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D2.1 Analyticaltoolbox to evaluate raw material and food fermentations
Publishable Summary

The overall objective of WPof the HealthFerm projeds to understand the impact of fermentation

on grainrbased raw materials and foods for developing novel foods optimized for health benefits
without compromisindlavour, sustainability and safetin important requirement for achieving this
objective is the availability ofa broadly applicable analytical toolbox that allows-dapth
characterization of changes the chemical structure of the many constituents that occur in grain
based raw materials and foods. The aim aK2.1 within WP2 is to establistuchan analytical
toolbox, which all involved partners can make useanfd which can facilitate interactions and
collaboration within the consortiumJnder the supervision of KU Leuven, the lead partner for this task
and associated deliverablseveral steps were takesithin the first project year (1 September 2022

31 August 2023)eading to the successful development of the mentioned analytical toolBwst,
inventories were made on (i) the required raw materials as well as the target (model) foddagts

for all partnerswithin WP 2 and (ii) the analytical capabilities of all partndlext, the scope of the
analytical toolbox was defined and discussed in several meetings involving all WP 2 partners. A decision
A« u 8§} +8 o0]*Z28Z v oGCS] o S}}o }AE ]JvSZ (}E&uU }( %p 0]*Z o0
on chemical characterisatn of constituents present in the raw materials used in HealthFerm and
changes therein as the result of fermentation processes. Then, the different partners ofvilefe 2

made responsible for specific chapters of the Book of Methods, and discussions among partners with
compatible analytical capabilities were set up, after which draft texts for the different chapters were
prepared.Thishasledtothe}u%]o S]}v }( (JE*S &E (5 }( }u%o § Z }}l }( D S
the HealthFerm project, attached to this document and available to all consortium members
representing the successful completion of Deliverable 2. followup steps, internal peer review and

final formatting will be undertakenyith the final goal of achieving an open access publication of the

Z }} (D §Z} «[X

1. Introduction

The overall objective of WP2 is to understand the impact of fermentation on-gesied raw materials

and foods for developing novel foods optimized for health benefits without compromikdrgur,
sustainability and safety. Achieving this objective involves a variety of challenges, one of which is the
need for a broadly applicable analytical toolbox that allowdepth characterization of changesthe
chemical structure of the many constituents that occur in gitzased raw materials and foods. Within
WP2, different partners will focus on different raw materials (oat, whgallow pea and fabaean
based, and on different (model) foods (liquid, sesdlid and solid products). This implies a wide
variability in target constituents, matrix properties and characterization needs but also a wealth of
analytical capabilities, distributed over the different \®Partners. The aim ofaBk2.1 within W2 is

to establish an analytic&bolbox, which all involved partners can make usaoflwhich can facilitate
interactions and collaboration within the consortium.

2. Description of Activities

Asthe first steptowards establishing an analytical toolbdwo inventorieswere made:

X An inventory of the required raw materials, as well as the target (model) food product for all
partners. The aim of setting up this inventory was to facilitate (i) alignment and coordination
between partners working on similar raw materials, and (ii) boltation between partners
working on topics.

X Aninventory othe analytical capabilities of the different partners. This served as the basis for
setting up the analytical toolbox subsequently.



D2.1 Analytical toolbox to evaluate raw material and food fermentations

These inventories were prepared anthde available to all involved partners via the Teams platform
by KULeuven and then completed by all partners. They served as a basis for discussions in several
online WP2 meetings.

Asthe second stepthe scope of the analytical toolbox was proposed byL&enand discussed in
the Consortium meeting of September 2022 andnonlineWP2 meeting. Severatrategicchoices
were made.

X The analytical toolbox will be establishad Z, 058Z& Eu }}I| }((HFBoR). «[

x The HFBoM will focus on thehemicalcharacteriation of constituentspresent in the raw
materials within the scope of HealthFerm (oats, wheat, yellow pea, faba bean). Assessment of
technological, biological and nutritional functionalities, although still relevant within
HealthFerm as a whole, is considered out of scop¢i®HFBoOM.

x The HFBoM will comprise different chapters, each representing a target constituent,
describing:

0 An introduction to the target constituent, its chemical structure, its relevance for
nutrition and food processing and the impact of fermentation thereon

0 A description of the principle behind the described method.

0 A detailed stegby-step description of the experimental protocol.

0 A description of the required steps for data analysis and interpretation.

X Omicstechnologies will not be included within the HBoM. Even though various types of
omicstechnologies will be key in the HealthFerm projest a whole, they require specific
expertise, and especially the data processing afterwards is considered challenging and requires
tailored approaches depending on the application. Therefore, a generalised description of such
techniques was deemegseless

Asa third step a proposabf atable of contentsfor the HFBoMwas made by KlUeuven which was
discussedand agreed uporin a WP2 meetingTable 1 in Section 3 of this document provides an
overview of the HIBoM table of contentsEach chapter was assigned to one of the partners involved
in WP2. Thipartner wasdesignatedas responsible for coordinating the writing effortd his involved
taking the initiative in writing drafts, but also setting up meetimgth partners with similar analytical
capabilitiesand possibly involving them in the writing process

Inthe fourth step, KULeuvenprepared templates for draft texts for the HFOM chapters. These were
made available to all partner$he firstdrafts of the different chapters were completed by the end of
June 2023Texts are available and can be consulted by all partners via the Teams plaffbeyp
constitute the availability of an analytical toolbox and, hence, Deliverable 2.1

Follow-up steps to achieve publication of the HBoM include
X An internal peer review process. Draft texts will be divided among the WP2 partners for
internal peer review so that texts can be further fineed.
X Formatting of the HIBoM.
x ldentification of a suitablepen-accesgpublishing partner. A possible option is to publish the
book via Leuven University Press.
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3. Results

The final version of thelFBoM will be made available as a published book. Table 1 shows the table of
contents, as well as the partner within WP2 responsible for coordin@tiegfforts oneach chapter.

Table 1: HealthFerm Book of Methods table of contents.

Title Responsible partner
Part1: Proteins
Chapterl (Free) amino acid composition VTT
Chapter2 Extractable protein content VTT
Chapter3 Degree of hydrolysis and appare KULeuven

molecular weight distribution

Part2: Carbohydrates

Chapterd Starch SLU
Chapters Mono-, di, and oligosaccharides, FODMA UBZ

and raffinose family oligosaccharides
Chapteré Arabinoxylan KULeuven
Chapter7 Cerealt-D-glucan ETHZ
Chapter8 Exopolysaccharides uBz
Part3: Minor grain constituents
Chapter9 Phytate andminerals KULeuven
Chapter10 Saponins and tannins UH
Chapterll (Con)vicine UH
Chapterl2 Vitamin B12 UH
Chapterl3 Free fatty acids UH
Part4: Fermentation metabolites and intermediates
Chapterl4 Organic acids VUB
Chapterl5 Biogenic amines VUB
Chapterl6 Ethanol VUB
Chapterl7 Sugar alcohols VUB
Chapterl8 Volatile compounds UH

The currently available text of the HF6M is attached to this document as AppendiAlhough this

draft document is not fully finalised and requirégther editing and formattingto prepare it for
publishing full descriptions of all methods are included and can be consulted by all partners via the
Teams platform.

4. Conclusion

Assessing the impact of fermentation on graissed raw materials and food products requires a state
of-the-art analytical toolbox to investigate changes in molecular structure and composition as a result
of fermentation. A clear framework for such an ariaal toolbox for the HealthFerm project, with a
focus on the work in WP2, was established within its first 12 months. A strategic choice was made to
realise this toolboxas an open ¢ %M 0]*Z o ™ }} }( D $-BpM wM cdidignrse &
different chapters, each focusing on a specific chemical constituent. Each chapter will describe the
structure of the target constituent, its relevander nutrition and processing, the possible impact of
fermentation thereon, a description of the principle of a suitable staft¢he-art analytical technique,

a detailed stegby-step experimental protocol and a description of data processing and interpretation

A major advantage of this choicethat not only the HealthFerm partners but also others will be able

to consult this analytical toolbox, thereby establishing a reference work for the chemical analysis of

6



D2.1 Analytical toolbox to evaluate raw material and food fermentations

fermented grairbased raw materials and foods. A draft text for theBt# is available as Annex A to
this document. Although several steps still need to be taken to finalise thBONF: all methods of the
analytical toolbox are available to all involvpdrtners via the Teams platform, thereby meeting the
objective put forward for this Deliverable 2.1.

5. Deviations, if applicable

A first deviation to what was described in theject proposals the choicéo not includea description

of omicsbased techniques (specifically metabolas)iin the HBBoM. This choice was made based on

a discussion with all partners involved in WP2, in which it became clear that particularly the post
analysis data processing is challenging and requires a tailored approach for a specific
application/researh question. A generalised description in this regard would not be useful. It should
still be menticed that omics technologiesill stillbe carried out within HealthFerm and still represent

an important strategic tool to assess the impact of fermentation on goased raw materials and
foods. As such, no concrete impact on other work packages, deliverables or milestones is expected.

The choice t@ublishthe analytical toolboyas Z }}l }( D SZ} [ Ju%eco] <beydhpuhdtE u
for completing this Deliverable 2.1. However, texts for all chapters are available to all partners within
the Teams platform. This implies that the objectives put forward fordbli/erable Deliverable 2.1

have been met, regardless of the fact that the finaiBtf will be finalisedater. Therefore, no impact

on other work packages, deliverables or milestones is expected.

6. References

Not applicable.

7. Annexes
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Heli Nygren, Riikka Juvonen, Neske3 (VTT, Finland)

Summary
x Raw material Plantbased

X Relevant applicationsDetermination of mitritive value; characterization of peptidolyti
and proteolytic activities of microorganisms in laboratory media and plant matrix.

X Fermentation-induced changesChanges in amino acid profile of proteins and free am
acid content due to 1) hydrolysis of peptides, proteins, or both by plant endogeno
microbial peptidases, proteases, or both, 2) microbial synthesis and metal
conversions of amino acids dog fermentation.

X Analytical methods

X Analysis of free amino acids

o Extraction of free amino acids from plant based materials
o Quantitative analysis of free amino acids using UHR8MAS method
X Analysis of total amino acid content and composition of plant based material
o Acidic hydrolysis
o Alkaline hydrolysis
o Derivatization of amino acids
o0 Determination of amino acid composition: UHRIf@lysis

1. Introduction
Analysis of total amino acid composition, including protein bound and free amino acids is an important
tool for the assessment of protein nutritional quality, especially the content of the essential amino
acids (EAA). Theoodand Agriculture Organization of the United Nations (FAO) has established a
standard for protein quality evaluatipand set recommended minimum intalké EAA(per gram
protein) for different age groupg$FAO, 2013)Plant proteinsare considered an incomplete source of
proteins since they lack some of the EAAreals are typically deficient in lysiteit rich in sulfur
containing amino acids. On the contragglumesprovide a good source dfsine (64 mg/g of protein)
and threonine (38 mg/g of proteimjut are lowin sulfur-containing amino acids methionine, cysteine
and tryptophan(Havemeier, et al., 2017)

1.1 Exploringhe amino acid puzzle in plant based raw materials
There are 20 typical proteinogenic amino acids: alanine (Ala), arginine (Arg), asparagine (Asn),
aspartate (Asp) cysteine (Cys), glutamine (GIn) glutamate (Glu) glycine (Gly), histidine (His), isoleucine
(lle), leucine (Leu), lysine (Lys), methionine (MBHenylalanine (Phe), proline (Pro), Serine (Ser),
threonine (Thr), tryptophan (Trp), tyrosine (Tyr) and valine (Mafino acidsthat cannot be
synthesized by the body to supply the demaartti must therefore come from the diet are called as
essential armo acids. The nine essential amino acids for humans are valine, isoleucine, leucine,
methionine, phenylalanine, tryptophan, threonine, histidine, and lysii&A are involved in many
physiological functions, they can enhance immune system, prevent liver damage, balance blood sugar
levels, act as neurotransmitters and have many other efféefgO, 2013)



Gammaaminobutyric acid (GABA) asfour-carbon free amino acididely distributed in nature and
considered a potent bioactive compound with numerous angortant physiological functions, such
as antihypertensive and antidepressant activiti@ui, et al., 2020)

1.2 How can fermentation affecamino acid composition and free

amino acid conterit
Fermentation can modify the free amino acid content and amino acid composition in plant materials,
their fractions and processing products. The specific outcome depends on the microorganisms,
substrate, and fermentation conditionBermentation typicalljeads to partiaprotein hydrolysis into
peptides andree amino acidsSome microorganisms, such as certain lactic acid bacteria (LAB) and
many filamentous fungi, secrete proteolytic and peptidolytic enzymes that hydrolyze plant proteins
into peptides andfree amino acids.Acidification during fermentation can also activate plant
endogenous enzymes releasing free amino acids from the plant nfRigzello, et al., 2019 everal
studies have shown an increase in total free amino acids in various legseees and cerealsfter
fungal or lactic fermentation, which improves bioavailability of amino acids. FAA take part in many
physiological functiongGarrideGaland, et al., 2021; Emkani, et al., 2022; Harper, et al.,, 2022)
Fermentation can also result in synthesisneiw amino acids and amino acid derivatisénzle,
2015) FAA are involveth many physiological functions, they can enhance immune sygieguent
liver damage, balance blood sugar levels, act as neurotransmitters and have many otheEA€xts
2013)
Fermentation of cereals, such as maize, can significantly enhance the quality of protein and especially
the concentrations of certain essential amino acids such as I¥Singh, et al., 2015Many studies
have also shown an improvement in the content of essential amino acids in various legumes after
fermentation(Verni, et al., 2019; Sozer, et al., 2019; Emkani, et al., 2022)
Microorganisms can also reduce ttegal free amino acidcontent or the level of specific amino acids
whenusing them for growth and various metabolic reactions, which negatively affects the nutritional
value. For instance.AB may also consume specific amino acids (arginine and glutamate) in acidic
conditions to improve the acid resistan¢@ui, et al., 2020)he action of microorganisms on amino
acids can produce biogenic amines which can cause at high concentrations headache, nausea, rash,
giddiness, and hypmr hypertension.
The free amino acids and peptides released during fermentation are important in the development of
flavour and aroma characteristics of the fermented plant prodEtskani, et al., 2022; Zhao, et al.,
2016) They can directly to contribute sweet, bitter, sour, and umami characteristics to (Kadis, et
al., 1989; Zhao, et al.,, 2016free amino acids are also precursors of various volatile flavour
compounds and can be converted into various alcohols, aldehydes, acids, esters, and sulphur
compounds via oxidative deamination and/or transamination reactions.



HealthFerm Book of Methods

2. Method(s)of analysis

2.1 Analysiof free amino acids

2.1.1 Reagents

X Acetonitrile L&MS Ultra,

Formic acid

Ammonium formate

Amino Acid Standard mixture solution (Sig/drich)

Labelled Internal standards: (fAlanine2,3,3,3;d4, DLGlutamic acie?,3,3,4,4d5, DLk
Valine2,3,4,4,4,5,5,58) obtained from Sigmaldrich (St. Luis, Missouri, USA). Labelled
Internal standards Phenyid5-alanine, E.eucined10, DECystine2,2,3,3,3,3d6, DL2-
Aminobutyricdé Acid, DiHistidine r U td3, 4Aminobutyric2,2.3,3,4,4d6, DLAspartic
2,3,3d3 Acid, Glycing5, DEMethionine-3,3,4,4d4 obtained from C/D/N Isotopes
Inc.(Quebec, Canada).

X
X
X
X

2.1.2 Extractionof free amino acids from plant based materials
The protocol is developed for dry, powdered plratsed samples fahe determination of free amino
acids and other usual amineBirstl0-15 mg samples of freezdried biomass are accurately weighed.
The samples are extracted with 7%L of 30% ethanol by firgnixing thoroughly and then by
sonicating for 2 h. Dissolved proteins are precipitated with sulfosalicylic acid (final concentration of 5
%, w/v), and the samples are centrifuged. The supernatant is transferred to a new tube and samples
are diluted with 10 mM amm@ium formate.

2.1.3 Quantitativeanalysis of free amino acids using UHMBIMS method
Analysis of the samples () is performed on an Acquity UHPLC system, Waters (Milford, MA, USA)
and Waters Xevo T®S MS (Manchester, UK) using an ACQUITY UPLC BEH Amide Column, 1304, 1.7
pm, 2.1 mm X 100 mm (Waters), kept at 35 °C. Separation is performed using gradient elthion wi
10mM ammonium formate and 0.5% formic acid in water (A solvent) and 10mM ammonium formate
and 0.5% formic acid in 90% acetonitrile (B solvent) at a flow rate of 0.5 ml/min.
Mass spectrometry is performed in positive polarity using the capillary voltage of 1,0 kV, desolvation
temperature of 550 °C, and source temperature of 150 °C. Analytes are detected using multiple
reaction monitoring (MRM) using auto dwell time functi@uantification is performed using internal
standard method. Additional details of the method are presented in Table 2.



Table2. Free amino acid and related compounds included in the analysis, their precursor and product
ions used for MRM and the internal standards.

Component Abr rF:qu(;cursor ion Zr;;duct ion, ISTD
1 | Alanine Ala 90.1 44.1 L-Alad4
2 t-Alanine t-Ala 90.0 30.1 L-Alad4
3 | aAminobutyric acid AABA 104.0 58.1 AABAd6
4 | g-Aminobutyric acid GABA 104.0 69.0 GABAd6
5 | Arginine Arg 175.1 115.9 Hisd3
6 | Aspargine Asn 133.0 74.0 L-Alad4
7 | Aspartic acid Asp 134.0 74.0 AspAd3
8 | Citrulline Cit 176.1 159.1 L-Glud5
9 | Cystathionine Cyst 223.1 134.0 Cysd6
10 | Cysteine Cys 122.0 76.0 Cysd6
11 | Ethanolamine EA 62.0 441 Met-d4
12 | Glutamic acid Glu 148.0 84.0 L-Glud5
13 | Glutamine Gin 147.1 84.1 L-Glud5
14 | Glycine Gly 76.0 30.1 Glyd5
15 | Histidine His 156.1 110.0 Hisd3
16 | Isoleucine lle 132.1 86.1 L-Leud10
17 | Leucine Leu 132.1 86.1 L-Leud10
18 | Lysine Lys 147.1 84.1 Hisd3
19 | Methionine Met 150.0 104.0 Met-d4
20 | Ornithine Orn 133.1 70.1 Hisd3
21 | Phenylalanine Phe 166.1 120.1 L-Phed5
22 | Proline Pro 116.0 70.1 L-Alad4
23 | Serine Ser 106.0 60.0 L-Alad4
24 | Threonine Thr 120.0 74.1 Met-d4
25 | Tryptophan Trp 205.1 146.0 L-Leud10
26 | Tyrosine Tyr 182.1 136.1 Met-d4
27 | Valine Val 118.1 72.1 DL-Vatd8
2.2 Analysis of total amino acid content and composition of plant based
material

2.2.1 Generalprinciple
The general principle of the total amino acid content and composition determination is presented in
Figure 2. The derivatization step and UPC analysis are performed according to the validated Waters
AccQTad“ method. AQCreagent converts both primary and secondary amino acids to stable
derivatives.
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Figure 2. General principle of amino acid composition analysis.

2.2.2 Reagents

X X X X X X X

X
X
X

Hydrogen peroxide, w = 30%.

Formic acid, w = 9800 %.

