at 22 °C under vacuum until further analy-

sis. Amylase activity was determined after a storage time of 

30 h. To identify and quantitate sugars in the samples they 

were either extracted directly after cooling (2 h) or after stor-

age for 22 h, 48 h and 96 h at 22 °C. The baking experiments 

were carried out with four replicates.

Quantitation of mono‑, di‑, and oligosaccharides 
in wheat bread crumb

Mono-, di- and oligosaccharides were extracted from a sam-

ple taken from the centre of the bread crumb (0.5 g of dry 

matter) using 4.0 mL of 50% (v/v) methanol while stirring 

for 30 min at 22 °C followed by centrifugation at 3500×g 

and 20 °C for 20 min. The solvent was removed using a 

rotary vacuum concentrator (37 °C, 9 h, 800 Pa). The dry 

samples were reconstituted in 1.0 mL deionized water and 

clean-up was performed using strong cation exchange col-

umns (StrataX-C 33 µm, 200 mg, 3 mL, Phenomenex). 

The columns were activated with methanol (1 × 3.0 mL) 

and washed with 0.1% (v/v) FA (3 × 3.0 mL). After load-

ing the sample, the sugars were eluted with 0.1% (v/v) FA 

(2 × 2.0 mL). The eluent was removed using a rotary vacuum 

concentrator (37 °C, 9 h, 800 Pa) and the sugars were re-

dissolved in deionized water for further analysis.

Mono-, di- and oligosaccharides were analysed by high-

performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) on a Dionex ICS-

5000 system (Thermo Fisher Scientific). The HPAEC-PAD 

system was equipped with a CarboPac PA 100 column 

(250 × 4 mm) connected to a CarboPac PA 100 guard col-

umn (50 × 4 mm). Elution was performed with 1.0 mol/L 

sodium acetate solution (solvent A), 1.0 mol/L sodium 

hydroxide solution (solvent B) and deionized water (sol-

vent C) at a flow rate of 1.0 mL/min. Solvent B was set to 

15% for the total run time. The gradient was 0 min, 0.5% A; 

2 min, 0.5% A; 8 min, 10% A; 18 min, 20% A; 23 min, 20% 

A; 24 min, 0.5% A; 39 min, 0.5% A. PAD detection was 

carried out with a gold working electrode operating with 

a standard quadruple waveform. Chromeleon software 7.2 

(Thermo Fisher Scientific) was used for system control and 

data analysis. Quantitation of the sugars was performed by 

means of external calibration with standard solutions.

Statistical analysis

The sugar contents of the breads containing one amylase 

preparation each are presented as mean value ± standard 

deviation. Linear mixed models were used to explore possi-

ble differences of the sugar contents between the time points 

(2 h, 22 h, 48 h and 96 h after baking). The Bonferroni cor-

rection was applied to account for multiple testing. Statis-

tical analyses were performed with R statistical software, 

version 3.6.1. (R Core Team, Vienna, Austria).

Results

Identification of amylases and the protein 
composition of the preparations

One maltotetraogenic amylase from P. saccharophila (Uni-

ProtKB accession P22963) was identified in preparations (I) 

and (II), respectively. In addition, an α-amylase (D9J2M5) 

was identified in preparation (II). All maltogenic α-amylase 

preparations (III)–(VII) contained P19531, a maltogenic 

α-amylase from G. stearothermophilus and no additional 

amylolytic enzyme was detected (Table 2).

The composition of the preparations is shown in Figs. 1 

and 2. Comparing the relative iBAQ values for prepara-

tion (I), the amylase P22963 accounted for the largest share 

(87.8%) of all proteins, followed by 7.5% of proteins from 

Bacillus licheniformis and 2.1% of other proteins from P. 

saccharophila. In preparation (II), the major proportion of 

71.1% was P22963 followed by other P. saccharophila pro-

teins with 12.4%. The α-amylase D9J2M5 from Aspergillus 

oryzae accounted for 1.6% whereas other Aspergillus oryzae 

proteins were present with 4.4%. Preparations (I) and (II) 

additionally contained other wheat proteins [2.6% for (I) and 

10.5% for (II)].
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All maltogenic α-amylase preparations (Fig. 2) contained 

P19531 with a share of ≥ 90% [(IV) and (VII)), about 50% 

((V) and (VI)] or comparably low with 5.4% (III). Prepara-

tions (IV) and (VII) contained exclusively proteins from G. 

stearothermophilus. Only preparations (III) and (VI) con-

tained wheat proteins besides P19531 and other G. stearo-

thermophilus proteins. Preparation (III) contained 53.4% 

gluten and 41.2% other wheat proteins and preparation 

(VI) 22.8% gluten proteins and 30.8% other wheat proteins. 

Preparation (V) contained 34.9% proteins from Bacillus 

atrophaeus.

Based on the iBAQ values, the quantity of P22963 from 

P. saccharophila added in the baking experiments was 

0.32 mg for preparation (I) and 0.05 mg for (II). Accord-

ingly, the absolute amount of P19531 from the maltogenic 

α-amylase preparations in the baking recipe ranged from 

0.01 mg (III) to 1.21 mg (VII).

Composition of mono‑, di‑, and oligosaccharides 
in bread without amylase addition

The composition of mono-, di-, and oligosaccharides in 

bread crumb without addition of exogenous amylases (con-

trol) was already reported by Rebholz et al. [21]. The con-

tents were as follows, sorted in descending order: maltose: 

14.6 mg/gdm (± 1.1), sucrose: 5.8 mg/gdm (± 0.8), glucose: 

2.9 mg/gdm (± 0.6), fructose: 2.8 mg/gdm (± 2.0), maltotriose: 

1.5 mg/gdm (± 0.1) and maltotetraose: 1.1 mg/gdm (± 0.3). 

No significant changes in the content of the detected sugars 

were detected during 48 h of storage.

Composition of mono‑, di‑, and oligosaccharides 
in breads with amylase addition and changes 
during storage

The total sugar content was 39.1 mg/gdm (± 3.8) for prepa-

ration (I) (Fig. 3) and 58.9 mg/gdm (± 5.4) for preparation 

(II) 2 h after baking (Fig. 4). The glucose content did not 

increase significantly from 2 to 22 h, but increased signifi-

cantly from 22 to 48 h [3.8 mg/gdm (± 0.3) to 4.8 mg/gdm 

(± 0.4)] in the bread containing preparation (I). The content 

of maltotriose increased significantly from 22 h [0.2 mg/

gdm (± 0.2)] to 48 h [1.6 mg/gdm (± 0.5)], while the content 

of fructose, maltose and maltotetraose did not show sig-

nificant changes from 2 to 48 h of storage. Glucose, fruc-

tose, sucrose, maltose, maltotriose and maltotetraose were 

detected 2 h after baking in the bread containing preparation 

(II). In contrast to preparation (I), maltopentaose, maltohex-

aose, maltoheptaose and maltooctaose were additionally 

detected in the bread crumb after 48 h. The maltotetraose 

content increased significantly from 2.1 mg/gdm (± 1.7) to 

29.5 mg/gdm (± 2.0), so that it was the main sugar in the 

bread manufactured with (II) 96 h after baking.

