
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Robust processing of airborne laser scans to plant area density profiles

Arnqvist, Johan; Freier, Julia; Dellwik, Ebba

Published in:
Biogeosciences

Link to article, DOI:
10.5194/bg-17-5939-2020

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Arnqvist, J., Freier, J., & Dellwik, E. (2020). Robust processing of airborne laser scans to plant area density
profiles. Biogeosciences, 17(23), 5939-5952. https://doi.org/10.5194/bg-17-5939-2020

https://doi.org/10.5194/bg-17-5939-2020
https://orbit.dtu.dk/en/publications/32dbb1f4-ba23-42f5-986c-7e296f0e1c7f
https://doi.org/10.5194/bg-17-5939-2020


Enzymes in grain processing
Marie Sofie Møller and Birte Svensson

Available online at www.sciencedirect.com

ScienceDirect
Enzymes are central in producing compounds from grains that

are desirable in modern food and beverages. Some of these

enzymes occur naturally in grains, while others are exogenous,

often of microbial origin, and either supplied as agents for

pretreatment and manufacture or introduced into the grains

using genetic techniques. Enzymes can add value by utilising

raw materials more efficiently, enhance the impact of food and

beverages on human health and nutrition, serve to eliminate

antinutrients, facilitate techno-functional performance and be

inspiration in pioneering handling of industrial waste from crop

grains. The review focuses on recent findings on grains, grain

fractions, flour and extracted grain components with emphasis

on starch, proteins and cell wall polysaccharides subjected to

industrially relevant enzyme-catalyzed processing.
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Introduction
The field of enzymes in grain processing is extremely

broad with regard to raw materials and concerned enzyme

catalyzed processes occurring either in the grain in situ or

on pretreated grains, grain fractions or extracted molecu-

lar constituents. The areas where the reaction products

are applied are also diverse spanning from food, health,

nutrition, beverages and animal feed to bioethanol,

energy and biomaterials. Additionally, a wide range of

relevant methods include analytical and techno-function-

ality assays, genetic modification and gene editing,

molecular structure/function investigations and protein

engineering. Mostly key hydrolytic, biosynthetic and

redox-active enzymes are targeted for brewing, baking,

and production of healthy compounds, for example, pre-

biotic oligosaccharides and phenolics. The present review

focuses on trends, recent progress and development in
www.sciencedirect.com 
application of enzymes in grain processing related to food

science. Other currently important areas involving

enzyme treatment of grains are energy feedstock,

bioethanol [1,2], biomaterials and edible films [3], and

sustainable utilization of biomass [4]. Generally, the

targeted enzymes act on polysaccharides, proteins or

lipids, in manipulating and exploiting starch structure,

or are oxidoreductases useful in food and beverage

industries.

Enzymes active in grain processing can be exogenous,

commonly of microbial origin, or endogenous catalyzing

natural reactions during germination and sprouting

including enzymes from microbes thriving on plant hosts,

for example, fungal xylanases [5]. Overall, enzymes used

to advance areas of food, feed, beverages or nutrition can

i) mobilize or protect valuable compounds, for example,

dietary fibers (DF), ii) facilitate industrial processes, for

example, baking and brewing, or iii) detoxify gluten and

antinutrients, for example, phytate. The most common

substrate molecules include starch, cell wall polysacchar-

ides, lignin, and storage proteins. We shall describe

enzymes added for processing of grain components,

enzymes present in germinated and/or mature grains,

and enzymes introduced into grains using gene modifica-

tion technologies (see Figure 1 for an overview of areas

covered). Notably, grain crops have been transformed for

more than two decades, and recently gene edited to

encode key enzymes in biosynthetic or degradative pro-

cesses (for a review see Ref. [6]). Their actual use for food

and beverages still depends on legislation.

Exogenous enzymes for processing grains for
food
Grains or products derived thereof constitute a very

important part of human diet and form the basis of a

wide variety of foods providing caloric energy, DF,

molecular building blocks and phytonutrients. To

improve the nutritional value an array of exogenous

enzymes are added to grains, grain fractions, flour and

the industrial residues, brewers spent grains (BSG) [7]

and dried distillers’ grains with solubles (DDGS) from

production of potable spirits and bioethanol [8]. Spoiled

grains can be feedstock in bioethanol production and the

DDGS still have potential for use in food and feed [9].