Phenol

Sodium hydroxide

Hydrochloric acid

Lithium hydroxide

AccQTagreagent kit(Water9 includingMass TRAK Amino Acid Analysis concentrate A and
eluent B( Waters,Milford, MA, USA)

Amino Acid Standanhixture ®lution(SigmaAldrichSt. Luis, Missouri, USA).
Norvaline, or other compound suitable for use as internal standard
Nitrogen gas (< 10 ppm oxygen).

2.2.3 Acidic hydrolysis
For the determination of total amino acid content, the samples (5 mg, accurately weighed) are first
oxidized with fresh performic acid solution (0.5 ml) prepared by mixing 5 ml of 30% hydrogen peroxide
(SigmaAldrich) with 45 ml of formic acighhenol soluton (88% formic acid and 0.5 % phenol). After
incubation at 0 °C for 12 h iemold H20 (1 ml) edded and the mixture is evaporated to dryness under
nitrogen flow. Subsequently, 1 ml of 6 N HCI containing 0.1 % phenol is added and the samples are
hydrolysed at 110°C for 20h. After hydrolysis samples are evaporated to dryness, reconstituted in
1000plI of H20 and further diluted 1/10. Finally, the internal standard norvaline is added.



2.2.4 Alkaline hydrolysis
For the determination of tryptophan, samples are hydrolyzed in alkaline conditions with 4 M lithium
hydroxide (LiOH) solution containing ascorbic acid (95 mM). The lyophilized samples (2 mg, accurately
weighed) are dissolved in 0.9 ml of freshly prepargdrblysis solution. A vacuum is applied to the
hydrolysis tubes followed by nitrogen replacement to the headspace. The samples are hydrolysed at
110°C for 16 h. After hydrolysis, samples are neutralized by adding 600 ml of hydrochloric acid (6 M)
and methy-tryptophan internal standard 1s added.

2.2.5 Derivatization of amino acids
After acidic and alkaline hydrolysi® pl of the hydrolysissolution is taken and cerivatizationis
performed according to Waters (Milford, MA, USA) AG&Q method.Briefly, MassTrakTM AAA
borate buffer andAQC (i.e6-aminoquinolyiN-hydroxysuccinimidyl carbamgteeagentare added,
and sample mixture was instantly vortexed before incubation at 55 °C for 10 min. Amino acid standard
mixtures were derivatized as the samples.

2.2.6 Determination of amino acid composition: UHPLC analysis
Analysisis performed on an Acquity UPLC system, Waters (Milford, MA, USA) with diode array
detector. For chromatography an Acquity Mass TRAKTXi A 1{ii uuU cokidn, Waters
(Milford, USA) is used and the column temperatureképt at 43 °C. Injection volume 1 pL.
Separation was performed using gradient elution with 10% (v/v) Amino Acid Analysis concentrate A in
water (A) and Amino Acid Analysis eluent B (B) at a flow rate of 0.4 mL/min using a gradient elution
program. Signal was detected at®6m (2.4 nm resolution, 20 points/second).

2.2.7 Calculations
With this methodHis, Ser, Arg Gly, Asp, Glu, Thr, Ala, Pro, Cys, Lys, Tyr, Met, Val, lle, Leu, Phe and Trp
can bequantified in the samples. In acid hydrolysis Asn is converted to Asp and GIn to Glu. Cysteine
and methionine were determined as cysteic acid and methionine sulfone after the oxidation
procedure. Protein content of the samples can be estimated based osuheof the determined
amino acids.

3. Tips and tricks
As amino acid composition analysis consists of many steps, there are several possible sources of errors,
originating from hydrolysis and derivatization steps. The optimal pH range of AQC reagent used for
amino acid derivatization, is from 8.2 to 10. To umaescomplete derivatization, the acid hydrolysate
must be properly buffered. A control sample, e.g. a pure, known protein such as BSA (bovine serum
albumin) is recommended to be hydrolyzed and derivatized in parallel to follow the recoveries of
amino acids
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Summary
X Raw material Cereals and legumes

X Relevantapplications:e.g. dairyand meat analogues
x Fermentationinduced changes Protein extractability anflor solubility affected by
enzymeinduced cell wall degradation and proteolysipH change and phytic acif
degradation
X Analytical method
o0 Centrifugation of aqueous dispersion of plant material and analysisg
protein/nitrogen content in resulting supernatant

1. Introduction

1.1 Plant proteins
Proteins are complex macromolecules that are essential to the structure and function of all living
organisms. They are made up of long chains of amino acids, which are linked together by peptide
bonds to form a polypeptide chaifolypeptide chains can have varying humbers of amino acid
residues, but a typical range falls between 50 and Z@¥er, 1995)The arrangement of amino acids
within a protein plays a crucial role in its folding into distinct secondary and tertiary structures, which
in turn dictates its specific function and activity. Proteins are incredibly diverse in their function and
structure. They can act as enzymes, transporters, hormones, antibodies, and structural components,
among other role¢Stryer, 1995)
In plants, proteins that are consumed by humans are primarily found in the seeds and grains of the
plants, where they exist as storage proteins. These storage proteins accumulate in the endosperm and
other seed tissues during seed developméBhewry & Hey, 2015and can make up a significant
proportion of the dry weight of the seed or grain. Plant sources used for human consumption, such as
cereals, legumes, and oilseeds, contain varying amounts of protein, usually ranging-#0%. 7
Wheat typically has a proie content of 1015%(Shewry & Hey, 2015pat's protein content falls
within the range of 1@22%(Webster & Wood, 201]1pea contains 281% protein(Day, 2013)faba
bean has a protein content of 2Z28%(Mayer Labba, et al., 2022yhile rapeseed contains about-17
26% protein(Day, 2013)

1.2 Protein solubilityand extractability
Plant proteins can be broadly categorised into four groups based on their solubility in different
solvents. Albumins are metabolic proteins that dissolve in water, while globulins arsolaite
storage proteins. Prolamins can be extracted from plantsesi using concentrated aqueous alcohol
solutions, and glutelins can be extracted using dilute aqueous acid or alkali solEyn<013; Lam,
et al., 2018) The proportion of each protein class in plants varies depending on the source.
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The solubility of proteins is dictated by theurface properties, which are influenced by the quantity
and arrangement of hydrophilic and hydrophobic amino acid components on the protein surface.

In water,solubility is hampered if hydrophobic patches remain on the protein surfagdditionally,
solvent pH, ionic strength, and temperature are important factors affecting protein soluthitity,

et al., 2018)

The functional properties and bioavailability of plant proteins in liquid and -seird food products

are, however,not solely determined by the solubility of plant proteirSqually important is the
extractability of these proteins froitine plant tissueln plants, proteins are commonly enclosed within
cellular structures that require disintegration to release the protefnecessing of plant materials can
have an impact on both the extractability atiee solubility of plant proteins.

To determine theextractability/solubility of plant proteins, a typical approach involagéspersing the
plant material in a solvent (commonly water or a buffer solution), followed by centrifugation of the
dispersion. The protein content in the resulting supernatant is then aedlyDue to significant
variations in the specific methods employed, comparing results obtained from different studies
becomes challenging@.he quantity of protein present in the supernatant is significantly influenced by
the magnitude of the centrifugation force applied to the dispersitiiis alsoimportant to note that

some of the protein present in the supernatant may not be entirely soluble but rather exists in a
colloidal stateConsequently, in margasesit is more accurate to refer to protein extractability rather
than protein solubility.

1.3 How can fermentation affect protein extractability and solubility?
Fermentation can affect both the extractability and solubility of proteins from plant matefifis.
specific outcome depends on the microorganisms, substrate, and fermentation conditions
Fermentation may cause degradation of the cell tissue through the activity of hydrolytic enzymes
produced by starter cultures added to the medium or by microorganisms already present in the raw
material. The plant materials may also contain cell wall blyding endogenous enzymes that can be
activated during the ferment#on process. The degradation of the cell tissue during fermentation may
enhance the extractability of proteins from the plant materl¢rmentation is also known to induce
degradtion of phytic acid through the activity of phytase produced by the microorganisms present in
the matrix, which may also enhance the extractability of proteins from the plant tishema, et al.,
2020)

Some microorganisms, such as certain lactic acid bacteria (LAB) and many filamentous fungi, secrete
proteolytic and peptidolytic enzymes that hydredyplant proteins into peptides and free amino acids,
which is assumed to increase the solubility of the extracted proteins. For legumes, however,
contradictory results have been reported on the effects of fermentation on protein solubility, which
may partly be attributed to the decrease in pH during fernagian (Emkani;Oliele;& Saurel, Effect of

lactic acid fermentation on legume protein properties, a review, 20RBny plant proteins have a

low solubility at acidic pialues.

2. Method(s) of analysis

2.1 General principle
The evaluation of protein extractabilfgolubility is generallyconducted using dry powders of plant
ingredients.The analysis procedure typically consists of the following main steps:

1. Dispersion of the powder inmneextraction medium

2. Centrifugation of the dispersion

3. Separation of the resulting supernatant

4. Analysing the protein content of the supernatant

Protein extractability is often simply expressed as the ratio of the protein content in the supernatant
to the protein content in the initial dispersiodn alternative and more precise method to quantify
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protein extractability is to divide the total mass of protein extracted into the supernatant with the
mass of protein in the initial powdered sampléowever, this method requires accurate collection
and weighing of the entire supernatant, which cametimes bechallengngin practice

The methods employed in scientific reseafehprotein extractability (or solubilitygxhibit significant
variations in how specific steps are executed, posing challenges when attempting to compare results
obtained from different studiesAlthough two standardized AACC methods for protein extractability
exist, namely the "Nitrogefolubility Index (AACC 4B3-01)" and "Protein dispersibility index (AACC
46-24-01)," they are not frequently employed in scientific researthe main difference between
these o methods is the level of shear applied to the dispersion prior to centrifugation.

While the analysis method may appear straightforward, in reality more complex due to various
factorsin the applied procedurethat can influence the final outcomé& hese factors are discussed in
detail in the following chapteiSample propertiessuch azomposition and processing history, which
cannot be altered during the analysis phase, are not addrelsses

2.2 Factors affecting analysistcome

2.2.1 Samplepreparation
The extractability{or solubility)analysis is most often conducted for plant materials in dry, powdered
form. The extractability of proteins from powdered plant material is greatly influenced by the particle
size of the material. To ensure accurate comparisons of extractability results across different
ingredients, it is advisable to standardize the particle tiza specific leveMWhen milling a sample
before analysis, it jhowever,important to consider that the sample may experience heating during
the milling process, potentially leading to protein denaturateomd other changes which may affect
the quantity and quality of the extracted proteino Thinimise heatinduced alterations in the sample,
it is recommended to mithe sample withdry ice prior to grinding
Iv §Z ~"E]SE}P v "}lop ]o]RANCK 4@&01) Ut S4Agr example advised tgrind the
samplewith animpacttype laboratory mill equipped with screen (tweed typsd that at least 95%
of sample will go through 100-mesh screen
In a study with defatted oat whole me@lanssen, et al., 2023)was showed that reducing the particle
size (D50) by ball milling from 34 to 16 um increased the protein extractability from 18% to 35%.
When analysing the effect of processing, such as fermentation, on the extractability of proteins from
plant materials, the sample of interest may contain a substantial amount of water. These kinds of
samples can be analysed as such (diluted if necessadfjenl and milled before the extractability
analysis. It has to be noted that the drying process may have an effect on the extractability and
solubility of the proteins.

2.2.2 Dispersion medium
In food research, ater (deionged) is the mostommonlyemployed solvent in protein extractability
studies. The solubility of proteins is influenced by factors such as pH and the presence of salts.
Therefore,it is oftenof interest to study the extractability of proteins at specific pH values or salt
concentrations.The pH can be controlled by witig buffer solutions with specific pH values or by
adjusting the pH of the sample dispersion through the addition of HCI or N&@eh using HCI or
NaOH, thequantities added must be considered in tfesultcalculationslt is important to note that
adjusting the pH also simultaneously modifies the ionic strength of the dispefsgsmentation may
alter the pH of the studied matrix, which must be taken into account in the protein extractability assay.

2.2.3 Dispersig conditions
To obtain consistent and reproducible results during the dispersion of the sample into the extraction
medium, it is essential to contrahanyvariables First, it is important to fix the sampé®ncentration
in the extraction medium to a level that does not lead teignificant increase in the viscosity of the
dispersion. Excessive viscosity can hinder effective mixing of the dispersion, particularly when
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employing lowshear agitation methods like magnetic stirring. Additionalyhigh viscositycan
impede the extraction of proteins into the extraction medium during centrifugati@ncommon
practice is todisperse thesampleinto the extraction medium at a 1:10 w/v rati@r 10% w/w)
however, this concentration may leo high for ingredients with a high watdrinding capacity.
Temperature is another variable that needs to be controlled during the dispersion phamse.
important to be aware that planbased materials may contain endogenous enzymes, such as
proteases, which can be activated at specific temperatures during the dispersion, gspezially
when long dispersion times are usebb prevent this activation, suitable enzyme inhibitors can be
added to the dispersionSometimes also preservatives such as sodium azide are added to prevent
microbial growth during the analis

Both the intensity of shear applied during mixing and the duration of shear have significant impacts
on protein extractability.Various types of mixing, such as magnetic stirring, mechanical shaking,
mixing with a blade or Waring blender, have been applied to disperse the powdered sample into the
extraction mediumMixing times generally range from a few minuteup to 2 hours. Longer mixing
times are typically required when adjusting the pH with HCI or NaOH to allow for the pH to stabilize
at a constantvalue. When highshear mixing is employed, it may be necessary to include an
antifoaming agent in the dispersion to prevent excessive foaming

2.2.4 Centrifugation conditions

The amount of extracted proteins is influenced by the magnitude offty@iedcentrifugation force,
as well as the temperature and duration of the centrifugation proc€smtrifugation forces applied
in protein extractability (solubility) studies can vary widely, with reported valymsallyranging from
1 000 to 20000x g. The amount of colloidal protein in the supernatant will presumably decrease with

v Jv E - ]v VSE](uP S]}v (}E X &}E 8Z § Gu]v S]}v }( ~
ultracentrifugation can be employed. For example, in a study involving oat protein, ultracentrifugation
at a force of 17M00 x g was applie@dRunyon, et al., 2015)
In addition to the centrifugation force, th&ay the centrifugation process is halted (with or without
breaking can impact the resultsAlso, the size of the centrifugation container (tube) and the
centrifuged sample volume must be standardised.

2.25 Protein content determination method
During protein extractability analysis, it is necessary to determine the protein content in both the
initial sample powder and the supernatant obtained after centrifugatidarious protein assaysan
be utilised, including direct measurement othe amino acid content, indirect determination of
proteinaceous nitrogen, or spectrophotometric asséiyieClements, et al., 2021)
The protein content of the initial powdered sample is typically determined by analysing the nitrogen
content of the material with combustiehased methos such as the Dumas or Kjeldahl. When these
methods are used, it must be noted thaitrogen fromboth protein and nonprotein sources, such as
NHs, NHs*, nucleic acids, free amino acids, peptides, phdspholipidscan be present in the samples
(Lam, et al., 2018; McClements, et al., 20Fgr the calculation of the protein content from the
nitrogen content, a nitrogetto-protein conversion factois used. This factor can be determined by
analysing the amino acid content of the material. In the amino acid analysis, care must be taken that
the amino acidst{yptophan, cysteine, and methionifi¢hat are degraded during the typically applied
acid hydrolysis are quantified with separate ass@ysClements, et al., 2021)f the nitrogento-
protein conversion factor is unknown, it is recommended to refer to nitrogen extractability/solubility
instead of potein extractability/solubility.
The protein content of the liquid supernatant obtained after centrifugation is commonly determined
using spectrophotometric protein assays, such as the Lawmgradfordmethods (Maehre, et al.,
2018) These assays require calibration with a suitable reference material and may be influenced by
interfering substances. The measured absorbance is influenced by the amino acid composition of the
protein, making these methods less suitable for comparingettieactability/solubility ofprotein from
different sources
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To ensure consistency and comparability, it is recommended to employ the same protein assay
method, such as Dumas or Kjeldahl, for asaly the protein content of both the initial powdered
sample and the supernatant. This approach helps mitigate potential discrepancies arising from
fundamental differences between various protein assay methods.

2.3 Exampleof detailedprotocol
In the following, an example of a protein extractability method currently in use at VTT is given. Another
example can be found in a recent publication from Kldinssen, et al., 2023)

231 Sample preparation
This protocol is developed for plabaised samples in dry, powdered form. Powdered samples can be
analysed as such or after milling to a standardised particle size.

2.3.2 Reagents
x 1M NaOH

x 1M HCI

x Ultrapure water

2.3.3 Protocol

X Analysethe dry matter content othe samples

X Analyse the nitrogen content of the samples with the DUMAS method

x Selecthe number of pH values at which solubility will be studied: e.g. 5 (pH 4, 5, 6, native and
8)

x Prepare(number of pH values) x 40(e.g. 5 ¥0 g = 200 g) of 5% sample dispersion (based on
dry matter)

X Agitate on magnetic stirrer for 30 min, avadcessivéoam formation

X Measure native pH

x Divide dispersion tghumber of pH values) 35 g batches into small decanter glas4€® (mL)
and place decanter glasses on magnetic stirrer

X Adjust pH of four samples with HCI or NaOH to desired pH values (do not add anything to
native pH sample) under continuous magnetic stirring and write down the consumed amount
of HCI or NaOH

x  Stir for another 30 min and adjust pH again if needed and write down consumed amount of
HCI or NaOH

x  Stir again for another 30 min and write down the consumed amount of HCI| or NaOH

x Pour35 g ofthe dispersionsnto 50 mL Falcon tubes and centrifuge sampledG®00 x g
for 15 min at22 °C

x Collect at least 10 mL ttie supernatantwith apipette

X Storethe supernatans in the freezer-g0 °C)

X Analyse the protein content of thlhawedsupernatants with the DUMAS method in triplicate

2.3.3.1 Calculations

x Calculate the nitrogen content (%) in the initial dispersion, take adoount the added
amounts of HCl and NaOH

x Protein solubility (%) = 100 * (nitrogen content of supernatant)/(nitrogen content of initial
dispersion)

14



HealthFerm Book of Methods

3. Example ofesults

Results obtained with the above described method are typically presented as shown in Figure 1, i.e.
protein extractability as function of pH. Figure 1 reveals that the extractability of protein from pea and
faba bean protein is remarkably higher than tfi@m oat protein concentrate especially at pH values
above 6.