Table 2  Amylases identified 

in the preparations with their 

UniprotKB accession number, 

the number of peptides 

identified per amylase, the 

corresponding protein coverage 

and the organism to which the 

amylase was assigned

All protein scores were > 150

Preparation Protein Enzyme No. of 

peptides

Coverage (%) Organism

(I) P22963 EC 3.2.1.60 25 29.6 Pelomonas saccharophila

(II) P22963 EC 3.2.1.60 16 23.0 Pelomonas saccharophila

D9J2M5 EC 3.2.1.1 16 35.7 Aspergillus oryzae

(III) P19531 EC 3.2.1.133 31 61.5 Geobacillus stearothermophilus

(IV) P19531 EC 3.2.1.133 49 60.8 Geobacillus stearothermophilus

(V) P19531 EC 3.2.1.133 44 53.0 Geobacillus stearothermophilus

(VI) P19531 EC 3.2.1.133 31 49.4 Geobacillus stearothermophilus

(VII) P19531 EC 3.2.1.133 38 60.5 Geobacillus stearothermophilus

Fig. 1  Relative distribution of wheat and microbial proteins in the 

maltotetraogenic amylase preparations based on MaxQuant iBAQ 

values. (I) and (II) are Pelomonas saccharophila (PELSC) malto-

tetraogenic amylase preparations. Other microbial proteins detected 

are from Bacillus licheniformis (BACLI) and Aspergillus oryzae 

(ASPOZ)
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Glucose, fructose, sucrose, maltose, maltotriose and mal-

totetraose were identified 2 h after baking in all breads man-

ufactured with exogenous maltogenic α-amylase (Figs. 5, 6), 

except for breads with (IV) where maltotetraose was iden-

tified for the first time at 22 h after baking. Additionally, 

maltopentaose was detected after 48 h and maltohexaose 

after 96 h of storage in the samples containing preparation 

(VI). The total sugar content ranged from 55.3 mg/gdm 

(± 4.4) (V) to 108.4 mg/gdm (± 1.6) (VI) after 2 h. Malt-

ose contents ranged from 25.3 mg/gdm (± 1.9) for (V) to 

50.0 mg/gdm (± 4.4) for (VII) 2 h after baking. No signifi-

cant increase in maltose content was detected between 2 and 

96 h in the breads manufactured with (III) and (VII). For 

preparation (IV), the maltose content increased significantly 

Fig. 2  Relative distribu-

tion of wheat and microbial 

proteins in the maltogenic 

α-amylase preparations based 

on MaxQuant iBAQ values. 

All preparations contain the 

maltogenic α-amylase from 

Geobacillus stearothermophilus 

(GEOSE). Other microbial pro-

teins detected are from Bacillus 

atrophaeus (BACAT)

Fig. 3  Sugar content of model 

breads manufactured with 

addition of (I), maltotetrao-

genic amylase preparation from 

Pelomonas saccharophila. 

Samples were taken 2 h, 22 h, 

and 48 h after baking. Values 

are displayed as means ± stand-

ard deviation (n = 4). Different 

letters represent significant 

differences in content for each 

sugar, respectively (p < 0.05)
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from 27.7 mg/gdm (± 0.8) up to 38.8 mg/gdm (± 8.6), for (V) 

from 25.3 mg/gdm (± 1.9) to 40.4 mg/gdm (± 0.7) and for (VI) 

from 37.0 mg/gdm (± 3.2) to 68.6 mg/gdm (± 4.9) consider-

ing 2 h and 96 h of storage. The maltotetraose content of the 

bread crumbs containing preparations (V), (VI) and (VII) 

increased significantly between 2 and 96 h of storage. The 

increase was from 5.9 mg/gdm (± 3.9) to 11.9 mg/gdm (± 2.2) 

for (V), from 9.7 mg/gdm (± 1.7) to 44.1 mg/gdm (± 6.6) for 

(VI) and from 0.6 mg/gdm (± 0.2) to 22.9 mg/gdm (± 9.3) for 

(VII). No significant changes in the content of sucrose were 

observed during storage of the breads containing either of 

the maltogenic α-amylase preparations.

Residual activity of amylases in model wheat bread

The endogenous activity of the wheat flour used for the bak-

ing experiments was 4.1 nkat/gdm (± 0.7) for α-amylase and 

378.4 nkat/gdm (± 6.1) for β-amylase. As we have shown 

before, no cereal amylase activity was detected in the crumb 

of the control breads after baking [21].

For the maltotetraogenic amylase preparation, (I) we 

detected 85.8 nkat/gdm (± 11.6) and for preparation (II) 

31.7 nkat/gdm (± 6.6). After baking, the residual amylase 

activity was 0.9 nkat/gdm (± 0.3) in (I) and 0.6 nkat/gdm 

(± 0.2) in (II). This corresponds to a relative residual activ-

ity of 1.1% for (I) and 1.9% for (II) compared to the amylase 

activity originally used in the dough (Table 1). The activity 

of maltogenic α-amylase preparations applied to the dough 

was between 22.0 nkat/gdm (± 0.7) for preparation (III) and 

42.9 nkat/gdm (± 2.0). All tested maltogenic α-amylase prep-

arations showed a residual amylase activity (Table 1). Based 

on the absolute values, the residual activity was between 

5.7 nkat/gdm (± 1.2) for (VII) and 14.3 nkat/gdm (± 3.8) for 

(VI). Compared to the activities applied to the doughs, the 

relative residual amylase activity in the breads ranged from 

13.9% in the breads with (VII) to 45.5% for (VI).

Discussion

In this study, we combined discovery-driven proteomics with 

the quantitation of mono-, di- and oligosaccharides in bread 

crumb and the determination of residual amylase activity 

to get insights into changes in sugar composition caused 

by the action of exogenous maltotetraogenic amylases and 

maltogenic α-amylases during straight dough wheat bread 

making and storage.