Enzyme processing can modify and enhance starch

digestibility by facilitating interaction between starch

and non-starch components, generally adversely influenc-

ing access of digestive enzymes and hence starch diges-

tion rates (for a review see Ref. [10]). Moreover, removal

of proteins by protease treatment increased in vitro starch
Current Opinion in Food Science 2021, 37:153–159
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Overview of the different areas of grain processing involving enzymes covered in the present review. Enzymes used in the numbered processes: 1)

CE, EG, and XYN; 2) a-AMY, b-AMY, EG, CE, CEL, pectinases, proteases, and XYN; 3) ABF, a-AMY, a-GLU, b-AMY, CEL, EG, lipase, protease,

LD, PUL, and XYN; 4) EP, PEP, proteases, and TG; 5) CE, EG, and XYN; 6) MAase, NTS, and XYN; 7) a-AMY, NTR, PEP, proteases, and XYN; 8)

b-AMY and GA.

Abbreviations: ABF, arabinofuranosidase; a-AMY, a-amylase; a-GLU, a-glucosidase; b-AMY, b-amylase; CE, carbohydrate esterase; CEL,

cellulase; EG, endo-b-glucanase; EP, endoproteinase; GA, glucoamylase; LD, limit dextrinase; MAase, maltogenic amylase; NTR, NADPH-

dependent thioredoxin reductase; NTS, NTR and thioredoxin system; PEP, prolyl endopeptidase; PUL, pullulanase; TG, transglutaminase; XYN,

xylanase.
digestibility of rice flour [11]. Various initiatives modelled

starch degradation kinetics yielding model data allowing

prediction of digestibility [12,13]. In this case, while

purified starches and flours are digested in a single-phase

process, starch amylolysis in macroparticles followed a

two-phase reaction reflecting differences in substrate

accessibility. Grain starch is also the raw material of

glucose-containing and maltose-containing syrups and

in this context EFSA has approved Aspergillus niger glu-

comylase and wheat b-amylase for food production

[14,15].

Bread making covers a broad range of manufacturing

methods, where endogenous and exogenous enzymes

play prominent roles to deliver the best combination of

healthy food components, good technological perfor-

mance and long shelf-life. Use of xylanases for extraction

of arabinoxylans from rye bran provides an ingredient to

improve dough rheology and gel formation [16]. Com-

mercial endo-b-(1,4)-xylanases from glycoside hydrolase

families (GHs) 10 and 11 (http://www.cazy.org/; [17]) are

commonly applied in baking: GH11 xylanases displaying

high activity and selectivity for unsubstituted xylan

regions as opposed to GH10 enzymes able to act on

xylose linkages closer to side chain decorations. Wheat

and other cereals, however, contain proteinaceous inhi-

bitors of microbial xylanases. This problem has been
Current Opinion in Food Science 2021, 37:153–159 
overcome by structure-guided engineering of a five-

amino acid residue loop into GH10 xylanases from Peni-
cillium canescens and Trichoderma reesei relieving their

sensitivity to the inhibitory proteins [18��]. Antistaling

of bread is a well-established trait that can be conferred by

adding microbial maltogenic amylases to the flour result-

ing in suppression of starch retrogradation by shortening

polysaccharide chains in the starch polymers [19].

Various agents can manipulate the gluten network struc-

ture developed in bread dough by disulphide bond for-

mation. A recent procedure used recombinant barley

NADPH-dependent thioredoxin reductase (NTR) and

thioredoxin (Trx), composing a so-called NTS system

that is naturally implicated in grain filling and germina-

tion [20�]. Notably, functional wheat Trx in the flour is

also recruited by the added barley NTR. Baking tests

confirmed the potential of NTS and NTR as tools for

weakening strong doughs, or in flat product baking [20�].

Mechanical polishing of cereal grains is a conventional

process typically applied on rice, which improves cooking

performance, but removes the bran rich in fibers and other

bioactive molecules. This was recently upgraded to bio-

polishing of cereal grains by treatment with cellulases,

xylanases, b-glucanases, esterases, amylases, proteases or

pectinases in a way that opens up and mobilizes soluble
www.sciencedirect.com
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fibers and phenolics of the bran yielding healthier, more

palatable and consumer acceptable products (for a review

see Ref. [21�]).

Endogenous enzyme activities in grains for
food processing
Seed germination serves as a bioprocessing practice to

mobilize and enhance selected enzyme activities for

hydrolysis and release of storage macromolecules, starch

and proteins, as well as cell wall polysaccharides and

phenolics. In cereals amylolytic activity represented by

de novo synthesized a-amylase, limit dextrinase (LD), and

a-glucosidase together with mobilized b-amylase,

increases during germination as do activities of cell wall

deconstructing enzymes, b-glucanase and xylanase, pro-

teases and lipases (for a review see Ref. [22]). Germinated

seeds and malts have wide application in foods to gain

nutritional value and palatability [23]. Barley and wheat

malts are used to standardize enzyme activities in baker’s

flour because certain levels of amylolytic activities are

required for optimal baking performance. Malt also adds

flavor and aroma that influence on sensory properties.