Pea Faba bean Qat
100

90
80
70
60
50

40

Protein extractability (%)

30
20
10

0
4,0 45 5,0 55 6,0 6,5 7.0 7.5 8,0
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Figure 1 Extractability of proteins from pea, faba bean and oat protein concentrates at various pH
values.
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Summary
X Raw materias: Wheat, oats

X Relevantapplications:Meat and dairy alternatives, sourdough, digesta
x Fermentationinduced changes Protein enzymatic hydrolysisincreased protein
solubility, altered proteinhydrophobicity, increased proteidigestibility, ..
X Analytical methods
o0 Protein degree of hydrolysis
f Ortho-pthalaldehyde(OPARssay
o Protein apparent molecular weight distribution
f Size exclusion high performance liquid chromatographyHSIEC)

1. Introduction

1.1 The proteins in wheat and oats

Proteins are ubiquitous in nature and are large molecules made up of chains of amino acids. The
specific sequence of these amino acids in a protein determines its uniquedhremsional structure
and functionality. Cereals and legumes are two of the mairiein sources in the human diatvheat
and oats contain 125% (Hermans et al., 2021and 1520% (Sunilkumar et al., 201 ®roteins,
respectively.
The majority of wheat proteins are prolamins (i.e. gliadins) and glutelins (i.e. glutenins) (together
called gluten proteins). Gliadins are monomeric proteins with molecular masses between 30 and 60
kDa, while glutenins are polymeric proteins with molecutssses that range from <100 to several
thousands kDéDelcour et al., 2012)heat gluten proteins can develop a viscoelastic network when
hydrated and kneaded and provide structure and texture to i.a. (sourdough) §Bedour et al.,
2012) They are also often used in the production of meat analo@®iessch et al., 2018Y o extend
the applicability of gluten proteins to othg@lant-based foods, structural modification is necessary to
increase their solubility in aqueous medianssen, Monterde, et al., 2023)
Oat proteins consist of up to 12% albumins and up to 80% glolfliose & Arendt, 2012; Makinen
et al., 2016) The latter fraction comprises 3S, 7S and 12S globulins, with the latter as the main fraction
(Mé&kinen et al., 2016)Oat 12S globulins are 320 kDa hexamers, comprised of six monomers, each

}veleS]vP 3} (v v rsubunitlinked by a disulfide borfi¥iékinen et al., 2016; Peterson, 1978)
Oats have traditionally been used as whole meal or flakes, but the ongoing shift from animal protein
to plant protein based foods has extended the applicability of oat protein to e.g. dairy alternatives
(Spaen & Silva, 2021)he solubility and functionality of oat proteins have recently been reviewed by
several author¢Mel & Malalgoda, 2022; Spaen & Silva, 202erall, however, the extractability of
oat proteins in agueous media is low. This can be ascribed to the low solubility of oat 12S globulins in
water(Janssen, Lambrechts, et al., 202B¥ physical unavailability of oat proteins as a result of their
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that is typically applied to oat groats to ensure lipase inactivgffumyon et al., 2015)

1.2 How canfood fermentation affectthe molecular structure of

proteins?
Food fermentation micrarganismsoften lactic acid bacteri@an grow bydegradingsubstratedrom
a food matrix by the action of catabolic enzymiegluding proteasedlarco et al., 2021)Atthe same
time, organic acidstypically lactic acidare produced durindood fermentation which cancause a
pHinduced activation ofhe proteases inherently present in the food maiixte et al., 2015)in the
specific case of oats, it should be noted that the latter effect is probably limited when using kilned
oats, as this prior heat treatment likely not only inactivates endogenous lipases but also proteases
(Loponen et al., 2007¥5til| proteases either microbial or endogenous in origizgan be activeluring
a food fermentationprocess. Proteases can hydrolysative proteinsin a food matrixinto lower
molecular weighpeptides and amino acid&igure ). These peptides can have structures varying in
among others molecular weight, hydrophobicity and charge defgiguters et al., 2016)All this can
have major consequences along the entire food value chain

Figure 1 Possible impact of food fermentation on the molecular structure of wheat and oat proteins.

As mentioned, wheat gluten and oat proteins have low extractabilities in agueous media, because of
several reasonsEnzymatic proteitnydrolysis can result in an increased protein solubitputers et

al., 2016)and, hencealso protein extractabilitfArte et al., 2016)leading to a more efficient use of

%0 VS % E}S Jve Jv (}} %% 0] S]}ve u ( E }-based aferpdtives to ikt Z ¢ %o ¢
and yoghurt.Increasing the amount of protein in such liquid or sawilid foods would be beneficial

from a nutritional point of view, as mamgpommercially availablplant-based dairy alternatives have
rather low protein content§Walther et al., 2022)in addition, partial protein hydrolysis can lead to
higher digestibility of the proteifdoye, 2019)thus increasing the bioavailability of essential amino
acids.At the same time, the impact of enzymatic hydrolysis on the technofunctional contribution of
oat and wheat proteins in food systems must be considered. Increased solubility in general is
beneficial for specific functionalities such as foaming, emulsifgingelling propertiesHowever,
extensive proteolysis can also haae adverse effeabn protein functionality For instancegxtensive
hydrolysisof oat or wheat gluten protein carsult inemulsions with lowestability(Guan et al., 2007;

Kong et al., 2007)Another example is that the gas cell stabilizing potential of sourdough and the
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overall quality of sourdough bread depends on the degree of enzymatic gluten protein degradation
(Ganzle et al., 2008)

In conclusion, the molecular structure of proteins can be significantly affected as the result of
proteolytic activity during a food fermentation process, which in turn can affect the nutritional and
sensory properties of the final food. It is thereforecial to be able to dispose over analytical methods
which allow assessing such changes in molecular structure of proteins.

2. Method(s)of analysis

2.1 Advantages and disadvantages of analytical methods
dZ u}e3 }uulv %% E} Z 8} JVA +3]P & % E}S }oCe]e ]* 8} & Eu]v
defined byRutheriurd (2010)as *$Z % E}% }ES]}v }( 0o A %o %o 3] Ivi.e Jv %0 (E
Severamethods are available for quantifying this parameter, each possessing distinct advantages and
disadvantagefRutherfurd, 2010]Table ). Considering all of this, it was concluded that the OPA assay
offers the highest efficiency and accuracy for monitoring fermentatimuced proteolytic changes.
Therefore the pHstat and TNBS methoddll not be further discussed
Table 1 Advantages and disadvantages of analytical methods for determining the degree of protein
hydrolysisAdapted based oRutherfird (2010)

Method  Advantages Disadvantages
pH-stat Realtime monitoring Estimation of DH requires knowledge ioa.
No derivatization the number of peptide bonds in the protein
Underestimation of DH in the presence of exopeptidases
TNBS Rapid derivatization No realtime monitoring

Reducing agents cannot be used
Inaccurate foiproline-rich proteins
OPA Rapid derivatization Inaccurate for prolingich proteins
Reailtime monitoring
Reducing agents can be usec

Although the DH is a useful parameter, it also has limitations. As pointed out by Woutern@e16).

while the DH indicates the overall extent of hydrolysis of a sample, it does not allow specifying which
proteins in a complex protein mixture are hydrolyzed, or which types of peptides are released. These
factors can however significantly affect the ritibmal and technological outcome of a proteolytic
process. Therefore, as complementary approach to determining the DH, it is useful to investigate
changes in the protein molecular mass distribution of a sample. The two main methods to do this are
size extusion high performance liquid chromatograpf$EHPLE and sodium dodecyl sulfate
polyacrylamide gel electrophoresiSRSPAGE The major advantage of $PLC analysis is that it
provides quantitative information on protein extractability (based on the total area of the
chromatogramspnd protein apparent molecular weight distribution (based on wddfined protein
molecular weight markersHowever, it is important to note that the UV intensity at 214 nm depends
on the number of peptide bonds in a proteiThus, lower molecular weight peptides will generate a
lower UV intensity than higher molecular weight protefidsipers & Gruppen, 2007)his means that
proteolytic changes in the molecular mass distribution of a protein sample cannot be directly
comparedKuipers & Gruppen, 2007Alternatively, aromatic amino acids (tryptophan, tyrosine and
phenylalanine) can be detected by UV at 280 nm. Peptides lacking these amino acids will however not
be detected.SDSPAGE is a widely used lmost technique for separating and analyzing proteins
based on their molecular weightioweverjt alsohasseveral drawbackss itprovides only qualitative
information on the protein apparent molecular weight distribution and it is more tzonasuming

than SEHPLC analysis. Therefore, STA&E will ndbe further discussed.
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In what follows, an approach will be discussed that combines determination of free amino groups via
the OPA assay and apparent molecular mass distribution analysis WH®LSEE to establish an
integrated view on the effect of food fermentation induced protysis on oat and wheat proteins.

2.2 Sanple preparation
Food fermentation can be performed by inoculating oat or wheat whole meal suspensions (e.g. in a
1:5 w:v ratio) with 10CFU/g dm followed by an incubation period. These fermented suspensions can
then be diluted (e.g. to a 1:10 w:v ratio) and centrifuged (e.g. at 10g0@® 10 min) to obtain an
agueous extract. It is importanbtpreventcontinued protein structural changes afteahe desired
fermentationtimeframe, by inactivating proteases in the system. This can be achieved in several ways.
First,a hed shock (e.g. @ min at 95 °Ckan be applied prior to determining the DH and protein
apparent molecular weight distributionf suchheat treatment results inthe formation of insoluble
protein aggregats, an additional centrifugation step is required for separating the insoluble and
soluble protein material. If the extent to which the heat shock caysesein aggregation and
precipitation is deemed too large for specific purposes, the heat shock should be omitted. In addition,
when a sufficiently long fermentation process is applied, it is possible that no substantial changes in
protein molecular struaire are expected after the fermentation timeframe. In such case, the heat
shock can be omitted as well. Alternatively, if the below described analyses can be performed
immediately after the fermentation process, proteases can be inactivated by the additi®@DS
containing medium (see below).

Dilution &

Fermentation - centrifugation . = Amount of new free
Oat/wheat [ Extract ]——)[ OPA assay ]—) [ Degree of hydrolysis ] amine groups formed

Reference point Meolecular changes during protein hydrolysis?

_)[ SE-HPLC ]—) [ Molecular weight distribution ]

Figure 2 Schematic overview of the experimental-gpt

2.3 Analysis of the degree of protein hydrolysis via the ertho
phthaldialdehydessay

2.3.1 General principle
TheDH reflects thegpercentage of peptide bonds cleavddring a food fermentationPeptide bonds
cleavage liberateterminal NH groups(Figure 3 which, in the presence of a reducing agae&ct
with ortho-phthaldialdehyde QPA, thereby forminga fluorophore compound that absorbUVlight
at 340 nm(Figure 3. Complete protein solubilization is achieved by using media containing SDS and
DTT to break nowovalent interactions and covalent disulfide bonds, respectiv@lyantification of
free NH-groups is performed by means of a calibration curve produced avipirified amino acid
with one free amino group (e.t:leucing L- lysine)

0
CHz  NH, N OH

CHO ot HSR =
N CH
ey L
CHO 0 S CHj,

/

R

o-phtaldialdehyde L-Leucine Fluorophore
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Figure 3.Reaction of ephtaldialdehyde with deucine forming a fluorophore compound

2.3.2 Reagents

TheOPA reagenshould beprepared fresh:

0 Prepare .10 M disodium boratgBorax)solutioncontaining1.0% (wA) SD3n
deionized water Use only 90%f the total volume.
0 Heat the solution at approximately 60 °C until everything is dissolved.
0 Whencooled down to room temperaturegadd 0.080% (w/w) OPAdissolved in
aqueous ethanol so tha?% (v/v)ethanolis achieved in the final volumeand
0.088% (w/w) DTTdissolved in deionized water at 2% (v/v) of the final volume).
0 Adddeionized water until the desired volume reached and flush with nitrogen
gas.
Prepare aadium phosphate buffer (0.050 M, pH 6.8) containing@ow/v SDS
Prepare al-leucine stock solution (2mM) isodium phosphate buffer (0.050 M, pH 6.8)
containingl.0%w/v SDS

2.3.3 Sample preparation

Samples
Weigh in triplicate around -3 mg of protein (on dry matter basis) and add 2 mL 0.050 M
sodium phosphate buffer containirig0%w/v SDS.
o For liquid samples with a known protein concentration, pipet a volume containing 2
3 mg protein in triplicate. Increase the molarity of the sodium phosphate buffer and
the SDS concentration to achieve the same final concentrations as when analyzing dry
sanples.
Vortex extensively and centrifuge (10 min at 10,090
Transferd00 pLof the supernatanto a test tube.

Calibration curve
Prepare a dilution series (from 0 mM to 2 mM, where 0 mM represents a blanc) of the L

Leucine stock solution in 0.050 #ddium phosphate buffer containint0%w/v SDS
Transferd00 pL okach ELeucine standard solution to a test tube (in triplicate).

234 Sample analysis

Add 3 mL OPA reagetut each test tubeand incubate for 20 min at room temperature.
Immediately afterexactly20 min, measure the absorbance at 340 nm.

2.35 Calculations
Based on the calibration cur@bsorbance at 340 nm against the concentration -blicine) the
amountof free NH: groupsin a samplecan be calculateds mmol Nkgroups/g protein The increase
in the amount of free NHgroups by fermentation can be obtained if a Aigmmented sample is
included as reference. The degree of hydrolisigiven by

&*:" L Usrr

a
With h thecalculatedhydrolysisequivalents (rmol/g pr(QJtein) and hy the total theoretical number of
peptide bonds present in a samplerfrol/g protein).
AdlerNissen (1986) provided some numeric values fgolfirelevant raw materials. If the amino acid
composition of the starting material is knownglequals the sum of mmols of the individual amino
acids per gram of protein. It can also be determined with the OPA assay after complete acid hydrolysis
of the protein. The h value is calculated as follows:
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With - Abs the absorbance of the fermented sample at 340 nm minus the absorbance of the non
fermented sample at 340 nm, M the average molecular mass of the test protein (Da), d the dilution
factor, xthe extinction coefficient at 340 nm (6000 maim™) and c the protein concentration of the
samples (g/L)AdlerNissen, 1977)

2.4 Analysis of the protein molecular weight distribution via -size

exclusion chromatography

24.1 General principle
SEHPLGllowsseparating proteins based on thdiydrodynamic volume. The basic principle is that
larger proteins are able to pass through a porous gel matrix more quickly than smaller proteins, which
get trapped in the pores and take longer to elutdne separation efficiency is largely determined by
the choice of the column, with specific pore size distribution and properties, and the elutiorT rege.
absorbance of the eluted proteins via their peptide bonds is monitored with a UV detector at 214 nm
(peptide bonds) and/or 280 nm (aromatic amino acidg)parent molecular weights are estimated
based on the elution times of molecular weight protein standards, analyzed under identical
conditions. Wet extracts or dry powders will be diluted and dispersed, respectively, in a sodium
phosphate buffer containin§DS, urea and DTT to disrupt all {wowalent interactions and covalent
disulfide bonds and to analyze proteins in their molecular state. For wheat proteins, conducting SE
HPLC analysis without a reducing agent would enable differentiating proteolgiiadkion patterns
of gliadins and glutenins.

2.4.2 Reagents

- Prepare aadium phosphate buffer (0.050 M, pH 6.8) containinggow/v SDS

- Prepare a sodium phosphate buffer (0.050 M, pH 6.8) containing 0.10% w/v SDS.
- Prepare a sodium phosphate buffer (0.10 M, pH 6.8) containing 2.0% w/v SDS.

2.4.3 Sample preparation
- Dry powders:
0 Weigh accurately 1.0 mgrotein (in triplicate) in & Eppendorf tubeand write
down the weight.
o Add 0.050 Msodium phosphate buffecontaining 1.0% w/v SD® obtain a
solution with aconcentration ofL.0 mgprotein/ml.

- Wet extracts
o Dilute the extract (in triplicate) with deionized watérs a concentration of 2.0 mg
protein/mL
o0 Dilute an aliquot of the extract (1:1 v:v) 10 M sodium phosphate buffer
containing 2.0% w/v SDS

- Blanks:
o Dry powders prepare an Eppendorf tube containing 0.050sbtium phosphate
buffer with 1.0% w/v SDS
0 Wet extracts prepare an Eppendorf tube containiegual volumes ofieionized
water and0.10 Msodium phosphate buffer containing 2.0% w/v SDS

- Molecular weight protein standards
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2.4.5

o Potential candidates arghosphorylase B (97 kDa)pwine serum albumin
(66kDa), chicken egg ovalbumin (45 kDagrbonic anhydrase from bovine
erythrocytes (30 kDa), trypsin inhibitor (20.1 RPalphalactalbumin (14.2 kDa),
ribonuclease A (13.7 kDa), aprotinin (6.5 kDa), insulin B chain (3.5 kDa),
angiotensin 11l (931 Da), (AJ¢373 Da) and Al&In (217 Da).

o Weigh 1.0 mg protein in an Eppendorf tube.

o Add1.0 mL 0.050 Modium phosphate buffer containirig0% w/v SDS

When working under reducing conditions, always work under nitrogen atmosphere and
ensure that the samples are analyzed within 24 h after preparation.

Vortexthe Eppendorf tubegxtensively.

Shake théeppendorf tubesit room temperature fol60 minat 150 rpm

Centrifuge the Eppendorf tubes for 10 min at 10,@30 remove insoluble material.

Filter the supernatantover a 0.45 um filter olyether sulfone membrane MilledP,
Merck Millipore, Carrigtwohill, Irelandnd transfer an aliquainto 2.0 mLHPLC vials.

Sample analysis
Analyze an aliquotc@. 10 pL) of the sample with @BEHPLGystemcontaining aBioSep
SeeS2000 column (300 x 7.8 mm, Phenomenex, TorrancewlttSp separation range
from 0.2 to 75 kDa in 0.50% w/v SDS solution
Set the flow rate at 0.50 mL/min and the oven temperature at 30 °C.
Monitor the UV signal at both 214 nm (peptide bonds) and 280 nm (aromatic amino acids).

Calculations
Establish a calibration curve by plottitige elution times of the molecular weight protein
markersas a function ofhe logarithmof their corresponding molecular weigtigure4).
Use the obtainedequation to estimate the molecular weight of a given peak in the
chromatogram of a sample based on the elution time.
Identify peaks corresponding to specific proteins (e.g. 12S oat globulins) or to protein
fractions with similar apparent molecular masses based on molecular mass values
available in literature (see section 1.1).
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- Determine the total area under each profile using the HPLC software or an external
program (e.g. Matlab or OriginLab).

[=)]

=y

y=-0,2144x+ 7,2418
R?=0,995

Log(Molecular weight) (log(Da))
(%)

10 12 14 16 18 20 22
Elution time (min)

Figure 4 Correlation between the logarithm of the molecular mass and respective elution time of
phosphorylase B (97 kDapvine serum albumin (66kDa), chicken egg ovalbumin (45 kBrdpnic
anhydrase from bovine erythrocytes (30 kDa), aliealbumin (14.2 kDagprotinin (6.5 kDaand
(Ala) (373 Daprotein standards

3. Others

A similar approach as outlined above can likely be applied for other raw materials (e.g. legumes), but
will require optimization. To determine the degree of hydrolysis with the OPA assay, the amount of
analyzed sample should be optimized first. The requisgnount of sample should result in an
absorbance value within the range of the calibration curve. Also the incubation time for the OPA
reagent can be altered, according to the type of sample. Therefor it can be useful to follow up the
absorbance in funabn of the time. Choose an incubation time where the absorbance is rather stable
and does not decrease again, but makes it also feasible to measure multiple samples in one batch.
For SEHPLC, the specifications of the separation column have to be optimized according to the
molecular mass distribution of the analyzed proteins. If needed, multiple columns can be combined
to obtain a better peak separation in certain molecular weiginges.
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Summary
X Raw material Wheat, oat, yellow pea, faba bean

X Relevant applicationsBread, plarfbased yogurts, tempeh
Fermentationinduced changes 8 E Z ZC E}oCe]e C u] E} ] e
amylasesaltered starch gelatinisatiorand retrogradation behaviourmodified starch
molecular structure.