For the group of maltotetraogenic amylase and the group 

of maltogenic α-amylase preparations, one amylase each 

was identified as being responsible for the amylolytic activ-

ity. Our results are in accordance with Prandi et al. who 

also identified P19531, a maltogenic α-amylase from G. 

stearothermophilus, as being responsible for the amylolytic 

activity in maltogenic α-amylase preparations applied in 

baking [28]. To the best of our knowledge, we are the first 

to analyze maltotetraogenic amylase preparations with pro-

teomics tools and we identified a single amylase P22963 as 

cause of the amylolytic activity. The iBAQ evaluation was 

Fig. 4  Sugar content of model 

breads manufactured with addi-

tion of (II), maltotetraogenic 

amylase preparation from Pelo-

monas saccharophila. Samples 

were taken 2 h, 22 h, 48 h, and 

96 h after baking. Values are 

displayed as means ± standard 

deviation (n = 4). Different let-

ters represent significant differ-

ences in content for each sugar, 

respectively (p < 0.05)
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shown to be suitable for the relative quantitation of several 

different proteins in one sample [26, 29]. The proportion 

of maltotetraogenic amylase in the preparations (I) and (II) 

was 87.8% and 71.0%, respectively. Both preparations also 

contained 4–7% of proteins from other microorganisms and 

non-gluten proteins, such as the starch synthases P27736 

and Q8W2G8, indicating that wheat starch was used as a 

filler material [30]. The maltogenic α-amylase preparations 

showed large differences in composition considering that 

the percentage of maltogenic α-amylase ranged from 5.4% 

(III) up to 96.9% (VII).

Although both groups of preparations, maltotetraogenic 

amylase and maltogenic α-amylase, contained the same 

active enzyme, respectively, the effects on the sugar com-

position of the bread crumb were quite different. A higher 

initial activity applied to the dough resulted in a higher mal-

totetraose content in the bread crumb using the maltotetrao-

genic amylase preparations (I) and (II). The activity applied 

to the dough of (I) was 85.8 nkat/gdm and 171% higher than 

the activity of (II) with 31.7 nkat/gdm. Corresponding to that, 

Fig. 5  Sugar content of model breads manufactured with addition of 

maltogenic α-amylase preparations from Geobacillus stearothermo-

philus (III), (IV) and (V). Samples were taken 2 h, 22 h, 48 h, and 

96 h after baking. Values are displayed as means ± standard deviation 

(n = 4). Different letters represent significant differences in content for 

each sugar, respectively (p < 0.05)

Fig. 6  Sugar content of model breads manufactured with addition of 

maltogenic α-amylase preparations from Geobacillus stearothermo-

philus (VI) and (VII). Samples were taken 2 h, 22 h, 48 h, and 96 h 

after baking. Values are displayed as means ± standard deviation 

(n = 4). Different letters represent significant differences in content for 

each sugar, respectively (p < 0.05)
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the content of the main reaction product, maltotetraose, was 

about 219% higher with a mean of 6.7 mg/gdm (I) compared 

to 2.2 mg/gdm (II) 2 h after baking. A similar result was 

described by Bae et al. when using Pseudomonas saccha-

rophila maltotetraogenic amylase. An increase of 200% of 

maltotetraogenic amylase activity in whole wheat bread 

making resulted in an increase of 145% of maltotetraose in 

their study [31].

Overall, only minor changes in the sugar composition 

were detected during the 48 h of storage of the breads con-

taining preparation (I) and especially no changes in malto-

tetraose content. This agrees well with the results of Bos-

mans et al. [8] who also observed no significant changes in 

the content of maltooligosaccharides in wheat bread during 

storage using Pseudomonas saccharophila maltotetraogenic 

amylase. Bosmans et al. [8] and Derde et al. [9, 14] assumed 

inactivation of the maltotetraogenic amylase during bak-

ing. We detected a very low residual activity (1.1% of the 

applied activity) for (I), but apparently this did not cause 

major changes in the sugar composition of the bread during 

storage. Opposed to that, the residual activity of (II) was 

also very low (1.9%), but the absolute maltotetraose content 

increased from 2.1 mg/gdm 2 h after baking up to 29.5 mg/

gdm after 96 h. Thus, maltotetraose increased by 1112% dur-

ing 48 h and 1300% during 96 h of storage. An additional 

effect was the formation of maltopentaose, maltohexaose, 

maltoheptaose and maltooctaose after 48 h and 96 h. These 

sugars were not present up until 22 h of storage and could 

be products caused by endohydrolysis of starch chains [9].

Besides its exo-action on starch molecules, G. stearo-

thermophilus maltogenic α-amylase performs various endo-

attacks on starch [9], with maltose and higher maltooligosac-

charides as main products [8, 32]. Our study also confirmed 

these findings, because the content of maltose and maltoo-

ligosaccharides (40.0 mg/gdm for (V) to 66.0 mg/gdm for 

(VII)) was higher in all breads with maltogenic α-amylase 

preparations 2 h after baking compared to the control bread 

(17.3 mg/gdm). In addition, preparation (VI) caused the for-

mation of maltopentaose and maltohexaose, which were 

not detected in the control. It is also known that maltogenic 

α-amylase can release glucose from amylose and amylopec-

tin [32]. Therefore, the significant increase of glucose in 

breads made with the preparations (IV), (V), and (VI) could 

be a possible consequence of the residual activity.

The main action of maltogenic α-amylase on starch takes 

place during bread baking, but changes in maltose content 

during cooling and storage have also been reported for wheat 

bread [8, 15]. We observed significant changes for malt-

ose and higher maltooligosaccharides for all maltogenic 

α-amylase preparations during storage (Figs. 5, 6), but these 

changes were not always the same. There was no direct cor-

relation between the level of residual activity and the amount 

of sugars formed during storage for the breads made with of 

maltogenic α-amylase. Using preparation (IV), maltotetraose 

was identified for the first time at 22 h, whereas(VI) showed 

the largest impact on the sugar spectrum of wheat bread 

compared to the control, including the release of maltooli-

gosaccharides after 96 h. In contrast, no significant increase 

in the sugar concentrations was determined for the breads 

made with preparation (III), although a residual activity of 

42.3% was detected. The absolute contents of maltogenic 

α-amylase added in the baking experiments ranged from 

0.01 mg (III) to 1.21 mg (VII), but there was no direct cor-

relation between the content and the residual activity. This 

might be due to differences inherent in the preparations we 

used and could be studied using various dosages of each 

preparation. However, the intent of our study was not to 

provide a detailed comparison of the different preparations, 

but rather show how sugar concentrations are affected when 

using each preparation at the recommended dosage.

Considering the applied activities in bread dough 

(Table 1), the relative residual maltogenic α-amylase activi-

ties were between 13.9% for (VII) and 45.5% for (VI) and 

are likely to be responsible for the changes in mono-, di- and 

oligosaccharide content observed during 96 h of storage. 

Reichenberger et al. found a comparable relative residual 

activity of 17.8% for maltogenic α-amylase in their wheat 

baking experiment [16]. Whether the detected residual activ-

ity is related to the characteristics of bread staling or bread 

crumb properties must be clarified in further studies. We 

showed that measurements of residual enzymatic activities 

alone cannot provide sufficient information to evaluate a 

potential technological function in the final product.