Other flour replacements include malted or sprouted rye,

oat, sorghum, millet, and legumes, for example, cowpea

and chickpea [23,24].

A major problem in particular in temperate climates is

presented by late maturity a-amylase (LMA) and prehar-

vest sprouting (PHS), which are genetic defects in wheat

causing a decrease in falling number (FN) reflecting

adverse biopolymer degradation in the grain. LMA and

PHS effects cannot be discriminated by FN analysis, but

notably overexpression of a wheat a-amylase in the grain

to mimick LMA, resulted in good baking performance

with improved loaf volume and increased Maillard-

related browning [25]. Generally, however, PHS leads

to reduced loaf volume (for a review see Ref. [26]).

In barley, hydrolases catalyzing cell wall degradation are

required for normal starch mobilization as demonstrated

through chemical genetics using an iminosugar inhibitor

for arabinoxylan arabinofuranohydrolase possibly allow-

ing rapid diffusion of amylolytic enzymes [27]. The same

approach has enabled distinguishing individual roles of

different barley a-glucosidases in starch degradation of

which some appeared specific for hydrolyzing maltose to

glucose while others were assumed to participate in

endosperm starch degradation [28].

Germination of the drought tolerant crop sorghum is also

accompanied by degradation of starch via elevated

a-amylase activity and overall serves to improve the

nutrient digestibility [29]. Markedly increased digestibil-

ity of sorghum starch was observed to stem from a low

abundant allele encoding a variant of the starch debranch-

ing enzyme LD. An N-terminal putative starch binding

domain of this LD carried a few substituted amino acid
www.sciencedirect.com 
residues compared to LD encoded by the prominent

allele [30,31]. Mutational analysis of the equivalent

domain in barley LD confirmed the role of these positions

in activity towards starch, but did not mimick the higher

activity observed for the rare allele in sorghum [32].

Enzyme processing of grains for health and
nutrition
The major cereal crops wheat, rye and barley, contain

gluten proteins causing celiac disease (CD) with a preva-

lence of about 1% of the world population (for a review

see Ref. [33��]). While life-long gluten-free diets provide

one solution, another is to minimize the content of gluten

in foods and beverages. This can be done by aid of

proteases capable of degrading proline and glutamine

rich immunoreactive sequences to avoid ingestion of

peptides that trigger CD autoimmune reactions.

Recently, a glutamine-specific endoproteinase from bar-

ley (EP-B2) and a prolyl endopeptidase from Flavobacter-
ium meningosepticum (Fm-PEP) when expressed in com-

bination in wheat endosperm were capable of detoxifying

immunogenic gluten peptides under simulated gastroin-

testinal conditions. EP-B2 cleavage sites predicted in

barley C hordeins highlight the undesirable sequences

[34]. Wheat genotypes have been developed by transfor-

mation to contain EP-B2 and Fm-PEP [35], but these

‘glutenases’ are limited by poor thermostability and were

therefore subjected to sequence-guided site-saturation

mutagenesis resulting in enzyme variants thermostable

at 60�C and 90�C, respectively, and further improvment

to about 100�C will allow to package the proteases in

grains for application in the industrial processes [36�].
Other strategies to obtain gluten-free grain products

apply barley cysteine proteases, including enzymes of

the papain-like C1A family and the C13 family also called

legumains, to destroy epitopes eliciting CD [37�], or a

combination of prolyl endoproteases from Aspergillus niger
(AN-PEP) and Sphingomonas capsulate (SC-PEP) with EP-

B2 [38]. In addition, gluten-free beer has been produced

from cereals and pseudocereals by applying EP-B2 for

hordein detoxification. Proteases are simple to extract

from malt and no genetic engineering is needed, but

the lack of thermostaility might be a problem. Moreover,

AN-PEP [34] and microbial transglutaminase [39] were

used to produce gluten-free beer.