X Analytical methods

0 Megazyme kits:
f Total starch
f Resistant starch
f Damaged starch
o HRSEC
f Molecular size and Chain length distribution
f Amylose and Amylopectin ratio
0 Microscopy
f Transmittingight microscopy
f Polarized light microscopy
f SEM
o Differential scanning calorimetry (DSC)
f Crystal melting enthalpy
0 Gelatinisation temperaturi@asting properties
f Rapid visco analyser (RVA)
o Starch isolation

1. Introduction

1.1 Whatis starch
Storage starch is the main carbohydrate in many human diets and is stored orgsiailine granules
in seeds, stems, and tubefBfister and Zeeman 2016Both cereals and legumes are classed as high
starch foods with reported starch contents ranging betweer7606 for wheat, 4&0% for oat, 46
47% for yellow pea and 404% for faba bean (Lu et al. 2021; Johansson et al. 2022). The consumption
of starchyfoods that induce high glycaemic responses (e.g. white bread) are linked to an increased
risk of obesity, cardiovascular disease, metabolic syndrome, and2typabetes(Svihus and Hervik
2016) Therefore, strategies to reduce the glycaemic index of starchy foods by modulating their starch
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digestibility are being extensively studied in the literature. Food fermentation technology is regarded
as such a strategyscazzina et al. 2009)
Starchis a glucose polymer consisting of the two componesnsylose and amylopectin (sefeig 1A),
with amylopectin typically being the more predominant/abundant constitueAmylose is an

e v3] 00C 0]v E %}oCu E }u¥bdiglucosiEhondEtoe W EC16H
glucopyranosyl residues The long amylose chains form a helix and have a molecular weight ranging
from about 243,000 to 972,000, but typically the MW is < 0.5 mi(lldmomas and Atwell 199%1ighly

& v Z uCo}% S]vU Je up Z o EP E % }oGL4Giucgsickd pdpdsand( }SZ o]
r-1-6-glucosidic bonds at the branching poirfBelitz, Grosch, and Schieberle 200Be molecular
weight of amylopectin ranges between 10 to 500 million, making it one of the largest polymers found
in nature(Thomas and Atwell 1999The starch granule consists of alternating layers of amorphous
(amylose and branched segments of amylopectin) and-seysialline (double helices of amylopectin)
as depicted in figure 1B. Starch is classified into three different polymorphs (A, B-tspd)C
characterised by their crystalline patte(@ome et al. 2020)The Atypes are usually found in cereals
whereas the Bypes are more predominant in tubers and stems. Legumes and most roots have a
mixture of packing arrangements for A and B types, which are referred tayge (K. Wang, Henry,
and Gilbert 2014)The thermal transition temperatures is higher fotyfde starches than B, therefore
the proportion of the two is a critical factor for legume starcligs Wang, Henry, and Gilbert 2014)
The degree of crystallinity and the polymorphic patter can be determined usiay Hiffraction
scattering (XRD) techniquéSarko and Wu 1978)
Milling can causemechanical damage to the starch granu{Bsnald 2004)Wwhich increases the
susceptibility of these disrupted strucutres to hydrolysis by endogenous amylases which is important
to provide sufficient amounts of fermentable sugars during e.g. breadm&gin@/ang, Li, and Zheng
2020) The amount of damaged starch in wheat and oat flours are in the rangd®®6 and 410 %,
respectivelyBarak, Mudgil, and Khatkar 2014; Hiittner, Bello, and Arendt 2010)
Starch granules are in general insoluble in cold water, but when heated the granules swell as water is
absorbed(Vamadevan and Bertoft 2015)Gelatinization is an important property of starch occurring
at the initial stages of a pasting curve which corresponding to when the starch irreversibly goes from
an ordered to a disordered state. The starch must be fully gelatinized before pasticgroanence,
which is when a starch paste is developed resulting in an increase in viscosity during progressive
heating because of continual granular swelling and leaching out of starch m@dcour and
Hoseney 2010) Upon cooling gelation occurs as the leached amylose aggregates forming a network
followed by shoriterm retrogradation as the amylose recrystallifzuring storage the long term
retrogradation occurs as the amylopectin branches recrystallize (e.g. setting of crumb structure during
cooling of a bread loaf)van et al. 2021)
Starch digestion starts in the mouth with mechanical processing through mastication and exposure to

viCu $Jamylase. The starch is further enzymatically digested in the small intestine by pancreatic
amylases andlucosidase¢Brownlee et al. 2018Resistant starch is starch that cannot be digested,
thus functioning as a fibr&hen the resistant starch reaches the colon, it becomes fermented by the
gut microbes Resistant starch has documented benefits for human health such as a prebiotic effect,
controlling blood sugar, and preventing colonic can@ede and Zaixiang 202Hesistant starch is
classified into five categories: physically inaccessible starch (RS1), native starch (RS2), retrograded
starch (RS3), chemically modified starch (RS4) asaplex starch (RS5). Legumes tend to contain
more resistant starch than ceals, Nilsson et al (2022) concluded that starch isolates from fava bean
hull and cotyledon contained 13.1 % and 6.7% resistant starch, respediNildgon et al. 2022)
Which is considerably mompared to thewheat starch that only contained 0.5% resistant starch.
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The resistant starch content of a product may be altered because of several factors, including variety,
preparation or cooking method, storage temperature and duration, and serving temperature
(Patterson, Maiya, and Stewart 2020)
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Figure 1 A) General structure of amylose (left) and amylopectin (righl)4 linkage andr-1,6 linkages are
indicated by a black and red arrow, respectivelyS&icrystalline organisation of a starch granule (Dome et
al. 2020)

1.2 How can fermentation affect starch?

Starch plays a crucial role in grdiased fermentations. Microorganisms require fermentable sugars
such as glucose and maltose to prodocganic acids, alcohol, and €43 main metabolites. However,
the content of fermentable sugars in graased products is often low and additional hydrolysis of
starch is required to maintain microbial activ{tgobbetti and Génzle 2013)
Fermentable sugars are supplied via the hydrolysis of damaged starch by both endogenous and
microbial amylasef_eman et al. 200%) For instancel,.. amylovorus, L. plantaruemd L. fermentum
(Padmavathi et al. 201&)ave been reported to exhibit amylase activity. Other species such as
Aspergillus spandRhizopus spare capable of converting native starch to glucose without the need
for prior gelatinisatiofiSun et al. 2010)The degree of starch hydrolysis during fermentation of grain
based flours is expected to impact the molecular structure of starch such as the molecular weight
distribution, amylose/amylopectin ratio and relative crystallinfghao et al. 2019)Such changes
might have implications for starch gelatinisation and retrogradation behaviour during and after-a heat
treatment (e.g. baking).
Besides starch hydrolysis, fermentatiomduced changes in the food matrix will affect starch
physicochemical properties. For instance, lactic acid is believed to alter gelatinisation and
retrogradation behaviour of starch, which could impact its suscdityibto pancreatic amylase
(Ostman et al. 2002)Several studies have suggested that the interaction of starch and lactic acid is
responsible for the reduced digestibility of starch in sourdough b{@aditanen, Flander, and Katina
2009) However, underlying mechanisms remain to be elucidated.
To be able to produce proteirich plantbased yogurts from fava bean the starch needs to be removed
or gelatinised and pretreated with-amylase before the introduction of lactic bacte(idiang et al.
2020) Thiswill prevent the starch to gelatinase during the formation of the proteased emulation
gel.
Traditional tempeh is made from dehulled soybean, which is soaked, boiled, and dried before
introducingRhizopussp. sporangiospores to induce fermentat{@dnanWinarno et al. 2021)These
pre-processing steps by soaking and boiling the bean before will partly gelatinize the starch granule

v ul 82 uCo}e ul}CE ] 0 -@4nfHaseZ (pVP o
There are a few studies of tempeh produced from other raw materials than soy such as peas, oat and
fava bean(Ashenafi and Busse 1991; Cai et al. 2014; EKlondson, Sandberg, and Larsson Alminger
2006; Nassar, Mubarak, andBgltagy 2008; Polanowska et al. 2028pwever, the changes in starch
composition during the préreatments and after fermentation were not well characterised. Van der
Riet et al., (1986) reported a reduction in total starch of soybean after fermentationRiithopus
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oligospoursthe starch reduction benefited of prolonged incubation with the spqrem der Riet et

al. 1987) a similar reduction in starch has also been reported for tempeh made from spelt wheat
~N§ (E |-Qanistewska et al. 2019)

Flour made from sopased tempeh has been reported to improve wheat bread quality made with
regular baking yeasfHuang et al. 2019 he addition of tempeh flour generated an increased volume
and viscoelastic properties of the dough compared to the control bread made only with wheat or the
addition of nonfermented soy protein. The addition of tempeh flour also leads to a reduation i
moister migration and water loss in the breadcrumbs. Huang et al. (2019) suggested that the increase
in bread volume was due to fungal amylases present in the tempeh flour that catalysed the hydrolysis
of starch to low molecular weight components suclieamentable sugars that were used by the yeast

to generate a larger amount of gas. Fungal amylase activity was also the reason for the increased
softness of the baked product due to less retrogradation of the starch.

2. Method(s) of analysis

2.1 Sample preparation

Based on the type of sample and the analytical method different sample preparations are
required. Figure 3 provides a schematic overview of the type of sample preparations and
experimental methods for determining content, structure and relevant physioct@mproperties

of starch. |

Analytical methods

Raw | Tempeh {2.2 Total starch

material 2 3 Resisten sta rch
Faba bean Meat
Pea analoug 2.4 Damaged starch |

Wheat
Oat T — 2.5 Gelation behaviour

l Fermented | 2.6 Pasting properties |
/" flour :

{2.8 Molecular weight distribution i——
> - e
\‘__ 12.9 Amylose /Amylopectin ratio —
i Dough 2.10 Optical microscopy

l 211 SEM.

2.7 Starch
—] __’ .

Figure 2 Schematic overview of the sample preparation and analytical methods required for analysing content,
structure and physicochemical properties of starch.

2.2 Total starch content

2.2.1 Generaprinciple

dZ e+ u%o0 « E }]Jo 3} }u%o 3 0C <}op Jo]e 3Z 3 -@nyla¥e (3 EA
]e Azl Zz }VvA EEe 3 & Z ]v3} Poimif dekirins. 78¢9e hydrolysis

products are further converted to glucose by amyloglucosidase waighantified with GOPGD

analysis.

29



2.2.2 Method

The procedure is based on the Megazyme protoe®BHAS0A / KTSTALOO (procedured) with
following modifications:

https://www.megazyme.com/documents/Assay_ProtocollSTALOOA DATA.pdf

X Use small GC test tubes at the start of the method and downscale the procedure to 50 mg
samples (instead of 100 mg) and 5 mL of Sodium acetate buffer instead of 10 mL.

X Place round bottom screw cap tubes in a heating block at 110°C instead of using the boiling
water bath.

x Before transferring the tubes to the 50°C water bath, the tubes should be cooled down under
streaming water. Next prcubate the tubes for 10, rather than 5, minutes in the 50°C water
bath.

2.3 Analysis of resistant starch content

This kit for resistant starch can be used in calculating total starch contesainables, particularly
if the resistant starch content is high.

23.1 Generaprinciple
The method is based on the hydrolysis of wenistant starch using pancreatic amylase and
determining the residual starch content recovered in the pellet after centrifugation.

2.3.2 Method
The complete method is described in thdRISTAR procedure of Megazyme.
https://www.megazyme.com/documents/Assay ProtocelRSTAR_DATA.pdf

2.4 Analysis of damaged starch content

24.1 General principle

D euyE]JvP u P 8 & Z ] <+ }v SAmyese Which bpss@high specificity
(1&E u P *§ E Z }voCX (8 EA E U §Z-inflod®drips are fumhie} « %
hydrolysed into Bglucose by amyloglucosidase which can be quantifitld GOPOD analysis.

2.4.2 Method
The complete procedure is described in th&€BAM procedure of Megazyme.
https://www.megazyme.com/documents/Assay_ProtocolOAM_DATA.pdf

2.5 Analysis of starch gelatinisation and retrogradation behaviour (DSC)

251 General principle

Differential Scanning Calorimetry uses a temperattumee profile to measure the gelatinisation
enthalpy (i.e. melting of crystalline structures) of starch in a sanpiie.difference in heat required

to heat a sample pan and an empty reference pan results in an endotherm (heat flow in function
of temperature).This graph can be used to define gelatinisation temperature and total gelatinisation
enthalpy (in J/g dry matter) After the first measurement, the gelatinised sample can be measured
again to studymelting transition of retrograded starch.

25.2 Method

2.5.2.1 Solid samples
X Weigh empty pan
X Weigh sample (between 2.5 and 4 mg, depending on moisture content of sample)
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Add water if needed such that the dry:matteatio is 1:3 (dry matter mass x dsample mass
= UL water to be added)
Place cover on pan with sample and seal hermetically with DSC press
Leave the sealed pans overnight at room temperature to achieve uniform distribution of
water before DS@nalysis.
DSC settings

0 Temperature range: 02C30°C

o Rate: 10°C/min

o Nitrogen flow: same as purge rate during measurement (50 mL/min)

2.5.2.2 Liquid samples

X Weigh empty pan
x Carefully dispose a small drop of the liquid sample into the DSC pan
X Weigh drop
X Close pan with DSC press
x After the measurement, the pan can be opened and dried overnight to calculate the exact dry
matter weight.
x Gelatinisation enthalpy is expressed as J/g dry matter
2.5.3 Interpretation of results
-1.45
—1.50;
_ 155
2 1 56.25°C
= 1 6.558./g
3 -1.60-
[TH ]
T
2 ]
-1.657 62.71°C
—1.70;
'175 ] T T T T T T
0 20 40 60 80 100 120 140

Temperature (°C)

Figure 3Example of a DSC endotherm of wholemeal oat flour (1:6 flour to water ratio) showing starch
gelatinisation Peak temperature is 62.7°C. Metling enthalpy is 6.6 J/g.

2.6 Analysis of pasting properties

2.6.1 General principle

With a pasting curve is it possible to analyse the changes that occurs when the starch is exposed
for water and heaiDelcour and Hoseney 2010)he traditional instrument to measure pasting
properties has been a Brabender viscoamylograph, but in later years this instrument has been
replaced more and more with rapid visco analyzers (RVA) due to faster measuring time and the
need for smaller sampleolumes (Deffenbaugh and Walker 1989). A rheometer with a Peltier
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pressure cell can also be used in a similar fashion to analyse the changes in the viscosity of starch
depending on the heating rate and temperature ranges. Nilsson et al., (2022) showed that RVA
consistently measures higher viscosity than the rheometesimilar parameters (see figure 4).

This was probably due to that, the RVA is not a closed system as the Peltier pressure cell, which
leads to water evaporation during the heating cycle. However, the not closed RVA system
probably mimics to a lager extehbw most food products are produced. An advantage to use the
fully sealed Peltier pressure cell is that the samples can be heated to temperatures surpassing 100
°C, which may be necessary for the samples to achieve peak viscosities.

2.6.2 Method

2.6.21 RVA
For the exact quantities of solid sample to water for the RVA analysis please consult the instrumental
procedure instructions.
X An appropriate dry matterwvater ratio should be chosen (A ratio of 1:5 to 1:6 usually works
well for flourbased samples)
X Weight the sample into a RVA cup. The total weight of the suspension should be around 25 g.

x Examples of suitable RVA settings are :

0 heating rate at 12C/min or 1.5 °C/min with a paddle rotation to 160 rpm

o Equilibrate the sample at 5T for 1 min, with the rotational paddel speed for the initial 10
seconds being 960 RPM, before reducing the rotational speed and heating the sample at
contant heating rate to 95 °C.

0 For heating rate 12C/min keep at maximum (95 °C) for 2.5 min before cooling to 50 °C stay
at the final temperature for 2 min.

o For heating rate 1.8C/min keep at maximum (95 °C) for 5 min before cooling to 50 °C stay at
final temperature for 2 min.

2.6.2.2 Rheometer
If using the rheometer (HR, Discovery Hybrid Rheometer, New Castle, DE, USA) equipped with Peltier
pressure cell and steel starch paddle the minimal water content to be added to the pressure cell is 26
mL, the maximal heating rate is 13 °C/min (althoaghme research groups have found having heating
rate higher than 5 °C/ min produced erratic results) and maximal heating temperature is 16DA°C
Instruments, 2017).
The sample should be prepared as for the RVA with appropriate adaptations in the method (I.e. sample
guantity/ratio, heating rate and ranges) for the specific rheometer.
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2.6.3 Interpretation of results

(A) RVA 50-85-50 "Cat 1.5 °C /min (B) Rheometer 50-95-50 at at 1.5 °C/min
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Figure 4Pasting curves of faba bean starch and wheat staadRapid viscosity analysis RVA heating
profile 50t951t50 at heating rate 1.5 °C/miorheometer heating profile 5@5t50 at heating rate 1.5
°C/min; figure adapted from Nilsson et al. 2022.

2.7 Starch isolation

2.7.1 General principle
Formethods 2.82.9 listed below starch must be isolated before analysis. Depending on the type of
raw material (i.e. pulses, wheat and oat) a slightly different isolation method is required.

2.7.2 Method

2.7.2.1 Wheat

x  Weigh 250 g flour (on 14% moisture basis)

x Mix flour to a dough in a kitchen aid bowl with deionized water (150 mL)

x  Allow the dough to rest for 8 min

x  Slowly add 250 mL of tap water and mix for 25 min (position 1 on mixer, use flat beater)

x Add 1000 mL of water and mix for 35 min (position 1 on mixer, use flat beater)

x W}}IpE sz 88 E }v  Ce+3 u }( Al & 8]vP ¢] A « ~3ii ...uU Tii

x  Sift for 5 min at c.a. 70 Hz vibration speed

x Wash three times for approximately 2 min with 1000 mL of tap water.

x Recover the gluten fraction from each sieve, put them on metal plates and freeze them in
liquid nitrogen and lyophilize

x Collect all wash water (containing starch) and centrifuge at 2,@f@x10 min.

x Wash pellet with ethanol

x Discard pellet on filter paper and dry overnight

2.7.2.2 Oat(Hoover and Vasanthan 1992)
Compared to other cereals oat extraction is rather complicated due to the strong association with
proteins andt-glycans

X Steep oat grain in water at 5C for 3 h.

X Mix soaked oat grain with distilled water at a ratio of 1:3 mix for 3 min in a blender at low
speed.
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X Pass the slurry through a cheesecloth.

x Centrifuge the filtrate at 5000 g for 15 min.

X Remove the supernatant and suspend the pellet in excess of 0.02 % NaOH, let stand for 1h
and remove the supernatant. Repeat this procedure six times.

X Suspend the sediment in distilled water and vacuum filtrate the solution with a Buchner funnel
with a 70 and 20 um polypropylene mesh.

x Wash the sediment thoroughly on the mesh with distillate water.

x Dry the filtrate overnight at 36C.

2.7.2.3 PulseqLi et al. 2020)Nilsson et al. 2022)

x Dissolve flour in 0.02% sodium hydroxide (NaOH) at a ratio of 1:10 for 24h with stirring at
room temperature then an additional 24 h without stirring at 4 °C.

x Centrifuge the slurry at 3700gdor 5 min.