Conclusion

In this study, we identified the specific amylases in two mal-

totetraogenic amylase and five maltogenic α-amylase prepa-

rations commonly applied in wheat bread making. Due to 

their high temperature stability, a low to medium residual 

amylolytic activity was found in the bread crumbs contain-

ing each of the preparations. Significant changes for glucose, 

maltose, and higher maltooligosaccharides were observed 

during storage for up to 96 h and these were most likely 

caused by the residual amylolytic activity. By applying a 

methodological approach which targets various amylases 

and enables the identification of the link between amylases, 

their residual activity and the resulting changes in the sac-

charide content of straight dough wheat bread, we provide 

the foundation for a better understanding of the residual 

activity of exogenous amylases in wheat bread making.
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4. General discussion 

4.1 Protein composition of the amylase preparations 

The protein composition of the amylase preparations applied was analyzed using iBAQ, a tool 

implemented in MaxQuant. The values generated by iBAQ are the MS peptide intensities 

divided by the number of theoretical peptides. Thus, iBAQ values are proportional to the molar 

quantities of the proteins [132]. It was shown before, that the iBAQ approach is suitable for 

quantitating proteins from the albumin/globulin fraction in cereal samples and yields 

comparable results to a targeted analysis of these proteins [133]. There are several targeted 

[134, 135] and discovery-driven methods [136, 137] described with the aim of quantifying or 

identifying enzymes in preparations. In contrast to these studies, our aim was to get deeper 

insights into the amylase preparations and generate knowledge about their protein 

composition. With that aim, the discovery-driven DDA experiment followed by MaxQuant data 

evaluation was the method of choice. For each individual amylase preparation, we identified 

the amylases present, assigned the amylolytic activity to a specific amylase and got 

information about the origin and the share of other proteins present in the samples.  

In the first step of the proteomics data processing, the amylases present in the preparations 

were identified. In the second step, their share was determined via label-free quantitation. 

Table 3 lists the identified enzymes in the α-amylase preparations and their organisms of 

origin. Additionally, the parameters of identification, the number of peptides detected for each 

protein and the corresponding protein coverage are listed.  

Table 3: Identified amylases in the α-amylase preparations with their UniprotKB accession number, 
the number of peptides identified per amylase, the corresponding protein coverage and the organism 
to which the amylases were assigned. 

Preparation UniprotKB 

accession 

Enzyme No. of 

Peptides 

Coverage 

[%] 

Organism 

(A) P00692 α-amylase 33 72.6 
Bacillus 

amyloliquefaciens 

(B) A0A0N0H9C2 α-amylase 25 53.1 
Thermoactinomyces 

vulgaris 

(C) 
D9J2M5 α-amylase 27 41.4 Aspergillus oryzae 

A0A1S9DG38 glucoamylase 13 21.7 Aspergillus oryzae 

(D) 
D9J2M5 α-amylase 26 34.9 Aspergillus oryzae 

A0A1S9DG38 glucoamylase 12 21.6 Aspergillus oryzae 

(E) 
D9J2M5 α-amylase 29 47.6 Aspergillus oryzae 

A0A1S9DG38 glucoamylase 11 21.9 Aspergillus oryzae 

 

One α-amylase was identified for each of the bacterial α-amylases; in contrast, the fungal α-

amylase preparation contained one glucoamylase (A0A1S9DG38) and one α-amylase 
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(D9J2M5) each. A fungal α-amylase with high similarity to the fungal α-amylase we identified 

was previously identified by Uhr et al. [134] and Prandi et al. [137]. 

One amylase was identified in each of the maltotetraogenic amylase preparations and the 

maltogenic α-amylase preparations: the maltotetraogenic amylase P22963 from Pelomonas 

saccharophila and the maltogenic α-amylase P19531 from Geobacillus stearothermophilus. 

Table 4 lists the identified enzymes in the maltogenic α-amylase and maltotetraogenic amylase 

preparations in together with the organisms of origin and the parameters of identification, the 

number of peptides detected for each protein and the corresponding protein coverage. 

Table 4: Amylases detected in the maltotetraogenic α-amylase and maltogenic amylase preparations 
with UniprotKB accession number, the number of peptides detected for each amylase with the 
corresponding protein coverage, and the organism of origin. 

Preparation UniprotKB 

accession 

Enzyme No. of 

Peptides 

Coverage 

[%] 

Organism 

(I) P22963 
maltotetraogenic 

amylase 
25 29.6 

Pelomonas 

saccharophila 

(II) 
P22963 

maltotetraogenic 
amylase 

16 23.0 
Pelomonas 

saccharophila 

D9J2M5 α-amylase 16 35.7 Aspergillus oryzae 

(III) P19531 
maltogenic  
α-amylase 

31 61.5 
Geobacillus 

stearothermophilus 

(IV) P19531 
maltogenic  
α-amylase 

49 60.8 
Geobacillus 

stearothermophilus 

(V) P19531 
maltogenic  
α-amylase 

44 53.0 
Geobacillus 

stearothermophilus 

(VI) P19531 
maltogenic  
α-amylase 

31 49.4 
Geobacillus 

stearothermophilus 

(VII) P19531 
maltogenic α-

amylase 
38 60.5 

Geobacillus 

stearothermophilus 

 

Prandi et al. also describe P19531 from Geobacillus stearothermophilus as the amylolytic 

enzyme in a maltogenic α-amylase preparation [137]. Thus, the findings within the scope of 

this work are in line with literature. In case of the maltotetraogenic amylase preparation, to the 

best of our knowledge, we were the first to describe P22963 from Pelomonas saccharophila 

as the amylase responsible for the activity of a preparation used in wheat bread making. 

The α-amylase, maltotetraogenic amylase and maltogenic α-amylase preparations analyzed 

in this work can be categorized into three groups. The first group are the preparations 

containing wheat proteins and proteins from the organism the amylase was assigned to. The 

second group contains preparations with wheat proteins, proteins from the amylase organism 

and proteins from different microorganisms. The third group contains preparations with 

exclusively microbial proteins. All bacterial and fungal α-amylase preparations as well as the 

maltogenic α-amylase preparations (III) and (V) are part of the first group. The maltotetraogenic 
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preparations represent the second group and the maltogenic α-amylase preparations (IV), (V) 

and (VII) are in group three. 

Focusing on the wheat proteins in the samples it is noticeable, that no gluten proteins were 

detected in the preparations (A), (I) and (II). While the other preparations of group one 

contained wheat flour as filler material (based on the gluten and other wheat proteins present), 

a higher level of the protein P27736, a starch synthase present in wheat starch [138], indicated 

that (A), (I) and (II) contained wheat starch as filler material. The relative amount of the proteins 

assigned to the filler materials wheat flour and wheat starch does not give information about 

their amount in the powdery sample used in this work. Since the extraction method performed 

was water-based without organic solvents, it targets on easily extractable proteins like 

enzymes, and not protein polymers like gluten proteins [4]. Thus, the extractability of polymeric 

proteins was incomplete with the chosen method and was not intended to determine the 

amount of wheat flour or wheat starch in the sample. However, the extraction is suitable to 

determine the amount of amylase present and to identify other proteins in the extract due to 

the targeted extraction of amylases.  