Wheat bran is low-cost and valuable for different products

in biotechnology including enzyme-extracted phenol

acids used to scavenge free radicals (for a review see

Ref. [40]). Ferulic acid is released by esterases while

xylanase treatment can produce feruloyl oligosaccharides

from insoluble DF [41–43]. Interest in DF as healthy

ingredients in processed foods motivated isolation by

extraction using b-glucanase in a cocktail with other cell

wall degrading enzymes to release different sized soluble

b-glucan from oat and barley fractions suitable for inclu-

sion in beverages [44��].
Current Opinion in Food Science 2021, 37:153–159



156 Food bioprocessing
Cell walls form a physical barrier to nutrients in grains and

xylanase treatment of different wheat milling fractions

has been demonstrated to result in increased starch

digestibility [45]. Cell walls thus slow down the action

of pancreatic amylase and create a type of resistant starch

(RS). Maintaining cell walls intact is a way to retard in
vitro starch digestion, whereas xylanase degradation of

cell walls in wheat raised the starch digestion rate [45].

Proteins associated with starch also act as barrier and

protease treatment can increase the digestibility [10].

Starch is a major nutrient and enzyme management offers

opportunities both to increase digestibility and to produce

RS as a DF metabolized by human gut microbiota to host-

beneficial short chain fatty acids. Notably, chewing influ-

ences availability of starch for oral and gastrointestinal

digestion and salivary a-amylase hydrolysis of starch led

to elevated postprandial blood glucose levels. A chewing

step should therefore be considered in in vitro studies

evaluating starch digestibility [46].

Numerous studies describe transgenic cereal lines with

modified starch structures obtained by chain transfer,

branching, phosphorylation and hydrolysis [47] resulting

in altered in vitro starch digestibility as for high-amylose

rice starch granules, which are more slowly degraded by

porcine pancreatic a-amylase than normal starch granules

[48]. Genetically modified crops are widely explored in

production of RS by manipulating steps in the biosyn-

thetic pathway [6].

Enzyme processing in grains for alcoholic
beverages
Malted barley is the main source of fermentable sugars in

beer production and malt can also serve as the source of

enzymes in brewing using raw barley or other grains,

referred to as adjunct for production of the wort (see

for a review in Ref. [49�]). Using adjunct is cost saving and

can benefit from local grains like barley and corn in

Europe, sorghum in Africa, rice in Asia and corn in

America. It is possible to make wort from 100% raw grains

using commercial brewing enzyme cocktails of b-gluca-
nase, xylanase, endoprotease, a-amylase, pullulanase,

lipase, arabinoxylanases or cocktails for high adjunct

brewing of amylase, b-glucanase, cellulase and protease

[49�,50]. Sensory attributes of beers brewed from 100%

barley are typically light and with little body and mouth-

feel, albeit their foam stability is good due to low proteo-

lytic activity [51].

Enzyme catalyzed processes occurring during barley ger-

mination have been studied in great detail. However,

certain reactions and conversions are not fully understood

or even unrecognized. Recently, individual steps in beer

production were monitored as viewed from the side of the

polysaccharide substrate using a semi-quantitative carbo-

hydrate microarray technology based on monoclonal
Current Opinion in Food Science 2021, 37:153–159 
antibodies recognizing cell wall polysaccharide epitopes

[52��]. This resulted in an unprecedented level of insight

into the underlying enzyme catalyzed molecular conver-

sions throughout the brewing processes involving

(1,3;1,4)-b-glucans, arabinoxylans, mannans, galactoman-

nans, xyloglucans and pectin components. This study also

ranked 60 different beers in a way that may prove valu-

able for making choices on specific enzyme additions

during mashing for cost-effective brewing.

Barley grain morphology and distribution of enzyme

activities related to cell wall hydrolysis were tracked

during simulated commercial malting comparing differ-

ent cultivars by using fluorescent immunohistochemical

imaging along with biochemical, enzyme activities and

transcript data [53]. Betts et al. [53] included only tran-

script data on cell wall degrading enzymes since barley

genome sequencing revealed important enzyme families

involved in starch and protein hydrolysis to be larger and

more complex than previously anticipated. While com-

paring cultivars indicated similar expression patterns for

most genes encoding (1,3;1,4)-b-endoglucanase, b-glucan
glucohydrolase, xylanase and arabinoxylan arabinofura-

nohydrolase, the findings indicated a previously unrecog-

nized (1,3;1,4)-b-endoglucanase isozyme to differ

between cultivars and possibly contributing to superior

malting quality [53].

A review on enzymes active in starch biosynthesis and

degradation in barley focuses on the activity of the

debranching enzymes, isoamylase (ISA) and LD and their

impact on amylopectin structure [54]. ISA and LD play

different roles in acting on a-1,6-glucosidic bonds result-

ing in restructuring amylopectin branching pattern during

biosynthesis and in hydrolysis of branch points in limit

dextrins, respectively. It is discussed that no data are

available that link structure of the substrate to the profile

of fermentable sugar in wort [54]. LD seems a limiting

factor in brewing as about 75% of the branch points in

amylopectin are detected in oligosaccharides in beer.