X Remove the supernatant and replace it witistilled water and centrifuge once more at 3700
x gfor 5 min. Repeat the process until the sample has a pH of 7.

x Collect the pellet after the final wash and mix the pellet with distilled water in a kitchen
blender

x Filtrate the homogenized solution with a Buchner funnel with quiOnylon filter.

x To maximize starch extraction mix the filtercake once more with distilled water in the kitchen
blender and filter as earlier

x For optimal starch recovery leave the filtrate standing without agitation overnight'@t 4

X Scape away the brown top layer of the starch and let it dry at 40 °C for 48 h.

2.8 Analysis of molecular weight distribution

2.8.1 Generaprinciple
Isolated starch granules are suspended in a buffer containing dimethylsulfoxide (DMSO) to completely
solubilise the starch. Afterwards, the amylose and amylopectin are separated based on their molecular
size (SHPLC).

2.8.2 Method
X Weigh 20.0 mg of isolated starch granules in a 10.0 mL glass tube with round bottom screw
cap tube.

X Add 5.0 mL DMSO containing 0.5%) Lithium bromide (LiBr) and vortex.

Heat the starch suspension overnight at 80 °C in a water bath while shaking at 150
strokes/min.

X After cooling to 30 °C in a water bath, centrifuge the starch suspension for 10 min aig4,000 )
v 11 £ ~E}S J /S ]e Ju%}@®&S vS 8} §Z § SZ ethebwiee anpil{es P} o0}A i
heating step might be necessary before analysi
Transfer 1 mL of the supernatant to an HPLC vial.
Column specifications: GRAM 3000 and GRAM 30
Elution solvent: DMSO containing 0.586x) LiBr in a water bath at 40°C
Injection volume: 100 pL
Detector temperature: 40°C
Oven temperature: 80°C
Flow rate: 0.3 mL/min

X X X X X X X
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2.9 Analysis of amylose/amylopectin ratio

29.1 General principle

Starch amylopectin is debranched by isoamylase. The debrauhgbbpectin chains can be
distinguished from the longer amylose chains durindHBEC analysis.

2.9.2 Method

X
X
X

X X X X X X X

X

Weigh 30.0 mg of isolated starch granules in a 10.0 mL glass tube with red screw cap
Add 4.5 mL milli Q and vortex

Heat the samples for at least 60 min at 100°C and vortex every SMiake sure that the
starch is fully gelatinized and that no lumps remain.

After cooling to 40°C in a water bath, add 500 pL sodium acetate buffer (0.1 M, pH 4.0)
Add 60 pL isoamylase soluti@Megazyme, Irelanddnd incubate the sample for 24h at 40°C
Add another 60 uL of isoamylase solution and incubate the sample for 24h at 40°C
Neutralize the suspension by the addition of 480 pL 0.1 M NaOH

Heat the samples at 80°C for 2h in a water bath

Centrifuge at 4,008 gfor 10 min at 30°C.

Transfer the supernatant to a large falcon tube (50 mL), freeze with liquid nitrogen and-freeze
dry.

Continue the procedure according t82

2.10 Analysis of starch gransieith optical microscopy

2.10.1 General principle

Transmitting light microscopy is a quick technigue that can be used to study the starch
granules shape and size ratio and distribution within the sample contrast can be
enhanced by staining the sample with Lugol’s iodine stain*. The crystalline region of the starch
granules shows birefringence under polarized light, which can be seen as a Maltese Cross
(Chakraborty et al. 2020)This technique is a quick method to study if the fermentation
process has induced any changes in the internal structure of the granule.

*NOTELugol's iodine stain has traditionally been used to detect amylose due to iodin's ability
to form a complex with the amylose helighen and Bergman 2007yWhen the dye binds it
forms a deep blue colour. However, longer branches of amylopectin (DP<60) also form
complexes with iodin which lead to an overestimation of amylose. Phospholipids and free fatty
acids also tend to bind to the helical structure ehyose competing with the iodine dye.
Therefore Lugol’s staining is considered to be a method to measure amylose equivalent or
apparent amylose.

2.10.2 Methods

2.10.2.1 Transmitting light microscopy

X

Prepper the concentrated Logulus solution by mixing part iodine and two parts potassium
iodide and store the mixture in light proof bottle in the fridge

For sample analysis createlduted Logulus/water solution (50 % v/v)

For powder samplesSuspend the sample in 50 % (v/v) glycerol/water and pipet the slurry on
a glass slide.

For complete dry foodroduct; such a tempeh, piece of bread cut a small slither of the food
sample and place it on a glass slide.

For wet foodsimply place a drop of the sample on the glass slide.
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x To emphasize the contrast and granular structure stain the starch with diluted Logulus/water
solution before sealing with a cover slip.

x The starch granules should instantly change colour the intensity of colour depends on the
amount of dye used and starch composition. The amylose dyes blue/purple and amylopectin
pink/brown.

X Analyse the sample under bright field light.

2.10.2.2 Polarized Light microscopy, and Differential interference contrast (DIC)
x For powder samplesSuspend the sample in 50 % (v/v) glycerol/water and pipet the slurry on
a glass slide.
x For complete dry food produgtsuch a tempeh, piece of bread cut a small slither of the food
sample and place it on a glass slide.
x For wet foodsimply place a drop of the sample on the glass slide.
X Vv oGCe pv E %}o E]* o]PZSU S} « SZ ~D oS e @E}ee_ u- C
of the starch granules.
X Analyse under Differential Interference Contrast (DIC) to emphasise the contrast and study
cell structures of unstained samples

2.11 Analysiof starch granule witbcanninddectron Microscopy(SEM)

2.11.1 General principle
With SEM microscopy it is possible to get an images of the starch granules other surface with much
higher magnification compared to optical microsc¢@ovindaraju et al. 2021pEM can be used for
JveS v 8} «Su Clu}v]S}E §Z P Gamyl&$é von thé ganulg surfa¢€hakraborty
et al. 2020)To perform SEM, samples must be solid and they must fit into the microscope chamber.

2.11.2 Methods
x Place the sample on carbon tape, mount it on a STEM stub, and sputter coat with gold.

X Analyse at 15 kW at an image size of 2560x1920 pixels.
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Summary
X Raw material Cereal and legumederived flours, protein isolates, and starch isolates

X Relevantapplications:Solid (breads and other baked producsgmisolid (yoguritype,
creamyfilling, etc.), and liquid (mitkype) foods and their preparations
X Fermentation-induced changesUtilization of carbohydrates for metabolism of lactic aq
bacteria and yeasts, reduction in FODMAP and raffinose family oligosaccharides c
X Analytical methods
0o HPLERI:
f Quantification of moneand disaccharides
o0 Enzymatic digestion of FODMAPs
f Quantification of fructans
f Quantification of raffinose family oligosaccharides

1. Introduction

1.1 Carbohydrates

Carbohydrates are group of molecules with chemical, physical, and physiological properties that can
serve as a substrate during metabolic processes, including colonic fermentation, with consequent
health implications. They are chemically classified based on the moleczgadeiermined by the
degree of polymerization (DP), linkage type, and individual monomers as detailed in Table 1
(Cummings and Stephen, 2007). Howevenglyst and Englys2@09 suggested an alternate
classification of dietary carbohydrates into glycaemic (hydrolysed and absorbed in the small intestine)
and nonglycaemic (enter the large intestine) carbohydrates based on their digestion in the intestine.

Table 1 Classification of carbohydrates

Class Degre_:e o_f Subgroup Examples
polymerization
Monosaccharides Glucose, fructosegalactose
Sugars 1t2

Sucrose, lactose, maltose,

Disaccharides
trehalose
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Sorbitol, mannitol, lactitol,

Polyols (sugar xylitol, erythritol, isomalt,

alcohols) mailtitol
Malto-
oligosaccharides Maltodextrins
Oligosaccharides ~-glucans)
(or shortchain 319
carbohydrates) Raffinose, stachyose, fructand
Non r-glucan . .
. . galactooligosaccharides,
oligosaccharides .
polydextrose, inulin
A% E -glueans) Amylose, amylopectin, modifieg
starches
Polysaccharides 10 Norstarch Cellulose, hemicellulose, pectir|
polysaccharides IucocrEanr]wz:l/n}sﬁE gﬂu ums a:n
(NSPs) g , pran gums,

mucilage, hydrocolloids

Generally, the dietary carbohydrates are converted to monosaccharides (mainly glucose, fructose, and
galactose) prior to absorption in the small intestine by the enzymatic action of salivary and pancreatic
amylases along with brush border disaccharidagésghtet al., 2003 X dZ « VviCu « ZC E}oCe
iuUo v I}B glycosidic linkages in-dand oligosaccharides, including starch, to release
monosaccharides for absorption, and hence, are rendered digestible. However, someaolijo
polysaccharides are resistant to digest in the small intestine, for e.g., cellulose, resistant starch,
fructans, etc. These nedigestible carbohydrates (NDCs) originate due to the configuration of
anomeric C atom (C1 or C2) of monosaccharide units that resists the hydrolysis of someliglycosi
bonds by the digestive enzym@goberfroid & Slavin, 2000These NDCs are therefore subjected to
colonic fermentation by the gut microbiota, mainly bifidobacteria and lactobacilli, in the large
intestine Jandhyala et al., 20)3Mloreover, some of the NDCs are also regarded as a source of dietary
fibres as they promote the growth of beneficial intestinal bacteria releasing metabolites, such as short
chain fatty acids Holscher, 201y A higher DP and branching are associated with prolonged
fermentation time in the large intestinegdernot et al., 200Q

While the absorption of carbohydrates in the small intestine is linked to their complexity (e.g., DP,
branching, etc.), itis also influenced by the type of monosaccharides. For instance, fructose absorption
is slow in the presence of excess of glucoghérsmall intestinal lumen and polyols are only passively
absorbed Gibson and Halmos, 20R0This prolonged presence may lead to an increased water
content due to the osmotic load in the small intestine that may be transferred for the colonic
fermentation in the large intestine. Similar behavior is observed for the disaccharides, like lactose, in
case of limited lactase activity in some individuaRorégard, 2019 The accumulation of
carbohydrates in the large intestine may lead to physiological effeatssing gastrointestinal
symptoms, such ascreased gas formation, distention, bloating, cramping, and diarriseech
carbohydrates are collectively termed as fermentable oligly, and monosaccharides and polyols
(FODMAPs). FODMAPs include slowly absorbed monosaccharides (e.g., fructose, polyols, etc.),
fructans, raffinose family oligosacchagil (RFOs), and other-dind oligosaccharides not digested
effectively by the brush border hydrolases. A {IB®DMAP diet has been shown to exhibit a
therapeutic potential for the treatment of digestive disordessich as irritable bowel syndrome (IBS)

and inflammatory bowel disease (IBD) (Bellini et al., 2@@0es et al., 2032RFOs are galactosyl
derivatives of sucrose which includes raffinose, stachyose, verbascose, and ajugose, belongjng to tri
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tetra-, penta, and hexasaccharide groups, respectively (Vanhaecke et al., 2010). The RFOs are present
abundantly in legumes and possess antinutritional properties causing indigestibility in humans upon
consumption (Elango et al., 2022). Therefore, effate being made continuously to reduce the
content of indigestible carbohydrates and accelerate the metabolism of other carbohydrates by the
virtue of enzymatic digestion using enzymes secreted by beneficial microorganisms during
fermentation.

1.2 Effectof fermentation on carbohydrates
Carbohydrates act as a substrate for the growth of microorganisms (e.g., lactic acid bacteria and
yeasts) during the fermentation process. These microorganisms metabolize the carbohydrates
(pentoses and hexoses) through different metabolic pathways thatotenge the physiological and
functional properties of the fermented food&£&nzle, 2016 Foods rich in starch content (e.g., cereals
and legumes) have demonstrated an increase in the glucose concentrations due to the starch
ZC E}oCe]vP (( $§ }( u] &} -pnylase afiuring fevmemtationQsman, 2011 The
microbial enzymes secreted during the fermentation process have been shown to degrade FODMAPs,
including fructans and RFQ384nzle, 201¥1Besides, the addition of sourdough during the preparation
of baked goods degraded fructans and mannitol, consequently reducing the FODMAP content, by the
metabolic activity of sourdough microbiotadponen and Génzle., 2018egumes and the flours or
]J*}o 8 « @E]JA (E}u 5Z u @alactgsides(d RFOs) that are reduced by the action of
r-galactosidasesecreted by lactic acid bacteria or other endogenous enzymes during fermentation
(Curiel et al., 2015Nkhata et al., 201.8Galli et al., 201P Interestingly,in vitro fermentation of
raffinose demonstrated the prebiotic potential of this antinutritional factor by increasing the
abundance of beneficial gut bacteria, includBifidobacteriumand Lactobacillusp. @morim et al.,
2020). Morever, the metabolic availability of NDCs to the gut microbiota has been shown to be
enhanced as a result of fermentation of whole graisn{th et al., 2020 Hence, quantification of
carbohydrates plays a crucial role in determining the nutritional and functional values of the
fermented foods.

1.3 Quantitative determination of carbohydrates
Simple/soluble carbohydrates, including glucose, fructose and sucrose, can be determined using
refractometric or colorimetric methods. Higberformance liquid chromatograpf§dPLC) is the most
common technique used for analysing individual carbohydratés. et al., 201% Complex
carbohydrates (DP > 2) can also be separated and determined using HPLC coupled with suitable
columns and detectors, including refractive index detector (RID), evaporative light scattering detector
(ELSD) and pulsed amperometric detector (PABigs{ekierski et al., 20).1 Furthermore,
carbohydrates are present in foods as free and/or complex sugars along with other nutritional
components, e.g., proteins, fibres, fats, etc., that requires an extraction step, such as enzymatic
hydrolysis, before analysing the carbohydratgsii(et al., 2012 Furthermore, enzymatic methods,
such as hydrolysis of sucrose or phosphorylation of glucose and fructose, are also used for the
guantification of specific sugars by measuring the change in pH or absorbarddgnna, 201}
Quantification of fructans requires sophisticated analytical techniques, including HPLC, gas
chromatography (GC), and higlerformance aniorexchange chromatography with pulsed
amperometric detection (HPABERAD) Ispiryan et al., 2019 However, a lack of suitable standards
leads to semguantitative measurements requiring alternate methodiéuir et al., 2007. Therefore,
enzymatic hydrolysis is the preferred method of choice for quantification of FODMAPs. Additionally,
combination of enzymes, such as invertase, inulinase,raggdactosidase, have been investigated for
their potential to reduce the total FODMAP content in food ingredieAtzlér et al., 202)) Cereals
and baked products are being continuously examined for their FODMAP profile for providing alternate
solutions to IBS patients as dietary therapyeGiekierski et al., 201 Ispiryan et al., 2020spiryan et
al., 2022. Commercial kits are now available with optimized protocols based on enzymatic digestion
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for the gquantification of mong di, and oligosaccharides as well as specific FODMAPSs (fructans) and
RFOs (raffinoseatgalactose) (Megazyme, Ireland).

2. Method(s) of analysis

2.1 Quantification of monosaccharides using HPLC

2.1.1 General principle
HPLC is commonly used to determine the composition of carbohydrates in diverse samples. Because
of the lack of chromophores in their molecular structure, monosaccharides and oligosaccharides
cannot be detected directly by absorption, limiting the modaditief detection by HPLC (Bai et al.,
2015).The refractive index detector is wsllited to analyse carbohydrates but with less sensitive
compared to other detection methods. As the separated components of a sample pass through the
refractometer flow cell,he composition of the sample solution in the flow cell changes, the refractive
index of the solution changes and consequently the light beam passing through the solution is
refracted. The refractometer detects the position of the refracted light beam, geiimgy a signal that
varies from the baseline signal.

2.1.2 Reagents

x Perchloric acid

X Acetonitrile

X Mono- and disaccharides

2.1.3 Steps

2.1.3.1 Extraction

x Transform raw anfermented samples into powder using a freeze drier (Epsi#6B 2.SC plus
freezedrier, Martin Christ, Osterode am Harz, Germany).

x Extract 2 g of samples with 20 mL of water/perichloric acid (95:5, v:v) and sonicate (amplitude

60) with a macreprobe for 1 min (2 cycles, 30 s/cycle, 5 min interval between cycles) in an

ice-bath.

Put the samples under stirring conditions at room temperature for 1 h.

Keep the suspension at 4 °C overnight.

Centrifuge for 10 min at 10,000 rpm.

Filter the extracts using 0.32u (]JosS &+ v ¢S}E § >7i £ X

X X X X

2.1.3.2 HPLC analysis

X Run the extracts through HPLC analysis equipped with a Spherisorb column (Waters, Millford,
USA) and a Perkin ElImer 200a refractive index detector.

x Set the flow rate at 1 mL min! using acetonitrile 80% as mobile phase.

X Set the column temperature at 3&.

x Generate a standard curve using solutions of known manad disaccharides concentrations
(0.11t15 g/L).

x Calculate the monoand disaccharides concentrations using the respective standard curves,
taking into account any dilution of the sample.
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2.2 Quantification of fructans

2.2.1 Principle

Fructansvary in molecular structure and molecular weight and can be classified into three main types:
the inulin, levan, and branched groups. The inulin group consists of carbohydrates with mostly or

/£ ope]A oC TWiirotBse I kagas opposed to lev&@E }u% A]S3Z u}e30C }E A& ope]/
fructosylt(EE M S} o]Jvl P X dZ @& v Z PE}Iu% Z « HaZtos®inkagesitVvo (EU §
significant amounts. The method used for the quantification of fructans is optimized using multiple
enzymes releasing mosaccharides that can be measured colorimentricalfFRKIC, Megazyme,
Ireland). Sucrose is first hydrolyzed by the action of sucrase (Eq. 1).

Sucrose +40  sucra® (pH 6.5, 30 °C) ~ D-glucose + Bructose (Eq. 1)

Starch and maltodextrins are hydrolyzed to maltose and maltotriose by pullulanasé-amglase
followed by their hydrolysis toQlucose by maltase (Eq. 2).

Starch + maltodextrin8Y ‘2332556’38mé)as maltose + maltotrios D-glucose (Eq. 2)
pH6.5, 30 °

Furthermore, Bglucose and Bructose are reduced by sodium borohydride to the corresponding
sugar alcohols, i.e.,-Borbitol and Bmannitol, respectively (Eg. 3). It is important to note that during
this reaction, the Eiructosyl residue at the reducinghd of FOS, in hydrolysed inulin preparations, is
also reduced to the sugar alcohol (Eq. 4).

D-glucose + Bructose Sodium borohydride p.sorbitol + Bmannitol + reduced FOS (Eq. 3)
éO.°C.
exo and endeinulinase, enddevanase
Fructan + PO——pH4-5:40°C)—————» D-glucose + Bructose (Eq. 4)

The reduced FOS are then hydrolyzed by ard endainulinase and enddéevanase to Bylucose and
D-fructose that can be measured usinghpdroxybenzoic acid hydrazide (PAHBAH) reducing sugar
method (Eq. 5).

D-glucose + Bructose T AHBAH Teagent (T00°C, 6 MiM p AL AH color complex  (Eq. 5)

This enzymatic assay is specific for all types of fructans, including inulin and levan groups. However,
the samples containing RFOs (e.g., raffinose, verbascose, and stachyose) are removed by hydrolyzing
with r-galactosidase to avoid the overestimation of fructans, and RFOs are therefore measured
separately.

2.2.2 Reagents

X Sodium maleate buffer (100 mM, pH 6.Bjissolve 11.6 g of maleic acid (Sightdrich, Cat
No. M0375) in 900 mL of distilled water. Adjust the pH to 6.5 using 2 M NaOH solution and
bring the volume to 1 L. The buffer is stable for >3 months at 4 °C.