Based on the relative amounts of the identified amylases it was possible to assign the activity 

of the preparation to one amylase, in case of several amylases detected. The amount of the 

glucoamylase A0A1S9DG38 detected in the fungal α-amylase preparations was < 0.3% and 

can be neglected compared to the present α-amylase with a share of 53.7% to 79.4%. The 

same observation was made for the maltotetraogenic amylase preparation (II) where the fungal 

α-amylase D9J2M5 had a share of 1.6% and the major amylase P22963 from Pelomonas 

saccharophila had a share of 71.0%. 

These findings enable the assignment of the amylolytic activity to a specific amylase and 

provide information about the amylase composition of the studied preparations as well as an 

overview of further proteins present in the samples. 

4.2 Residual activity of amylases in wheat bread crumb 

Residual activity in the model wheat breads was measured for (A) Bacillus amyloliquefaciens 

α-amylase, (I) and (II) maltotetraogenic amylase from Pelomonas saccharophila and for 

maltogenic α-amylase from Geobacillus stearothermophilus ((III) – (VII)). Regarding the fungal 

α-amylase preparations no residual activity was measured in the bread crumb. This finding is 

consistent with the temperature stability of fungal α-amylases being described as low [3]. A 

high temperature stability has been reported previously for the Bacillus amyloliquefaciens α-

amylase [139], thus a moderate residual activity was expected. However, we found a very low 

activity of Bacillus amyloliquefaciens in bread crumb with 0.07 nkat/gdm and this corresponds 

to 4.01% of the applied activity of 1.77 nkat/ gdm. 
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It is known that amylase from Pelomonas saccharophila has a high temperature stability up to 

90°C. However, only data on the stability of these maltotetraogenic amylases in starch 

solutions has been published [57]. So far, no data about their stability in the complex matrix 

and foamy structure of wheat bread are available. With the formulation and manufacturing 

parameters we selected in the baking experiments a residual activity was measurable. Further 

research is needed to confirm these results for large scale baking trials. 

The temperature stability of maltogenic α-amylase from Geobacillus stearothermophilus in 

wheat bread has been well studied and the amylase residual activity in the bread crumb has 

been confirmed in multiple baking trials [57, 93, 95, 103]. In line with these findings, we were 

also able to demonstrate the residual activity of maltogenic α-amylase from Geobacillus 

stearothermophilus in the baking tests we conducted with the five different preparations in our 

study.  

The residual activity measured for the maltotetraogenic amylases was quite similar, despite 

the different amounts of dosage of the preparations (0.9 nkat/gdm for (I) and 0.6 nkat/gdm for 

(II)). This corresponded to a relative residual activity of 1.1% and 1.9%, respectively. 

The absolute residual activity of the maltogenic α-amylase preparations ranged from 

5.7 nkat/gdm for (VII) to 14.3 nkat/gdm for (VI) with a relative residual activity of 13.9% to 45.5%. 

Based on the amylase content measured by iBAQ it was possible to determine the amount of 

amylase (in mg) included in the preparation dosed in the baking experiment. Equal amounts 

of preparations (III) - (VI), 5.0 mg, were used in the baking tests, and 2.5 mg of preparation 

(VII) was used. Due to a varying protein content of the preparations, the amylase content within 

the dosage was quite different. Table 5 gives an overview of the dosages, the amylase 

contents and the residual activities measured in the bread crumbs. The dosage of amylase 

preparations in the study was performed according to manufacturers’ recommendations and 

does not represent the actual content of amylases added in the baking experiments. 

Specifically, it becomes apparent that a dosage of 5 mg results in an actual amylase content 

between 0.01 mg and 0.04 mg for the maltogenic α-amylase preparations. Therefore, it is not 

the actual amount of amylase, which is a major parameter for the activity of the amylase, but 

the actual applied activity. However, a high dosage of activity does not necessarily lead to a 

higher residual activity, e.g., in the group of maltogenic α-amylase preparations (Table 5), 

preparation (IV) had the highest dosed activity (42.9 nkat/gdm) with a residual activity of 

11.0 nkat/gdm. This residual activity lower than the residual activity of preparation (VI) 

(14.3 nkat/gdm) whereas the applied activity of (VI) was about 11.4 nkat lower (31.5 nkat) than 

that of preparation (IV).  
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Table 5: Protein dosage calculated via the amylase proportions determined by iBAQ as well as the 
applied activity per g bread and the resulting residual activity for seven preparations. Values for 
applied amylase activity and residual activity are shown as mean ± standard deviation for n=3 
samples. 

Prep. Dosage 

[mg] 

Protein 

dosage 

[mg] 

Amylase 

iBAQ [%] 

Amylase 

[mg] 

Applied  

activity 

[nkat/gdm] 

Residual  

activity 

[nkat/gdm] 

Residual 

activity [%] 

(I) 42.5 0.36 87.8 0.32 85.8 ±11.6 0.9 ±0.3 2.0 

(II) 15.0 0.07 71.0 0.05 31.7 ± 6.6 0.6 ±0.2 1.1 

(III) 5.0 0.10 5.4 0.01 22.0 ±0.7  9.3 ±1.4 42.3 

(IV) 5.0 0.01 90.0 0.01 42.9 ±2.0 11.0 ±5.3 25.7 

(V) 5.0 0.03 61.1 0.02 38.6 ±1.7 11.0 ±4.9 28.6 

(VI) 5.0 0.09 46.3 0.04 31.5 ±3.2 14.3 ±3.8 45.5 

(VII) 2.5 0.01 96.9 0.01 41.0 ±3.8 5.7 ±1.2 13.9 

Prep.: Preparation 

In our work we did not systematically check the relationships between dosed activity during 

dough preparation and residual activity in the bread crumb. We showed that a general 

comparison of different amylase preparations containing different matrices of filler material and 

different amounts of amylase is not possible. Moreover, it is necessary to focus on each single 

preparation to determine whether a protein leads to a residual activity in bread. Additionally, 

within our sample set of preparations, we were able to identify the preparations that showed 

residual activity in the model breads and we could link this residual activity to the amylase 

identified in the previous step of the work. 

4.3 Sugar release in white bread crumb during storage 

Since several amylolytic hydrolysis products are substrates for bakers’ yeast, we did not use 

yeast as a leavening agent. Glucose, maltose and maltotriose can be substrates for yeast, 

thus a fermentation process would have an impact on the sugar content in the breads. It would 

not be possible to identify the specific amylolytic effect of the amylase applied if yeast had 

been added to the dough during bread making. Additionally, yeast comes with a microbiome 

including enzymes with hydrolytic activity, e.g., the maltase MALS [73], which would have an 

additional impact on the sugar spectrum in bread. Yeast and its enzymes are inactivated at 

temperatures above 50°C during baking, thus they have no influence on the sugar formation 

during baking. 

The foamy structure is a key element for a model matrix, comparable to common wheat bread. 