Importantly, the LD activity is regulated by an endoge-

nous limit dextrinase inhibitor (LDI) having picomolar

affinity for LD. The crystal structure of the LD-LDI

complex suggested protein-protein intermolecular con-

tact points for protein engineering of LD to suppress its

high affinity for LDI [55], thus increasing LD activity

during germination and mashing.

For production of potable alcohol by distilling cereal

grains, rye and barley together with malts thereof are

major raw materials and sources of amylolytic enzymes to

release fermentable sugars from starch, mostly maltose

followed by glucose and maltotriose. These agricultural

distillates were characterized by low contents of the

undesirable products, acetaldehyde and methanol [56].

The use of grain residues from distilling will be discussed

below.
www.sciencedirect.com
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Enzyme catalysed processing of spent grains
The left-overs from distilling and brewing; distillers dried

grains with solubles (DDGS) and brewers spent grains

(BSG) can be used in animal feed, but occasionally also in

food. Spent grains contain valuable carbohydrates, pro-

teins, lipids and micronutrients to which enzymes can

open up and provide access [57]. Valorization of BSG by

xylanase hydrolysis producing prebiotic oligosaccharides

has been verified by monitoring effects on probiotic

bacteria and a human fecal fermentation model [58�].
In particular protein from BSG is useful in both food and

feed [7]. Barley malt rootlets form a sidestream in brewing

rich in phenolics and enzyme pretreatment was one

technique supporting their extraction [59].

Enzymes generally recognized as safe (GRAS) are avail-

able for applications in fermentation to potable or fuel

alcohol with co-products destined for animal feed [60].

Because of the high costs of energy in pig diets, use of

DDGS has been increased and here enzymes can reduce

the contents of fibers causing negative impact on growth

performance of pigs [61].

A different approach monitored microbiota in buffaloes for a

core group of more than fifty rumen bacteria present in

animals fed various levels of total digestible nutrients

(TDN) in corn grains/wheat straw mixtures showing

decreasing abundance from Prevotella, Bacteroides, Clos-

tridium, Ruminococcus, Eubacterium, Parabacteroides,

Fibrobacter, Butyrivibrio and so on. [62]. The diversity of

enzymes from GH families 23, 28, 39, 97, 106 and 127, which

are active in starch and fiber hydrolysis, were significantly

higher on a 100% TDN diet containing larger amounts of

grains, whereas hydrolysis of ester bonds between carbohy-

drate and lignin bycarbohydrate esterase family 14 increased

for lower TDN (70%). Thus ester bond cleavage was better

in animals fed a diet higher in wheat straw [62].

Barley spoiled by fungal (e.g. Fusarium) infection can be

treated with commercial xylanase and amylolytic

enzymes to improve bioethanol production and the

DDGS is added lactic acid bacteria with antimicrobial

effects to make the residue suitable for feed by freeing it

from toxins [9]. RS which is beneficial in DDGS used for

feed, can be retained in grains after supply of amylolytic

enzymes for production of fermentable sugars for bioetha-

nol production [8].

So-called first wave enzymes present in mature grains can

be utilized to increase nutrient availability in liquid feed

for livestock, which by addition of NADPH-dependent

thioredoxin reductase showed higher susceptibility to

proteolysis for monogastric animals [63].

Conclusions and prospects
The current trend to replace meat with plant-based food

draws attention to upgrading grains as attractive palatable
www.sciencedirect.com 
and health-promoting raw materials. The nutritional

value of grains, however, typically depends on pretreat-

ments for which various biotechnological solutions have

been developed. Indeed a large number of studies report

on enzyme-catalyzed processing of grains applied in or

with potential to become applied in food and beverage

industries on larger scale. While most studies described in

this review are quite straightforward and adopt essentially

well-established strategies, one can expect transgenic

crops to gain attention in the light of increasing awareness

of sustainability and the high cost of resources such as

externally administred commercial enzymes compared to

endogenous enzymes present in genetically manipulated

grains. This will obviously depend not just on technolog-

ical progress but also on regulations and consumer atti-

tudes. Another area may include healthy food forming

synbiotics with probiotic bacteria capable of producing

metabolites stimulating human gut bacteria associated

with good nutritional and metabolic performance for

healthy normal subjects as well as for individuals with

challenging gut conditions.
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23. Mäkinen OE, Arendt EK: Nonbrewing applications of malted
cereals, pseudocereals, and legumes: a review. J Am Soc Brew
Chem 2015, 73:223-227.
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