X Sodium acetate buffer (100 mM, pH 4. A3d 5.8 mL of glacial acetic acid to 900 mL of distilled
water. Adjust the pH to 4.5 using 1 M NaOH, and then bring the volume to 1 L. The buffer is
stable for >3 months at 4 °C.

X Enzyme solution:APrepare a solution containing 50 mg of bovine serum albumin in 100 mL
of sodium maleate buffer. Add 22 mL of this solution to the mix of enzymes provided as a
freezedried powder containing sucrasd;amylase, pullulanase, and maltadéhe enzyme
solution should be stored at20 °C.
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x Enzyme solution:BAdd 22 mL of sodium acetate buffer to the vial containing fredreed
fructanase powder, which is a mix of recombinant egod endeinulinases and endo
levanaseThe enzyme solution should be storedt@d °C.

x Alkaline borohydride (10 mg/mLDissolve 50 mg of sodium borohydride (Sighidrich, Cat
No. 213462100G) in 50 mM NaOH. This solution is stable only tditdat room temperature
and hence should be prepared freshly on the day of the experiment.

x PAHBAH reducing sugar assay reagPn¢pare solutions A and B as described below.

Solution ADissolve 10 g of PAHBAH (Sighktdrich, Cat. No. H988R00G) in 60 mL of distilled
water in a 256mL beaker using a magnetic stirrer. Then, add 10 mL of conc. HCI to it and bring
the volume to 200 mL with distilled water. This solution is stable for@p years at room
temperature.

Solution BDissolve 24.9 g of trisodium citrate dihydrate in 500 mL of distilled water. Then add
2.2 g of calcium chloride dihydrate followed by the addition of 40 g of NaOH. The solution may
be milky while mixing but will clarify when the volume is adjusted toaZh distilled water.

This solution is stable for approx. 2 years at room temperature.

PAHBAH working reagenThe working solution is freshly prepared by mixing 20 mL of
solution A with 180 mL of solution B. The working reagent is stable up to 4 h on ice.

2.2.3 Sample preparation
Baked products are subjected to grinding to obtain a powdered form. Weigh 400 mg (for samples
containing 0(10% fructans) or 100 mg (for samples containit®03%6 fructans) in a 5L falcon tube
and add 25 mL of distilled water to it. Loosen the cap andepiae tube in a boiling water bath for 10
min. After 5 min, tighten the tube cap and mix the contents by vortexing. Repeat the boiling step for
5 min and mix the contents again. Transfer 2 mL of the mix tend 2nicrocentrifuge tube and
centrifuge at maknum speed (approx. 12,000 rpm) for 5 min. The supernatant (or fructan extract) is
further used for the quantification of fructans.

2.2.4 Preparation of controls for the experiment

X With each set of quantifications, reagent blanks antfuatose controls should be included
and analysed concurrently.

0 The reagent blank consists of 300 of 100 mM sodium acetate buffer with 5.0 mL of
PAHBAH working reagent.

o Dfructose controls are prepared by adding 200 of Dfructose standard solution
(2.5 mg/mL) to 90QiL of 100 mM sodium acetate buffer. Dispense 0O0of this
solution, in quadruplicate, into glass test tubes. Add giD@f 100 mM sodium acetate
buffer and 5 mL of PAHBAH working reagent to each tube (immediately before
incubation in the boiling water bath).

o0 With each set of determinations an inulin/cellulose control powder and/or a
levan/cellulose control powder is included. The fructan content of these powders are
given on the vial label.

X An inulin (16.2%) and levan (10.7%) control powders are included as positive controls and
fructans are extracted in the same manner as for the samples.

X A sucrose/cellulose control powder is included as a positive control. If the sucrase treatment
is effective, the fructan value for the control will be approx. 0.2% (w/w). An ineffective sucrose
digestion will yield 10% (w/w) fructan value for the control.

x D-Fructose controls (quadruplicates) and reagent blank solutions (duplicates) are are
incubated in the boiling water bath together with the samples.

x The effectiveness of borohydride reduction is checked usirgdose standard solution (200
pL, 1.5 mg/mL).
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2.25 Procedure

x Dispense 20QL of fructan extract at the bottom of a glass test tube.

X Add 200uL of enzyme solution A to it and incubate at 30 °C for 30 min.

X Then, add 20QL of of alkaline borohydride to the tube, vortex vigorously, and incubate at 40
°C for 30 min to allow the reduction of sugars to the corresponding sugar alcohols.

X Add 500uL of 200 mM acetic acid to the tube and vortex vigorously. An efferevescence is
observed at this step, which is further used for the hydrolysis of fructans.

x Transfer 20QuL of solution from the previous step to three glass test tubes.

X Add 100uL of enzyme solution B to two of the above glass tubes (samples) and 1A.00
mM sodium acetate buffer to the third tube (sample blank).

x Cover the tubes with the caps and incubate for at 40 °C for 30 min.

x Add 5 mL of PAHBAH working reagent to all the tubes (samples, sample bldnkspfe
standard, reagent blank, and inulin and levan control extracts).

X Incubate the tubes in the boiling water bath for exactly 6 min.

X After the incubation, immediately place the tubes in cold water (app26x.C) for 5 min.

X Measure the absorbance for all the sample and control tubes at 410 nm against the reagent
blank.

2.2.6 Sensitivity of the assay
The minimum absorbance value can be 0.01 units that corresponds tqudga8&. of Dglucose plus
D-fructose in a sample. The absorbance values should be measured immediately as the PAHBAH color
complex fades with time.

2.2.7 Calculations
Following equation is used for calculating the percentage of fructans:
(NQ?P=S$ S;L ¢#H( HWwHtwHZ, H"H— %64H&
Where,
P A ¢ u%o0 » t@mple blank absorbance
F = factor to convert absorbance valuegutpof Dfructose
= (54.5ug Dfructose)/(absorbance for 54 jig Dfructose)
5 = factor to convert from 200L as assayed to 1 mL

25 = volume (mL) of extractant used
i—:: 0.2 mL was taken from 1.1 mL of enzyme digest for analysis
W = weight (mg) of sample extracted

%f factor to convert from pg to mg

:<64= factor to convert from free fructose to anhydrofructose

= Dilution of the sample extract

oo

Ow

2.3 Quantificationof RFOs

2.3.1 Principle
The quantification of RFOs is based on the principle of stepwise enzymatic actiattipfe enzymes
(Eqg. 68) that convertsr-galactosides, including raffinose, stachyose, verbascose, and galactinol, into
D-galactose with the release of NADH. The released NADH is measured by the increase in absorbance
at 340 nm using a commercial kit-RAFGA, Megazyme, Ireland). Raffinose ésnttost abundant
carbohydrate among all the RFOs in cereal and legume flours. While this procedure uses a commercial
kit designedor the quantification of raffinose, the calculations consider all thgalactosides (RFOS)
present in the sample being analyzed.
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raffinose + stachyose + verbascose® H r-galactosidase D-galactose ‘sucrose (Eqg. 6)

r-D-galactose—gatactose mutarotase > >D-galactose (Eq. 7)
>D-galactose dehyd . :

>D-galactose galaclose denydrogenass, D-galactonic acid + NADH + H (Eqg. 8)

The formation of NADH is stoichiometric with #m@ount of Dgalactose released from the hydrolysis
of RFOs.

2.3.2 Reagents

X Solution 1Buffer containing sodium azide (0.02% wi/v) at pH 8.6.

x Dissolve NADbowder provided with the kit in 12.2 mL of distilled water and store2Q °C
until further use.

X A combined suspension ofdalactose dehydrogenase and galactose mutarotase stored at 4
°C.

X J**}oA 3Z 0C}% Z]o]kgaldéigsidas&in} 2 mL of distilled water and store at
20 °C until further use. It should be used at a temperature aBR5C.

X Galactose standard at a concentration of 0.4 mg/mL in 0.02% (w/v) of sodium azide.

X Weigh 0.5 g of raffinose control powder (positive control) provided at 4% (w/w) concentration
and dissolve in 25 mL of distilled water. Divide the aliquots (10 mL each) and sti2@ &t
until further use.

2.3.3 Sample preparation
Weigh 0.5 g of ground sample (freedeed ground sample in case of dough) into andD falcon tube
and add 5 mL of ethanol (95% v/v). Incubate at8B1°C for 5 min to inactivate the endogenous
enzymes. Bring the volume to 50 mL with 50 mM sodium acétatier (pH 4.5) and extract by shaking
(200 rpm) at room temperature for 15 min. Then, transfer 5 mL of this mix terallfalcon tube, and
add 2 mL of chloroform to it. Mix vigorously using a vortex for 15 s followed by centrifugation at 1500
x g for 10min. This step aids in the transfer of lipids from the aqueous phase to the chloroform. The
upper phase is used for the analysis of RFOs.

2.34 Procedure

X The assay is modified to adapt to-@@ll plate format for the ease of analysis of multiple
samples at once.

X A sample may contain fregalactose; therefore, for each sample, 4 different wells are
considered, including RFOs with and without fgedactose along with the blank for each
condition.

x Note that the raffinose provided with the kit is processed during the analysis as a sample as it
is considered as a positive control.

X Add the sample and enzyme solutions as mentioned in the table below.

Blank + RFOs + | RFOs + free-D Blank free B free D
free Dgalactose | galactose sample| galactose galactose
sample
Sample solution - 20puL - 20uL
Distilled water 20puL - 30puL 10uL
r-galactosidase 10uL 10uL - -
solution
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X Incubate the samples for 20 min at room temperature (approx. 25 °C).

X Add 20pL of solution | (buffer), 20QL of distilled water, and 1AL of NADto each of the
sample and blank wells.

X Incubate the samples for 3 min at room temperature and read the absorbancat(340 nm.

X Then, add 21L of the mix oD-galactose dehydrogenase and galactose mutarotase to each of
the wells.

X Incubate at 25 °C for 40 min and measure the absorbangea{840 nm.

2.3.5 Calculations
X Subtract the blank values from the samples for the respective conditions (RFOs + free D
galactose and free-Dalactose) (Eq. 9).

A= (A tAl)sampIe t(AZ 1:Al))lank (Eq 9)
X The values oA should be minimum 0.1 units to achieve efficient results.
x The concentrations of individual RFOs and fregalactose can be calculated using the
following formula (Eq. 10):

LE2 H, (Eq. 10)
Where,
V = final volume (mL)
MW = molecular weight of substance assayed (individual RFOgalabtose) (g/mol)
B = extinction coefficient of NADH at 340 nm

= 6300 (k mol® x cmt)
d = light path (cm)
v =sample volume (mL)

X The sample should be multiplied by the dilution factor, if diluted after the extraction for the

assay.

X The concentration calculated for each RFO or free galactose using the above formula for solid
samples should also consider the weight of the sample as follows:
Do of o 27— "o

R "t %o fZf .i%eS ¢ E%0 L :TM_JF((%;OAEVST‘_.,2;‘%0 -f-’2¢‘2—_?<H§”

X The concentration of raffinose control powder should be in the range of 0.2 and 1.25 g/L.

2.3.6 Sensitivity of the assay
The assay can quantify beginning from an absorbance value of 0.01 units, which corresponds to 10.5
mg of Dgalactose per liter of sample solution in 200 of sample volume. The assay is linear over the
range of 4t83 ug of Dgalactose per assay.
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Summary

x Raw material Cereals (wheat & oat) (wholemeal, bran)

X Relevantapplications:dough, bread, meat and dairy alternatives, digesta

x Fermentation-induced changessolubilization, debranching, release of antioxidants (e

( Epo] ] U Y
X Analytical methods
o GCFID:

f Total AX content and extractability
f Degree of arabinose substitution
f Number average degree of AX polymerization

0 SEHPLERI
f AX molecular mass distribution
o HNMR

f AX substitution pattern

1. Introduction

1.1 What isarabinoxylaf
Arabinoxylan (AX) is one of the major retarch polysaccharides of cereals and represent an
important source of dietary fiber (DF) in the human diet. AX constitute® 0% and 2.2.1% of
wheat and oat kernels, respectively, and is more abundantly pitdsethe outer layers of the kernel
(i.e. the bran). The AX content of wheat and oat bran varies between3B3®6 and 3:83.2%,
respectively (Mainaet al., 2021). The high variability originates mainly from differences in milling
methods. AX consistsf @ backbone oft-1,4-linked Dxylopyranosyl residues substituted ] § ZL-r
arabinofuranosyl residues at the@and/or O3 positiongError! Reference source not foundCher
rare substitutionscan be present depending on the cereal and tissue of the kerneirarhade the
linkage of glucuronic acids, urorécids, Bgalactose, Bylucose and acetyl residues to thglose
backbone athe O-2 and/or G3 position Furthermore, €rulicacidcan form ester linkages with the
5-OHgroup of terminalarabinoses and can form crebsks by formation of diferulic acid bridges
(Wanget al,, 2020) A distinction is generally made betwe@Xmolecules which are watezxtractable
(WEAX)and those which are watemnextractable (WLAX) WUAX are not extractable in water
because they have very high molecular weights due to their involvement in covalent linkages as well
as in noncovalent interactions with proteins, phenolic acids, lignin or cellulose (liyetrah 1994).
Both WEAX and WEAX populations have a great structural heterogeneity, with molecules varying
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considerably in molecular weight, degree of substitution (as assessed by the aratinodese
ratio), andsubstitution pattern (Dervillgt al. 2000).

Figure 1 The general structure of cereal arabinoxylan and the cleavage sites for the main degrading
enzymes

1.2 How can fermentation affect arabinoxylan?
Fermentation can affect the content, extractability and fine structure of AX. The effects are in the first
place induced by enzymeshich can originate from endogeneougrain enzyme activity, enzyme
activity from micreorganisms populating the outer grain kernel layers or enzyme activity starter
culturesaddedfor fermentation(Dornez, 2009)-urthermore, microorganisms can use arabinose and
xylose released by enzymes as a carbon source for their metabolism, which would result in a decrease
of the AXcontent.

Due to the complex chemical nature of arabinoxylan, its breakdown requires several hydrolytic
enzymes. Xylanase (end¢4- t-xylanase (EC 3.2.1.8)) is the key enzyme for depolymerization of the
xylose backbone as it cleaves the intern#l4-D-xylosidic bonds. The bonds selected for hydrolysis
depends on the chain length, degree of branching and presence of substituents. Many microorganisms
produce xylanases and individual microorganisms can express a multiplicity of xylanases witht differe
characteristics. Another backbone hydrolyzing enzymexidosidase (14-D-xyloside xylohydrolase;

EC 3.2.1.37) which does not act on, AUt hydrolyzes xylooligosaccharides and xylobiose.
Furthermore, different debranching enzymes exist that eliminate the-grdeips. For AX originating
(E}u €& o°+U §Z u}-s L1ravabidbfrandsidasesr(EC 3.2.1.55), which eliminate terminal
arabinose residues and ferulic acid esterases (EC 3.1.1.73) which cleave between arabinose and ferulic
acid sidegroups (Ergin, 2016 & Bajpai, 2014 & Poutanen 1997)

The main evidence of structure changes of AX during cereal fermentations can be found in the context
of breadmaking. It was shown that during breadmakirg086 of wheat flour AX can be solubilized.
This was attributed either tahe mechanical work input during mixing, the temperature increase
during fermentationor the impact of endogenous and graassociated microbial xylanases present in
wheat flour (Maina, 2021). It was also shown that during sourdough fermentation, AX is solubilized
and cepending on te fermentation type, molecular weighMW) of AX can decrease or remain
unaffected(Maina, 2021)Furthermore, fermentation of wheat bran also increased extractability and
released ferulic acid.
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1.3 Implications of arabinoxylan structure on functional and bioactive
properties

The fine structure of AX is very important for its functional and bioactive properties. An important
structure-function relation is the effect of the molecular weight and degree of branching on the
viscosity of AX. This is important for example in bakery products where the structure of AX affects
dough rheology and therefore also bread volume, but also in liquid food systemddfilmmg?).
Furthermore the properties of hydrogels are directly proportional to molecular massfandic acid
content(He, 2@1, REF).

Thebioactiveproperties of AX also largely depends on its structure. AX is a dietary fibiteasdown

that the extent and rate of colonic fermentation is higher for soluble fibers than for insoluble

(Verspreet, 2016)Example (REF). Furthermore, the antioxidant activity of AX is related to the
substitution of ferulic acid. Finally it has been shown that the structure of AX is related to immune
activity and glucose metabolism. Example (REF) (He, 2021, Chen 2019, REF).

2. Method(s)of analysis

2.1 Sanple preparation
Figure 2orovides a schematic overview of the sample preparation and experimental methods needed
for analyzing the content and fine structure of AX. The determination ofctheent, degrees of
substitution anddegree ofpolymerizationcan be done on dry or liquid (fermented) samples as such
and on their extracts to analyse WAX. It might be important to inactivate cereal endogenous and
micro-organismassociated xylanases to avoid enzymatic activity during the analytical procedures, bu
the need for this inactivaon procedure should be evaluated case by case. Enzyme inactivation for dry
samples could be done with a reflux86% v/v ethanglwhile for liquid samples a heat treatment
should be more efficient.

For SEHPLC anéH-NMR analyses of WX, high purity is required. To achieve this, the supernatant
obtained by extraction of (fermented) wholemeal/bran is typically incubated withramylase,
cooled down to room temperature and centrifuged. The obtained supernatant is then diluted to 65%
v/v ethanol and WEAX is allowed to precipitate overnight and recovered by centrifugation. The reader
is referred to De Man et al. (2021) for a déddidescription of the method for making \WAX isolates.

52



HealthFerm Book of Methods

Dry (fermented) sample

Liquid (fermented)

sample

Aqueous extract

WE-AX isolate

Content of TOT-AX
or WE-AX

A/X ratio of TOT-AX
or WE-AX

avDP of TOT-AX or
WE-AX

Free arabinose and
xylose

Molecular mass
distribution WE-AX

Substitution
pattern WE-AX

Figure 2.Schematic overview of the sample preparation and analytical methods required for analyzing
the content and fine structure of cereal arabinoxylan.

2.2 Analysis of total, watextractable and wateunextractable
arabinoxylan content and their degrees of substitution and polymerization

2.2.1 General principle
The gas chromatographynethod for quantifing the total monosaccharide$MS)is based on the
protocol described by Engst and Cumming (1984First, AX is degraded into MS throughid
hydrolysis These MS are thenreducedto alditols with NaBkunder alkaline conditiong-ollowing
reduction, the samples are acidified with acetic acid to stop the reduction reaction and the resulting
alditols are derivatized to alditol peracetates with acetic anhydride using a catalyst (1
methylimidazole) (Englyst and Cummings, 1984). The volatile giéitatetates are transferred to a
test tube, dried to remove residual water and subsequently analyzed with TBE. obtained
chromatograms allow calculating thievels of WEAX and TOFAX as well astheir degree of
substitution (i.e. the arabinose/xylose ratio). Subtracting the-*A)Evalues from the T@AX values
allows calculating the level and degree of substitution of-¥AXJ

53



Reducing end xylose levelse determined as in Courtiet al. (2000) after reduction to alditols, acid

hydrolysis and conversion to alditol peracetates. Doing so allows distinguishing alditol peracetates
originating from reducing end monosaccharides from those derived from -redacing
monosaccharide residugswhich in turn allows calculating the number average degree of
polymerization (avDP) &WEAXand TOTFAX

To quantifyfree sugarsthe acid hydrolysis step is omitted.