Therefore, unleavened bread was not taken into consideration and the model breads were 

leavened by adding baking soda. Due to the carbonate salts baking soda increases the pH of 

wheat bread. The pH of straight dough wheat bread leavened by yeast was shown to be at 
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about pH 6 [140]. Wheat doughs made with baking soda were shown to have a pH > 8 [141]. 

To provide an environment where the pH-sensitive amylases have a similar rate of metabolism 

compared to yeast-leavened bread, the pH of the model breads was adjusted by a buffer 

solution with 0.1 mol/L citric acid monohydrate and 0.1 mol/L trisodium citrate dihydrate at 

pH 2.75. 

Regarding the sugar content of the control breads (breads without any amylase addition) no 

changes in the sugar spectrum during storage were detected. The sugars present were 

glucose, fructose, sucrose, maltose, maltotriose and maltotetraose with maltose as the 

predominant sugar considering its content.  

For all preparations analyzed within this work, maltose was shown to be the predominant sugar 

after baking. The amount of maltose in the breads made with exogenous α-amylase was 

between 20.27 mg/gdm and 70.93 mg/gdm. For maltogenic α-amylase and maltotetraogenic 

amylase the content ranged from 17.73 mg/gdm. to 50.03 mg/gdm. Exogenous α-amylase was 

shown to have a increasing effect on maltose levels in wheat bread baking [74]. The increasing 

effect on maltose content resulting from maltogenic α-amylase application was due to its main 

hydrolysis product maltose. For maltotetraogenic amylase it was shown, that the enzyme 

releases maltose as well as maltotetraose from wheat starch [57].  

Despite the lack of residual activity, changes in the sugar spectrum were measurable for the 

fungal α-amylase preparations and the α-amylase from Thermoactinomyces vulgaris. These 

changes were significant increases in glucose, fructose and maltose for (B), maltotetraose for 

(C), glucose, fructose, maltose and maltotriose for (D) and (E). An amylolytic residual activity 

cannot be responsible for these changes, thus it is assumed that retrogradation of starch might 

be involved in the extractability of mono-, di-, and oligosaccharides. This is in line with the 

findings of Lin and Lineback [142], who described a changing amount of extractable 

maltooligosaccharides in wheat bread during a storage time of six days. Plasticizers such as 

sugars have an impact on the denaturation and melting behavior of biopolymers like starch. 

The kinetics of this mechanism are related to the effective molar density of hydroxyl groups 

available for intermolecular hydrogen bonding [143]. Thus, sugars can have an influence on 

the volumetric density of intermolecular hydrogen bonds via their properties as plasticizers 

involved in gelatinization [144]. This can result in a weakening of hydrogen bonds during 

retrogradation of wheat starch which can be responsible for the changes in extractability of 

mono-, di-, and oligosaccharides from wheat bread crumb during storage. This effect occurs 

within all analyzed breads including the control bread. However, the described effect is 

expected to be smaller for the control bread, due to a considerably lower overall sugar content 

compared to the breads made with amylase.  
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Nevertheless, differences regarding the sugar release from wheat breads supplemented with 

exogenous α-amylase were identified. In contrast to the breads without residual activity in the 

crumb, the breads with Bacillus amyloliquefaciens α-amylase showed major changes after 

48 h of storage. The following five maltooligosaccharides, not detected before, were present 

from the time point 48 h on: maltotetraose, maltopentaose, maltohexaose, maltoheptaose and 

maltooctaose which are all typical hydrolysis products of α-amylase [145]. Considering that the 

Bacillus amyloliquefaciens α-amylase preparation was the only one within the sample set of α-

amylase preparations showing a residual activity and release of sugars not detected before it 

is strongly presumed that it can be traced back to amylase residual activity. 

For all preparations within the group of maltotetraogenic amylase and maltogenic α-amylase 

preparations a residual activity was measured in the model breads. The observed changes 

within the groups with regard to the composition of the sugar spectrum and the level of the 

sugar contents were very different. 

The residual activity of the maltotetraogenic amylase preparations (I) and (II), which was 1.1% 

and 1.9% of the applied activity, respectively, resulted in a varying impact on the sugar 

spectrum. For (I) no major changes in sugar composition were detected, for (II) the 

maltotetraose content increased by 1300% during 96 h of storage and a formation of 

maltopentaose, maltohexaose, maltoheptaose and maltooctaose after 48 h and 96 h was 

determined. Thus, in case of the maltotetraogenic preparations the same protein, with residual 

activities in a comparable range, resulted in a different effect on the sugar content. All sugars 

formed during the storage of (II) are likely to be hydrolysis products of maltotetraogenic 

amylase [55].  

Regarding the maltogenic α-amylase preparations, significant changes of maltose and 

maltooligosaccharides during storage were observed, but no uniform pattern of change was 

evident. Considering the overall amount of maltooligosaccharides present in the breads 2 h 

after baking, the preparations can be categorized into two groups, whereby preparations (III), 

(IV) and (V) as well as (VI) and (VII) can be grouped. For the first group the amount of 

maltooligosaccharides after baking was within a range of 36.97 mg/gdm (V) and 44.02 mg/gdm 

(III). In group two, with 61.47 mg/gdm for preparation (VI) and 66.00 mg/gdm for preparation (VII) 

the amounts of these sugars were substantially higher than for preparations of the first group. 

Additionally, no significant increases in the sugar concentrations were determined for (III). 

Preparations (IV) and (V) showed significant changes in the sugars glucose, fructose, maltose, 

maltotriose and maltotetraose. (VI) not only had the highest initial sugar content, it also showed 

major changes regarding the sugar composition including the release of maltooligosaccharides 

after 96 h. Table 6 shows the applied activities, the resulting residual activities of maltogenic 

α-amylase preparations containing P19531 from Geobacillus stearothermophilus as well as 
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the amount of maltooligosaccharides after baking and the maltooligosaccharides affected by 

changes during storage. 

Table 6: Overview of applied activities, residual activities of maltogenic α-amylase preparations and 
their effect on the sugar spectrum of model breads. Values are displayed as means ± standard 
deviation (n = 3). 

Prep. Applied  

activity 

[nkat/gdm] 

Residual  

activity 

[nkat/gdm] 

Residual 

activity 

[%] 

Maltooligosaccharides 

at 2 h [mg/gdm] 

Major storage changes at 

96 h: 

(III) 22.0 ±0.7  9.3 ±1.4 42.33 44.02 ± 3.37 Maltotriose 

(IV) 42.9 ±2.0 11.0 ±5.3 25.70 37.20 ± 1.33 Maltose, maltotriose, 

maltotetraose 

(V) 38.6 ±1.7 11.0 ±4.9 28.63 36.97 ± 4.10 Maltose, maltotriose, 

maltotetraose 

(VI) 31.5 ±3.2 14.3 ±3.8 45.45 61.47 ± 1.43 Maltose, maltotriose, 

maltotetraose, 

maltopentaose, 

maltohexaose 

(VII) 41.0 ±3.8 5.7 ±1.2 13.94 65.99 ± 5.77 Maltotetraose 

Prep.: Preparation 

By comparing preparations (IV) and (VII) it can be shown, that the activity did not generally 

determine the amount of maltooligosaccharides formed during baking. Complementary to that, 

it is not possible to draw a general conclusion from the residual activity to a certain pattern of 

change during the aging process. For example, preparation (III) had a similar absolute residual 

activity as (VII), but a different sugar was affected by the changes. It can be assumed that an 

increasing residual activity also leads to increased changes during storage. To prove this 

association, further experiments using the same preparations are needed. 

The plasticizing impact of sugars on intermolecular hydrogen bonds and thus on the 

extractability of sugars from bread described above is present for both the maltotetraogenic 

amylase samples and the maltogenic α-amylase samples. However, it is assumed that the 

effects resulting from a residual amylase activity on the sugar spectrum exceed the impact of 

extractability. 

Some limitations of this work are outlined in the following. First, we applied preparations 

containing the same amylase, but we did not apply different dosages of the same preparation 

itself. Thus, the preparations differed in the ingredients and the date of manufacturing. It was 

shown that the condition and conformation of the starch has a major influence on the activity 

of the amylases during baking [146]. Second, the bread itself with its pore size and thermal 

conductivity affects the inactivation degree of amylases and thus the kinetics of residual activity 
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[97]. Although the baking trials were standardized, it is not possible to guarantee the exact 

same conditions, which may be another explanation for differences in sugar release caused 

by the same type of amylase preparations. 

Nevertheless, it was shown within this work that significant changes for glucose, maltose and 

higher maltooligosaccharides can be observed during storage of wheat bread for up to 96 h 

and that these changes can be linked to residual amylolytic activity.   
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6. Further research 

This work is based on protein identification and quantitation, the determination of amylase 

activity and knowledge about sugar release in wheat bread. Therefore, several existing 

methods were modified and new methods were established. Within this process a number of 

new research questions arose. 

A higher number of samples of amylase preparations would result in a larger amount of data, 

but for an even more comprehensive assessment of the mechanisms of exogenous amylase 

preparations in wheat bread baking, it is not only sufficient to increase the number of samples, 

but rather to perform additional analytical approaches. 

To provide more knowledge on amylase activity and sugar release in wheat bread, the dosage 

of amylase preparations could be varied in baking experiments. In this way the impact of 

specific preparations related to the dosage could be investigated. Further, a minimum dosage 

of the preparations as well as the effect of overdosing the preparations could be determined. 

Additionally, pure analytical grade amylases could be applied to get deeper insights of the 

impact of the preparation matrix on activity or sugar release. Complementing the sample set, 

the analysis of different spots inside the bread crumb could be conducted. Thus, a more 

general statement on the distribution of residual activity could be made. 

To make the baking experiments more realistic in the sense of production of baked goods in 

the industry and in the craft sector, yeast should be included in the baking recipe. With this 

modification, endogenous and exogenous amylases must deal with the whole microbiome of 

wheat bread. Thus, the impact of the microbiome on enzyme activity could be determined and 

the results directly applied to commercially produced wheat bread. In order to make a 

statement about a technological function in the final product and thus provide an answer to the 

question of whether the enzyme needs to be declared or not, it would still be necessary to 

analyze changes in the crumb texture of bread with residual amylase activity during storage. 

A future challenge regarding the identification and quantitation of amylases in wheat bread 

baking is their analysis not only in the preparations but in the bread itself. With the discovery-

driven proteomics method established in this study, knowledge about peptides generated 

during tryptic digest was established. Via the selection of marker peptides for each individual 

amylase it would be possible to establish a targeted detection method for the amylases. Due 

to their low dosage of only a few mg per kg, the sensitivity of the method must be increased. 

This could be achieved by combining extraction and tryptic digestion in one step and by an 

enrichment of the targeted amylase in the solution for analysis. For a targeted analysis, a state-

of-the-art high resolution QQQ-MS system or an Orbitap system for discovery-driven analysis 

is likely to increase sensitivity.  
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7. Summary 

Several different amylases are commonly added during the manufacturing of wheat bread. 

They are intended to be processing aids to help improve the quality of wheat bread via their 

impact on bread volume, crust color, bread flavor and staling. Until now, it was assumed that 

exogenous amylases are completely denatured by heat during the baking process and 

therefore no longer have any residual activity in the bread. Little is known so far about the 

mechanisms of residual amylase activity, i.e., about amylases showing residual activity and 

their influence on sugar release in wheat breads during storage. 

In this work, commercially available amylase preparations intended for use in wheat bread 

making containing α-amylase, maltotetraogenic amylase and maltogenic α-amylase from 

different microbial sources were investigated. To get deeper insights into the mechanisms of 

these exogenous amylases, we categorized the work into three parts. In the first part we 

identified the amylase causing the amylolytic effect of the amylase preparations by proteomics 

techniques, in the second part we detected the residual activity resulting from the preparations 

in bread crumb and in the third part we analyzed the dynamics of sugar release in wheat bread 

crumb during storage. 

We identified one amylase in each of the two bacterial α-amylase preparations, and two 

proteins in each of the fungal α-amylase preparations one α-amylase and one glucoamylase. 

Further analysis showed that the α-amylase D9J2M5 was the main protein responsible for the 

amylolytic activity of the fungal preparations. In the maltotetraogenic preparations P22963 from 

Pelomonas saccharophila and in the maltogenic α-amylase P19531 from Geobacillus 

stearothermophilus were identified to be the proteins responsible for the amylolytic activity. 

Within the framework of the discovery-driven proteomics approach, we investigated the 

proportion of amylase present in each preparation. Wide variations in the proportion of 

amylases were found to be present over the entire sample set, ranging from 5% to 97%. 

The α-amylase of fungal origin showed poor temperature stability in the baking experiments, 

and consequently no residual activity was measured. The Bacillus amyloliquefaciens α-

amylase was the only amylase showing a very low residual activity in wheat bread crumb 

compared to the remaining α-amylases with no detectable activity. 

All types of maltotetraogenic amylase and maltogenic α-amylases preparations showed 

residual activity in wheat bread crumb. The relative residual activity of maltotetraogenic 

amylase with 1.1% and 1.9% was lower than that of maltogenic α-amylase preparations which 

had activities ranging from 13.9% up to 45.5%. 

Regarding the sugar spectra of the model breads with α-amylase addition, we found that 

despite a lack of residual activity, changes in the content of mono-, di-, and oligosaccharides 
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were present. These changes might be traced back to retrogradation and a modified 

extractability of sugars due to changes related to hydrogen bonds within the starch polymer.  

For all preparations containing maltotetraogenic amylase and maltogenic α-amylase changes 

in the sugar spectrum were detected. A direct correlation between the level of residual activity 

and the amount of sugars formed during storage was not found. All maltooligosaccharides 

formed during storage are described as hydrolysis products of maltotetraogenic amylase and 

maltogenic α-amylase in literature. Thus, they are likely to be hydrolysis products related to 

the detected residual amylase activity.  