2.2.2 Reagents

50% (v/v) saturated benzoic acid (purity >99.5%) solution

Internal standard solution: dissolve 100 mg allose (purity>99%) in 100 mL of the benzoic acid
solution

Calibration solution: dissolve 40 meatabinose, Exylose, Bmannose, Egalactoseand D
glucose in 100 mL of the benzoic acid solution

0.04% (w/v) bromophenol blue solution in dH20.

NH; (purity >25%).

2.0 M NH (purity >25%) in dH20.

NaBH (purity >96%).

7.5 M KOH (purity >86%) in dH20.

2.0 N and4.0N TFA (purity >99%) in dH20.

2-Octanol (purity >98%).

Glacial acetic acid (purity >99%).

1-Methylimidazole (purity >99%).

Acetic anhydride (purity >99.0%)

Ethanol absolute (purity >99.8%).

Ethyl acetate (purity >99.5%).

Anhydrous Nz5Q (purity >99%).

2.2.3 Acidhydrolysiqtotal monosaccharide protocol)

2.2.3.1 TOTAX

Transfer40 to 50 mg of accurately weigheshmpleto a 12 ml glass centrifuge tube with a
screwcap (in triplicate). In the case of WK isolates, use around 15 mg.

Add 5.0 ml TFA 2N thbé samples.

Add 2.5 mL TFA 4N to 2.5 ml of ttedibrationsolution (see below).

For the blanks, add 5.0 ml TEN.

Incubate the tubes for 60 min at 110 °C in a heating block and vortex the tubes before, in
between and afterwards.

Cool the samples down to room temperature

Filter the samples over paper

2.23.2 WEAX

Transfer 2.5 mhqueous extrac{see section 2.2.1) or calibration solutibtma 12 ml glass
centrifuge tube with a screwcap (in triplicate)

Add 2.5 ml TFA 4N to the supernatant and calibration solution

Add 5.0 ml TFA 2N to 12 ml glass centrifuge tube with a screwcap (in triplicate) as.a blank
Incubate the tubes for 60 min at 110 °C in a heating block and vortex the tubes before, in
between and afterwards.

Cool the samples down to room temperature

Filter the samples over paper
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224 Reduction (first step in the case of reduaimgnosaccharide protocol!)

Total sugarstransfer 3.00 ml of cooled hydrolysate into a 12 ml glass tube with screw cap
add 1.0 ml internal standard solution and vortex
Reducingandfree sugars
o Agueous extractsAdd 2.5 ml extract (in triplo) or calibration solution into a 12 ml
glass tube with screw cap, a8@0 plinternal standard solution and vortex
0 Dry samplesweigh 40 to 50 mg sample in into a 12 ml glass tube with screw cap (in
triplo), add 2.5 ml dH20O arDO plinternal standardand vortex
o Blanksuse 3.0 ml of deionised water
Place the tubes in ice water, add 1.0 rdtd] sugarg or 50 pl (educing and free sugaj225%
NH: and vortex. Verify if the pH is alkaline with a pH indicator strip. If this would not be the
case, add more NiHThat more NEkis added in the total sugar protocol is due to the acidity
of the hydrolysate.
Add 2 dropletstptal sugar9 or 8 droplets feducing and freesugarg of 2octanol to avoid
foaming in the following steps.
Add 200 .L sodium borohydride solution (= 200 mg sodium borohydride in 1 ml 2} &kl
vortex.
o Add 2M NHjust before using the solution
o Sodium borohydride is very toxic and explosive
Close the tubes but do not tighten the screws completely
Incubate for 30 min at 40 °C in water bath.
Gradually add 400 pl glacial acetic acid, vortex and wait at least 15 min before continuing.
o Be careful, the reaction is exothermic and the solution can effervesce.
The procedure can be paused here.

2.2.5 Acid hydrolysis (reducing monosaccharide protocol)

Transfer 2.5 ml of the reduction solution &12 ml glass tube with screw cap.

Add 0.5 ml concentrated TFA

Incubate the tubes for 60 min at 110 °Cairheating block and vortex the tubes before, in
between and afterwards.

Cool the samples down to room temperature

Filter the samples over paper

2.2.6 Peracetylation (all protocols)

Transfer 500 pl into a 50 ml glass tube with screw cap.

Add 500 pl Imethylimidazole, 5.00 ml acetic anhydride and vortex. Wait at least 10 min.

Add 1,000 pl absolute ethanol and vortex. Wait at least 5 min.

Add 10 ml deionized water and vortex. Wait at least 5 min

Add 500 pl 0.04% wi/v bromophenol blue solution. Put the tubes in ice water.

Add 5.0 ml 7.5 M KOH, wait a few min, and add again 5.0 ml 7.5M KOH.

Mix the tubes by turning them upside down. Wait for at least 30 min.

Add a small amount of anhydride sodium sulfate to a small test tube and carefully transfer the
upper organic phase. Ensure that no blue phase is present.

Transfer the solution to a GC vial.

2.2.7 Gas chromatography

The alditol acetates can be separated on a Supeled38P polar column (30 m length, 0.32
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1:20). Detection is with a flame ionization detector. The carrier gas is helium. Separation is at
225°C, while injection and detection are at 270°C. Table 1 lists the different gasses and the
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corresponding flows and inl@ressures for the analytical conditions and system configuration
described above.

Table 1. Gebruers et al.

Table 1. Summary of the different gasses used for GC analysis of
non-cellulosic carbohydrates with inlet pressures and flow rates.

Gas Inlet pressure (bar)  Flow (mL/min)
Carrier gas He 0.73 26
Fuel gas H, 4 30
Oxidant gas Dry air 6 400
Make-up gas N, 4 25

2.2.8 Calculations

For each type of MS a correction factor (CEped to account for losses during acid hydrolysis
under the conditions used. A CF is determined as ratio of the normalized peak area of a MS of
a nonthydrolyzed calibration solution over the normalized peak area of a MS of an equal
amount of hydrolyzed c#dration solution:

CF = (peak area Mbsnydroysedpeak area 1S)/(peak area Maoysedpeak area IS)

For eachtype of monosaccharides (MS3,response factor (RF3 calculatedbased on the
analysis of a calibration solution, which contains a known amount of arabinose, xylose, allose,
mannose, galactose and glucose. Allose is used as internal standard (IS) to normalize all GC
chromatogram peak area#é. RF is calculated as follows:

RF = [(mg MS/mg IS)/(peak area MS/peak area IS)] x CF

The MS concentrations in a sample are calculated from their normalized GC peak areas and
corresponding RF as follows:

[MS] (%) = (peak area MS/peak area IS) x RF x (mg 1S/mg dry sample) x 100

The levels of WX, TOAX and WEAX and their A/X ratioand number average degrees
of polymerizatiorare calculated as follows:

[WEAX] (%) = ([arag+ [xylve- B) x 0.88
AlXweax= ([arajve- B)/[xylje
[TOTFAX] (%) = ([arapr+ [xylfor B) x 0.88
AlXromax= ([arafot- B)/[xyl}ror
[WU-AX] (%) = [TOAX]- [WEAX]
AlXwuax= ([arafot- [ara]we)/([xyl]ror [xyljwe)
avDP TORX = ([ara] + [xyHB) / [xylleducing end
avDP WEAX = ([araA/E+ [Xyl]NE- B) / [Xyl]NE reducing end
avDPWU-AX = avDP T@AX- avDP WEAX

with B = 0.7 x [Galg a correction factor for the arabinose which originates from
arabinogalactan peptide, which is water extractable. This correction can be done for flours
from spring and winter wheat, durum wheat, barley, rye, dicoccum, monococcum and spelt.
No correction $ used for flour from oat, bran and whole meal samples because in these
samples the galactose present cannot be solely attributed to arabinogalactan peptide.
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2.3 Analysis of apparent molecular mass distribution of water
extractable arabinoxylan and its substitution pattern

2.3.1 General principle
The apparent molecular weight distribution of VX is determined with High Performance Size
Exclusion Chromatography (HPSEC). A sample is injected ooltanan, containing fine and porous
beads, that is flushed with a mobile phase. Small molecules will migrate into the pores resulting in
larger retention times, while large particles do not enter the beads and therefore reach the column
end faster.
Liquidstate *H nuclear magnetic resonanc@NMR) spectroscopy allows characterizing branching
patterns in AX by assessinglhpeaks of xylose and arabinose residues (Rainer A. Hoffmann et al.,
1992). Sectrosceic measurements are based on the interactions between atomic nuclei and an
external magnetic field. These allow to obtain detailed information on molecular struofulgrget
constituents (De Man, 20225loffmann, Kamerling, et al. (1992) provided a detailed identification of
1H resonances in wheandosperm WEAX by combining 1H NMR spectroscopy with methylation
analysis and monosaccharide identificatigigure 3).
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Figure 3.Detailed regions ofH NMR spectrum of wheat endosperm wagatractable arabinoxylan,
illustrating the Hi ¢«% SE& o & ¢}v v +« }( E ]Jvibd@pm;} s Green-dotsh Arid
EC0}% CE v HeAloppmy; e dots) residues [adapted fr@e Man (2022) andHoffmann,
Kamerling et al. (1992)].

2.3.2 High Performance Size Exclusion Chromatography (HPSEC)
AiXl ...0 » U%o0 * }v3 Jv]vP AXi uP y ]Jv iXi uo -HXd@utE samplerE Jvi &
Shimadzu, Kyoto, Japan) on a Shodex (Showa Denko KK, Tokyo, J&g#HEBcolumn with a
Shodex SB& guard column (50 mm x 6 mm). Elution (0.5 ml/min) with ON28&@| was with a modular
Shimadzu SIHTC unit equipped with a E2DAT pump, a DGROAS degasser, an RIDA detector
operating at 40 °C and a column oven (€D@, Shimadzu) at 30 °C. Shodex P82 pullulan standards
(MWs 342, 1.32 x 108, 6.2 x 103, 10 x, B x 103, 48.8 x 103, 133 x 103, 200 x 103, 348 x 103, 805 x
108, and 1,600 x 103 g/mole; 1.0 mg/ml in 0.3% w/v NaCl) were injected for calibration purposes.
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2.3.3 IHNMR

- A sampleontaining 10.0 mg of AMasexchanged twice with 3.0 mL déuterium oxide D-0),
followed by intermediate and final freezdrying.

- Redissolve the freezéried samplen 1.0 mL BO.

- Record*H NMR spectmin a nonspinning 5 mm NMR tub&n 800 MHz Bruker spectrometer
(Bruker Biospin, Ettlingen, Germany) at 333 K operated by an AVANCE NEO camnsale
used The spectrometer, located in a temperaturentrolled room (22 °C, maximum
fluctuation 0.1 °C over a 24 h time span) with a vibratiesistant floor, was equipped with a
5 mm multinuclear Bruker BBO probe (1H/2D/X) with active shielding and a maximum
gradient strength of 4.45 G/mm. 1H NMR spectra were referenced at 0 ppm, usingrso
trimethylsilylpropanesulfonate (DSS) (0.0173 ppm) as a secondary reference. All 1D spectra
were obtained with 64 scans, 20 ppm sweep width, 24 192 complex data points, and active
suppression of residual solvent&aB63 ppm (HDO shift at 333 K). Exponential line broadening
(0.3 Hz), automatic phase correction, baseline correction, intejration were performed
using Bruker Topspin 4.0.6 software.

- The spectral ranges should be assignedriabinose G monaosubstitution (Mono), O-2 di
substitution (O2di) and G3 disubstitution (O3di). This can be done by'H COSY
measurementsas described by De Maat al.2021.

2.3.4 Calculations
The ratio of disubstituted to monesubstituted xylose (D/Mgan be calculated as:
ravs: tT<«E utx
I KJIK
Combining thethis calculation withthe A/X of a given sample allowed calculating the relative
proportions of unsubstituted, mongubstituted and dsubstituted xylose (uXyl, mXyl, dXyl) as
follows:

Hsrr
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Summary
X Raw material:mostly oat and barley, minor in rye, very little in wheat.

X Relevant applicationsdough, breaddairy- andmeat-alternatives, digesta
X Fermentatiortrinduced changesmolecular weight reduction, solubilization

X Analytical methods:

0o Enzymati@ssay kit~ colorimetry:
f d}S o  @luaantcontent
f Extractability

0 Lichenasdareatment + HPAECAD:
f DP3/DP4 ratio
f Fortotal vs. water £SE Sgluzant

0 BG isolation + SERID (& light scattering)
f Weightaverage Mw) & numberaverage molecular weight Mp),

dispersity © =Muw/ M)
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1. Introduction

1.1 Cereal t-glucan (BG): structural features, functionalities, and
extraction

cellotetraosyl

cellotr/osyl /&A/\
&/H&/ ,, (1-4) 1) (1-4) |a (1>4)
Z/Ho -(1-4) -(1-4)
cellotetraosyl!
cellotriosyl

Figure 1. Chemical structure of mixed-OLQND JH 4fgHdamH(B& comprised mainly of cellotriosyl

DQG FHOORWHWU D R-MMkéd xsCrditated in the figure above. The bottom figure is the
VIPEROLF UHSUHVHQWDWLRQ RI WKH V-DPH-%QG6RO\Vilk&égeK@awbGH ZLWK
as horizontal and angled bonds, respectively. The fine structure of BG, defined as the cellotriosyl to

cellotetraosyl ratio (DP3/DP4) depends on the source of BG. Blue symbols represent Glc units.

Cereals are the main sourcé dietary fibasin the human die(EFSA, 2010Yhe two major cereal
dietary fibersare arabinoxylas (see Chapter § and mixedinkage (1: 3,1: 4)-t-D-glucars (BG)
(Torbica et al., 2022)BG is a high molecular weight (Mw), partially watsoluble, linear
homopolysaccharide composenhainly of cellotriosyl (degree of polymerization 3 (BP and
cellotetraosyl(DP4)units, linked through t-(1: 3)-bonds (Figure 1. This fiber ismost abundantly

found in oat and barley3(t11% content, sed@able 3, and in lower levels-G 19« Jv }SZ E & o0°U -«
as rye and wheafSchmidt, 2022)Depending on the cereal source, the chemical structure of&81G

vary in terms of DP3/DP4 ratio. For example, the DP3/DP4 ratio is lower in ot&.4) .than in barley

BG (2.33.4;Table ) (Burton & Fincher, 2012; Cui & Wood, 2000; Schmidt, 200#¥ difference in
DP3/DP4 ratio influences the gelation characteristics of 8€ higher the proportion ofDP3
(cellotriosylunits, the faster the gelatio/Vood, 2007)Therefore, gelation velocity is in the order of
wheat BG > barley BG > oat BG, when comparing materials of the same Mw and at the same
concentration(Lazaridou et al., 2004)

Table 1:Mixedlinkage -glucan(BG)contents, molecular weight (Mw), and fine structure (molar DP3/DP4 ratio)
for BG from the most relevant cereal sourdeeproduced with adaptations from a review by Schn{ix??2)

Cereal t-Glucancontent [%] Mw [kDa] DP3/DP4 ratio

Barley 5.0t11.0 40012500 2.313.4
Oat 3.0t7.0 40012500 1.512.3
Rye ~2.0 up to 1130 24127

Wheat ~0.5 2101420 3.0t14.5

Another important characteristic of BGitiscapability to form viscous solutions due to its high (for
Mw ranges, sed@able ) (Regand et al., 2009; Wolever et al., 200Be BG chemical structure and its
ability to form viscous solutions has been linked to various technolbgité health promoting

61



properties (Daou & Zhang, 2012; Lazaridou & Biliaderis, 20@8)ong various health promoting
properties, the most recognizable ones are
1) reduction of blood cholesterol levels in hypercholesteremic individuals and attenuation of
blood glucos€EFSA, 2010, 2011; FDA, 2009)
2) positive effects on satietfBarone Lumaga et al., 2012; Pentik&inen et al., 2014)
3) and immunomodulatory properties(Estrada et al., 1997)with indications that it acts
favorably against certain cancgfShoromanska et al., 2018) the digestive systerfDaou &
Zhang, 2012)

In addition, it has been shown that regular intake of food products containing cereal BG is among one
of the most effective natural ways to reduce the risk for cardiovascular diseases and diaffesesl)|
2015) It should be noted that the positive effects of BG on digestion are less dependent on its
viscosity high Mw. In this regard, BG can display paad probiotic effect{Schmidt, 2022)BG can

be a fermentable substrate to the gut microbiota, resulting in the release of short chain fatty acids
(SCFAjBai et al., 2021; Sayar et al., 200®hich play an important role in the gut and metabolic
health, being positively involved in the control of obesity, insulin resistance, and type 2 diéiblatek

et al., 2020; Shoukat & Sorrentino, 2021)

The solubilizatiorof BG from cereals is importamo optimize their usein food applications The
extractability of native BG depends on the extraction conditions (e.g. solvent, temperature, pH, time,
particle size, and fat content of the sampi@laheshwari et al., 2017; Schmidt, 202Zhe most
commonly useaxtraction typewith minimal depolymerizatiofis based on the solubility of BG in hot
water, with or without concurrent presence of enzymes to digest staW¢hen performing extractions
under physiological conditionsn( vitro digestion at 37°C) as reported by Beer et(4B97) the
extractability of BG was low and varied betweenta8% for three tested oat brans (previously heat
treated for enzyme deactivation). Hot water extractions at 90°C/2 h in the presence of termamyl, on
the other hand, lead to 5164% extractable BG onéhsame oat bran raw materials a marked
increase compared to thim vitro digestion at 37°C. In that study, both extractions methods lead to
BG of similar Mw (~i2 MDa).

Cereal BGxist as highMw polymers in the cereal cell walls, tangled together physically or linked
chemicallyto other componentgLazaridou & Biliaderis, 2007his might limit its potential functional
contribution in liquid and sernsolid plantbased foods. In addition, it is worth noting that cereals, in
particular oats, are often hedteated (or kilnedMaina et al., 2021)nactivaing v }P v} pb-t
glucanasegAmes et al., 2015; Andersson et al., 2004; Rieder et al., 2008h would otherwise
assist in increasing wat@xtractabilityby partial hydrolysis, releasing more BG, though potentially of
lower Mw as a consequencBesides heat, the pH of the extraction also determines the activity of
endogenoust-D-glucanaseg$Gangopadhyay et al., 201%xtraction of BG from barley at pH 8.0 led

to inactivation of t-D-glucanasesand consequent extraction of high Mw BG polymers.