Whether the detected residual activity is related to characteristics of bread staling cannot be 

answered by the findings of this work and this has to be clarified in further studies. 

The scientific contribution of this work was the elucidation of basic mechanisms of exogenous 

amylases regarding their residual activity and the dynamics of sugar release during storage. 

Therefore, fundamental knowledge about the detailed composition of commonly available 

amylase preparations was generated. These findings were connected to the residual activity 

of the respective amylase and further, it was shown that sugar concentrations during storage 

are affected when using these preparations. To sum up, the experimental design including a 

proteomics-based approach coupled with the detection of residual activity and the quantitation 

of sugars during storage allowed a comprehensive observation of the activity of exogenous 

amylases and their impact on the sugar pattern in wheat bread during storage. 
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8. Zusammenfassung 

Bei der Herstellung von Weizenbrot werden oft mehrere verschiedene Amylasen zugesetzt. 

Sie sollen sich als Verarbeitungshilfsstoffe positiv auf die Brotqualität auswirken. Dies 

geschieht durch ihren Effekt auf das Brotvolumen, die Krustenfarbe und den Brotgeschmack, 

sowie auf das Altbackenwerden. Bisher wurde davon ausgegangen, dass exogene Amylasen 

durch die Temperatureinwirkung während des Backprozesses vollständig denaturiert werden 

und somit keine Restaktivität mehr im Brot haben. Über die Mechanismen einer Restaktivität 

von Amylasen und deren Einfluss auf die Zuckerfreisetzung in Weizenbroten während der 

Lagerung, ist bisher wenig bekannt. 

Im Rahmen dieser Arbeit wurden kommerziell erhältliche Amylasepräparate für die 

Verwendung in der Weizenbrotproduktion untersucht, die α-Amylase, maltotetragene Amylase 

und maltogene α-Amylase aus verschiedenen mikrobiellen Quellen enthielten. Um genauere 

Einblicke in die Mechanismen dieser exogenen Amylasen zu erhalten, wurde die Arbeit in drei 

Teilbereiche gegliedert. Im ersten Teil identifizierten wir mit Hilfe von Proteomics-Techniken 

diejenige Amylase, die den amylolytischen Effekt der Amylasepräparate verursacht, im 

zweiten Teil wurde die aus den Präparaten resultierende Restaktivität in der Brotkrume 

nachgewiesen und im dritten Teil wurde die Dynamik der Zuckerfreisetzung in der 

Weizenbrotkrume während der Lagerung analysiert. 

Für die beiden bakteriellen α-Amylase-Präparate wurde jeweils eine Amylase identifiziert; für 

die fungale α-Amylase jeweils zwei verschiedene Amylasen. In den fungalen Präparaten 

wurde eine α-Amylase und eine Glucoamylase nachgewiesen. Weitere Analysen zeigten, dass 

die α-Amylase D9J2M5 das Hauptprotein ist, das für die amylolytische Aktivität der 

Pilzpräparate verantwortlich ist. In den maltotetragenen Präparaten wurde P22963 aus 

Pelomonas saccharophila und in der maltogenen α-Amylase P19531 aus Geobacillus 

stearothermophilus als das für die amylolytische Aktivität verantwortliche Protein identifiziert. 

Im Rahmen des Discovery-Driven Proteomics-Ansatzes wurde untersucht, wie groß der Anteil 

der Amylase in den einzelnen Präparaten ist. Es wurde festgestellt, dass über die Gesamtheit 

des Probensatzes der Amylaseanteil 5% bis 97% betrug. 

Die fungale α-Amylase zeigte in den Backversuchen eine niedrige Temperaturstabilität, so 

dass für sie keine Restaktivität gemessen werden konnte. Die α-Amylase von Bacillus 

amyloliquefaciens war die einzige Amylase aus der Gruppe der α-Amylasen, die eine sehr 

geringe Restaktivität in der Weizenbrotkrume aufwies. 

Alle untersuchten maltotetragenen Amylasepräparate und maltogenen α-Amylasepräparate 

zeigten Restaktivität in der Weizenbrotkrume. Dabei war die relative Restaktivität der 
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maltotetragenen Amylase mit 1,1% und 1,9% geringer als die der maltogenen α-Amylase-

Präparate, die von 13,9% bis 45,5% reichte. 

Hinsichtlich der Zuckerspektren der Modellbrote mit α-Amylasezusatz wurde festgestellt, dass 

trotz fehlender Restaktivität Veränderungen im Gehalt an Mono-, Di- und Oligosacchariden 

vorhanden waren. Diese Veränderungen könnten auf eine Retrogradation und eine veränderte 

Extrahierbarkeit von Zuckern aufgrund von Veränderungen im Zusammenhang mit 

Wasserstoffbrückenbindungen innerhalb des Stärkepolymers zurückzuführen sein.  

Bei allen Präparaten, die maltotetragene Amylase und maltogene α-Amylase enthielten, 

wurden Veränderungen im Zuckerspektrum festgestellt. Eine direkte Korrelation zwischen der 

Höhe der Restaktivität und der Menge der während der Lagerung gebildeten Zucker wurde 

nicht gefunden. Alle während der Lagerung gebildeten Maltooligosaccharide werden in der 

Literatur als Hydrolyseprodukte der maltotetragenen Amylase und der maltogenen α-Amylase 

beschrieben. Es ist somit höchstwahrscheinlich, dass es sich um Hydrolyseprodukte handelt, 

die aus der Amylase Restaktivität resultieren.  

Ob die detektierte Restaktivität mit Mechanismen der Brotalterung zusammenhängt, kann 

anhand der Ergebnisse dieser Arbeit nicht beantwortet werden und muss in weiteren 

Untersuchungen geklärt werden. 

Der wissenschaftliche Beitrag dieser Arbeit ist die Aufklärung grundlegender Mechanismen 

von exogenen Amylasen hinsichtlich ihrer Restaktivität und der Dynamik der Zuckerfreisetzung 

während der Lagerung. Dazu wurden grundlegende Erkenntnisse über die detaillierte 

Zusammensetzung von handelsüblichen Amylasepräparaten gewonnen. Diese Erkenntnisse 

wurden mit der Restaktivität der jeweiligen Amylase in Verbindung gebracht und weiterhin 

wurde gezeigt, dass die Zuckerkonzentrationen während der Lagerung durch Verwendung 

dieser Präparate beeinflusst werden. Der Versuchsaufbau mit einem Proteomics-basierten 

Ansatz, gekoppelt mit der Detektion der Restaktivität und der Quantifizierung der Zucker 

während der Lagerung, ermöglicht somit eine umfassende Betrachtung der Aktivität exogener 

Amylasen und deren Einfluss auf das Zuckerspektrum in Weizenbrot während der Lagerung. 
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