1.2 Influence ofermentationon the molecular structure of cereal BG
Fermentation processes used to develop new cebsasled fermented foods containing BG can lead
to modification of the physicochemical and structural properties of native BG. Some studies have
investigated the influence of fermentation on the molecular pedpes of BGAngelov et al., 2006;
DegutyteFomins et al., 2002; Lu et al., 201Br example, Lu et gR019)investigated the effect of
fermentation (0 up to 12 h, 38C), using lactic acid bacteria (LABg¢tobacillus plantaruin on the
physicochemical properties of BG in oat sourdough. These authors verified that the total BG content
decreased (by around ~13%) after 12 h of fermentation, which was assigned to be caus&B by
growth, since oat endogenoug-glucanaseswere deactivated by heating before fermentation.
Regarding soluble BG, it varied to some degree throughout the fermentation process, fluctuating
between around 40% watesoluble BG (extractability relative to total BG at t = 0 h). In the first 4 h of
fermentation, the soluble BG content did not change significantly (~38% extractability). Fi®in 4
fermentation, the soluble BG increased (statistically significantly to ~45%), likely due to solubilization

62



HealthFerm Book of Methods

}(]Jve}ou o -gluc@sidases produced by LAB, while the LAB population stayed stable (lag phase).
After 8t12h of fermentation, the soluble BG amounts decreased again down to ~40% BG
extractability, due to the consumption of BG by LAB for their ovopagation. The observed Mw
profile was in accordance with the hypothesized behavior of LAB, i.e. the proportion of high Mw BG
(> 100 kDa) decreasing from initially ~44% (t = 0 h) down to ~31% (t = 12 h). It is evident that there are
two processes during fenentation that influence the amount of extractable/soluble BG and its Mw,
namely on one hand the release of relatively high Mw BG from the matrix, e.g. through partial
enzymatic hydrolysis of insoluble BG, increasing the soluble BG content and keepmghyland on

the other hand, the degradation and consumption of already soluble BG as food for the
microorganisms, reducing both the Mw as well as the contents of soluble and total BG. Depending on
the relative rate of these two processes, soluble BG aatstand Mw can be increasing or decreasing
during fermentation.

In anothersourdough fermentatiorstudy also with d_actobacillus plantarunstrain, Rieder et al.
(2012)observed the Mw reductioas a function of sourdough fermentation timgoing frominitially
~550kDa forsoluble BG in variousarley flours down to 11%52 kDa and 5@112 kDa after 30 min

and 18 h sourdough fermentation, respectiveMith (heat treated) oat bran, the observed Mw of

the soluble BG fraction went from 630 kDa in the bran to 546 kDa and 488 kDa after 30 min and 18 h
sourdough fermentation, respectively. This maximally 23% relative reduction in Mw during sourdough
fermentation of oat bran can be attributed to the fermentation process itself, in contrast to the
untreated barley flours with assum Z]PZ v } P xgjucanase activity, where it is harder to
distinguish what effect the endogenous enzymes had vs. the added LAB. BG extractability was not
determined after fermentation in this study, but is assumed by the authors to be also increasing,
this would explain some of their observations.

An important factor determining fermentation and the influence of fermentation on the BG structure

is the type of microorganisms involved during fermentat{Bai et al., 2021; He et al., 202RJe et al.
(2022)studied the effect of five different LABkactobacillus plantarum, Lactobacillus acidophilus,
Lactobacillus casei, Lactobacillus bulgariand Streptococcus thermophilu®n oat fermentation,
verifying that the highest content in BG was retained wHgnthermophilusvas used in the
fermentation process.

All in all, this shows that endogenous (when not previously deactivated) and microbial enzymes are
key in modifying cereal BG properties (i.e. Mw, solubility, and total content) during fermentation.
Thesemolecular changesnight alter the functional, nutritional and sensorial properties of foods
(Singh et al., 2012 o date, to the best of our knowledge, no studies have investigated the influence
of fermentation on the DP3/DP4 ratio of BG after fermentation. Although it is expected that this ratio
will not bessignificantlyaffected by such enzymatic hydrolysiepending on which parts of BG are
solubilized via enzymes, the DP3/DP4 ratio of the watdractable fraction right change.Hence,
analyticalproceduresfor characterizing fermentatioinduced changes in the molecular structure of

BG aredescribed here, including proposed modifications of established methods.

2. Method(s) of analysis
The main methods and sample preparations described in this chapter areF{gaeee 2for the
overview):

- The guantification oftotal cereal BG content in fermented samples via the Megazyme
(K-BGLU) McCleary Assay Kit, with the appropriate adjustments of the original methods for
the low Mw BG that can be observeddanzymatically treatedermented samples. This kit is
also used for the determination of BG extractability.

- Analysis of the DP3/DP4 ratio of BG after lichenase treatment, via HPRAEC

- Isolation of BG f£BG extract) & molecular weight distribution analysis by-BHBEC(& light
scatteringviscosity detectork
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Isolated
BG extract

BG purity (%)
Megazyme K-BGLU01/21
Assay Method (C)—step 6

M, & M,; B =M, /M,
SEC-RID (light scattering)
DMSQ/LiBr or agueous

* Freeze-dry & mill (if necessary)
* Removal of fat & simple sugars
* Enzyme deactivation

* Removal of starch, proteins, AX
* EtOH precipitation, drying

Other analyses
(e.g. oxidative
damage by
UPLC-FLD-MS)

* Homogenization in H,0

* Centrifuge - Supernatant
* Deactivate (100°C)

* + FtOH (—90% EtOH)

— BG precipitate

Fermented
sample

Extractability

BG content
Megazyme K-BGLU 01/21
Assay Method (C)

'

*Modification to method:
90% EtOH washing step

BG content

Megazyme K-BGLU 01/21
Assay Method (B)

T

*Madification to method:
Homogenize 3 g into 27 mL
EtOH (to reach ~90% EtOH)

Figure 2.Schematic overview of sample preparation steps and analytical methods for cebeglucan (BG),
starting with the fermented sample in the middie.Modifications to the standard MegazymeBGLU method
(Version 01/21) for BG guantification, introduced to minimize loss of $MV&IIBG while still allowing removal
of glucose that could interfere in the assay.

Two of the main methods presentedhd quantification of B&nd the fine structure(DP3/DP4)
analysisrely on the specific action of the enzyme lichenase to produce BG oligosaccharides with

Z & S E&(1=33)linked reducing end unitéseeFigure 3. These are then fully hydrolyzed to
Pou }+ Adlagbstdase in the BG quantification method.
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(1-3, 1>4)-p-D-glucan (BG) BG fine structure (HPAEC-PAD) BG quant.
Iichenése ﬁ-glucogidase
(endo X) DP3 DP4 (exo y)
OH OH
\ N N\ N - _OH
< :
= g : i D-Glucose
P /7\ cellotetraosyl ~% 1
\/7\ cellotriosyl b7 \ Oat BG ~2 : 1 ﬂGOPOD
K \ 3 (+ DP5-9) '
\ ! Barley BG  ~3 : 1 i Colorimetry
‘ (molar ratio) (@t 510 nm)

Figure 3.Symbolic representation of the BG polysaccharide (on the left), most commonly found in oat and
barley, as well as the impact the enzyme lichenase has on it, important for BG quantification and fine
structure analysis. Lichenase (step i) hydrolyzes Bispiy at the -~ i W-Brkage of a - ~ i W-limked

glucose unit (indicated with), releasing oligosaccharides with degree of polymerization (DP) 3 and 4
predominantly (plus small amounts of DR%. The DP3/DP4 ratio is the-salled fine structee of BG, which

is characteristic depending on the source. The action-glucosidase (step ii) fully hydrolyzes these
oligosaccharides to glucose, which can be quantified by means of an assay using glucose oxidase +
peroxidase and-aminoantipyrine (GOPOD reagent; step iii).

Equipment
Analytical scale (0.1 nagcuracy

Adjustable volume pipettes (2200 uL, 10@1000 L, 0.15.0 mL, 1.010.0 mL)

Shaking water bath/ shaking dirycubator

Heating plates with large beakers for boiling water baths

Laboratory @en

Vortex mixer

Centrifuge

Spectrophotometer set at 510 nm

HPAE@AD with analytical Dionex CarboPac Rt x 250 mm)with a CarboPac PA1 guard
column @ mm x50 mm)

X X X X X X X X X
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2.1 Quantificaton of BG t the Megazyme McCleary Method

(Colorimetric)
The colorimetric McCleary method using the Megazyme AssayBGiLKIt established for the reliable
and specifigquantification ofmixedlinkage{(1 &),(1-4)]- t-D-glucanin oat, barley, malt, wort, and beer
tis a recommended standard method (AOAC Official Method 995.16, AACC (Metl3)l, 3¢C
~D 8§72} E}X i006eeX /S v o<} He (}J& ( Eu vs * UNBBGLUX dZ |]§]
version 01/21) has several methods desedltepending on the sample, withe most relevant ones
being (for suggested adaptations, see secfiah?):
x Method (A)for barley/ oatflours v. (] & * u%o0 ¢_ ~*S v E u SZ} X
x Method(B)for ~ }}1 U S} 8§ U }E ASEpP tmdE sutableddnfqumemted
solid samplesandincludes an aqueous ethanol washing step to remioge sugars and fat.
X Method (C) (}E& ~ulolez | U C}PuUES v }8Z E o]J<hu] < u%o _U ]
precipitation step to remove free sugars and famost suitable for planbased fermented
semisolid samples

2.1.1 Method principle & explanation of the various steps:

2.1.1.1 Total BG guantification

The method is based on the selective hydrolysis of cereal BG through the highly purified enzyme
0] ZveeUAZ] Z ZC E}oCl * ' -Pbo4)yickage ofGhe EIRBstittited glucose units
in the chain Figure 3stepisX , v U oopo}e U (}E ]Jves v U Agljcah, put oe} SC
% E( $0C o]v @l :M)ikayes) G rot hydrolyzed, allowing the selective release ef BG
oligomers from samples that also contain cellulose and other polysaccharides. This enzyme also helps
in releasng cereal BG quantitatively from the milled sample matrix, including the wasaiuble
portion of cereal BG that otherwise would stay in the solid matrix. These enzymatically released BG
oligomers (mostly DP3 and DP4, witkl6% DP39) are watersoluble. Hence, a centrifugation step
allows removing wateinsoluble constituents, including among others cellulose, starch, and

E ]Jv}ACo vX dZ]e ] E&]S] oU « SZ v AS ¢S % ]eglucodsid@s&S® *px% E\
hydrolyze the B@ligomers DP3t9) to glucoseKigure 3stepii), and this enzyme is not selective for

E o0 ' VCU}E us Alpo o0°+}-0ptA0@}oF0E Eot }3Z @GusahsuchE o t

as cellulose~+SEpu S E ogdganp 4n thetlast step, the resulting glucose is treated by the
GOPOD reagent, which is a reagent mixture that enzymatically oxidizes glucose, producing gluconic
acid and HO,, with the latter reacting with aminoantipyrine to produce the purple/pink colof the
assay, allowing spectrophotometric quantification at 510 nm.
For this assay to allow for accurate quantification of cereal BG, the initial content of glucose (or

l*+ Z E&] I }o]P}s Z E] + 8$Z 8 Vv %E} p -fucpsipase)Gastd be S]}v }(
rather low. Although a sampleactionblank is also measured after the lichenase step when working
with the supernatantwhich allows for correction of smaller residual amounts of already present
glucosesome enzymatically pretreated and fermented products may contain even more free glucose
than BGEspecialy forthese types of samplesn aqueous ethanolashing step at the very beginning
~ ¢« ]Jv D P ICu [+(B&§Q)may benecessary to remove free sugassd hence, for reasons
of simplicity, comparability, and uniformity, is suggested here to generally be applied for all fermented
samples and their controls.

2.1.1.2 BG Extractability
The water E£ESE $§ ]o]35 Gglucan iKBerealefined as the percentage of total BGntained in
the same sampléhat can be solubilized/hen mixed ira 1:20 ratio of solids to water, duririghours
at 40°C under shaking / ooCU ASE § ]Jo]SC }( & o ' ]- § Gulv 1E
and not after freezalrying, as freezelrying can change the properties of BG including extractability.
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However, if all samples are treated the same way, determination of BG extractability from-freeze
dried samples can still allow comparisons between samples.

While the time for extraction in this extractability determination is kept constant (2 h at 40°C; the
same as for preparing BG extract isolates described in set8a®), what has to be taken into account
experimentally when comparing the effect of fermentation on BG solubilization, is the fact that
fermentations typically take place for several hours, leading to solubilized BG just due to this contact
time with water, rrespective of the fermentation. Hence, a proper control, to be able to assess what
effect the fermentation alone has on the BG solubilization (and not just the time in contact with
water), would be to incubate the material under the same conditions aggimeentation but without
starter cultures, and instead, adding antibiotics to inhibit spontaneous fermentaficuitable recipe

for this purpose would be chloramphenidak antibacterial agent) and cycloheximide (as antimycotic)
both at 0.01% (w/w)Arte et al., 2015)

2.1.2 Summary of daptations for Megazymié BGLWMcClearynethods
The main modifications of the original Megazyme methods (A), (B), and (C) are summarized here,
largely to minimize the loss of low Mw BG in the case of enzymaticalygated/fermented
samples:
- For samples of high BG content (oat bran concentrate, isolated BG extracts): longer
dispersion/heating times and double the amount of lichenase (Methodin section2.1.3).

- For fermented solid samplesnd their controls: use ofigherethanol concentrations
namely 9%(v/v) aq.EtOH instead afnly 50% inMethod (B) (section2.1.4).

- For semisolid samplesadding pure EtOH to reacl®6%(v/v) EtOH instead abnly reaching
~70%for the precipitationin Method (C) as well as washing with 90% aq. EtOH (section
2.1.5.

- Madification of the respective procedure to allow for BG extractability determination,
namely including a centrifugation step and working with the supernatant (secidnéand
2.1.5.

2.1.3 Completeprocedure for the standard total B@&ethod (A)
Here,the complete standard procedure for total mix¢idkage BG content for oat or barley flours is
presented step by stepncluding some additional details that go beyodéthod (A) described in
D P ICu {BGkU (01/21) booklet, and some minor adjustme&tsne alterations for samples with
high BG contents (oat bran concentrate, BG extracts) based on Zielke et al. (2017) are also presented
asMethod ~ |-
Controls:Megazymecontrol flours from oat and barley that are part of theBIGLU kit, with indicated
BG content on the bottle. Measure at least one of them with each batch.
Reagents, buffers, solutionBrepare according to the booklet of the MegazymB®LU Kkit.

Method (A):For unfermented, dry, milled samples with max. 10% BG content:
(1) If necessary, mill sample to pass through a 0.5 mm screen.

(2) Accurately weigh milled sample (~100 mg), e.g. in Falcon tubes (15 mL size) in triplicate.

(3) Add 0.4 mL 50% (v/v) agueous EtOH to wet the sample and aid dispersion. Then, add 5.0 mL
phosphate buffer (20nM, pH 6.5) in a fast stream pointing at the sample for instant mixing,
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(4)

®)
(6)

()
(8)

9)

(10)

(11)

(12)

d}

cap tube immediately, and vortex mix until fully dispersed (if necessary, shake manually until
all lumps disappea#).

Then, place the tube with dispersed sample right away in a boiling water bath for 60 s, vortex
mix vigorously, and repeat two times with 2 min incubations for a total of 5 min boiling time
(for glass tubes, a total of 1 min + 2 min mid sufficesy.

Place tubes in a shaking water bath at 50°C, allow to equilibrate for 5 min.

Add 200uL lichenase solution (50 U/mL in 20 mM phosphate buffer; 10 U), cap and vortex
mix. Incubate for 1 h at 50°C in shaking water bath, with regular vigorous vortex mixing every
15120 min (or continuous stirring if such a device is available).

Add 5.0 mL sodium acetate buffer (200 mM, pH 4.0), vortex mix vigorously.

Keep tubes at room temperature for 5 min, then centrifuge (10 min at >3000 x g). For each
replicate sample tube, carefully dispense }Q0aliquots of the supernatant into the bottom
of three new Falcon tubes (IBL size; tubes #1, #2, and #3).

a. Samples

X The reaction: to tubes #1 and #21ch100 R >gtucosidase solution (@/mL
in 50 mM sodium acetate buffer pH 4.0; 0.2 U).

X The reaction blank:a tube #3, add 10QlL sodium acetate buffer (50 mM,
pH 4.0).

b. Calibration standardn new Falcon tubes (15 mL size), mix (in quadruplicateuL.OO
D-glucose standard (14g/mL) + 100 pL sodium acetate buffer (50 mM,48).

c. Reagent blankin a new Falcon tube (15 mL size), mix ilD@vater + 100 pL sodium
acetate buffer (50 mM, pH4.0).

If some drops of solution happen to be on the tube walls instead of the tube bottoms,
centrifuge tubes briefly to bring everything down. Then, incubate all these tubes at 50°C in a
shaking water bath for 10 min.

Add 3.0 mL GOPOD Reagent to each tube (including standards and blanks) and incubate at
50°C for a further 20 min.

Take tubes out of the water bath and measure the absorbance at 510 nm withifzéro
spectrophotometer using the prepared reagent blank).

0O Mo $-Pau tv }vs vs (E}lu §Z *}E v MNega CulPeb%qE S "5

available on the Megazyme websitkttps://secure.megazyme.com/Bet&lucanAssayKit). Enter

the measured absorbances (three values for each replicate: the reaction from tubes #1 & 2, and the
reaction blank from #3), the exact Sample weights (~100 &agjple volume = 0.1 mL, Diluticfo(d)

=1, and Extract volunwe 10.6 mL for all samples.

1 Original Megazyme method uses 0.2 mL aq. EtOH and 4 mL phosphate buffer, however, experience showed that 0.2 mL is
rarely enough to fully wet the flour sample®0.4 mL), and using slightly more phosphate buffer (5 mL instead of 4 mL) aids
in the dispersion, especially in cases of high BG contents.

2|f there is waiting time in between steps, ensure that the tubes are regularly vortex mixed to avoid clumping.
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Method (_]): For oat bran concentrates or BG extracts with08% BG contentthe following
modifications apply to Metho@A) for the indicated steps (based dielke et al. (2019
- InStep (2):useonly~35mg (fortii9 'e } & i uP ~(}E& HIA9 'eX

- In Step (3): additionally, add a magnetic stirring bar to each tube.

- New Step (4): heat in boiling water bath under stirring for 2 h, with regular manual vigorous
shaking and vortex mixing every % h. For BG extracts, the sample has to fully dissolve before
continuing.

- In Step (6): double the added lichenase amount and incubation time at 840 L, 2 h).

- New Step (7): Add 5.0 mL sodium acetate buffer (200 mM, pH 4.0), vortex mix vigorously.
Then transfer whole content, including any solids, to a 50 mL Falcon tube with the help of
30mL sodium acetate buffer (50 mMH 4.0, stir for 10 minThencontinue withthe regular
Sep (8)from Method (A).

&}E §Z o po 3]}v }( ' IMSgwvGalA]§% &Z 8 theldxact Sample weights (in
mg),Sample volume = 0.1 mL, Diluticfo(d) = 1, and Extract volume40.8 mL.

3 For isolated BG extracts that are precious, where one does not want to use 3x 25 mg = 75 mg just for the BG purity
determination, one could either, if available, use a scale with 0.01 mg accuracy and use ~5.00 mg per replicate instead, wher
then for Step(7), the original MethodA) Step (7) can be applietior use the procedure described in the BG extraction
section for BG quantification in pure solutions (sectod.3).
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2.14 Total andextractaldle BGor fermentedsolidsamplest controls
Herein, the suggested procedures are presented to determine total and extractablefB@ehted
solid (e.g. freez@ried) samples and their unfermented controls. Extractable BG for solid, milled raw
materials such as oat flour, oat bran etc. may also be determined using this method.

For total BG contentt adaptedMethod(B) ForextractableBG(soliddry sample$

(1) Accurately weigh 300 mg sample in (1) Accurately weigh 200 mg sample ifralcon
Falcon tubeg15 mL sizein triplicates. tubes(15 mL sizein triplicates.

(2) Next, enzymes are deactivated (ainde glucose amounts reduced) by adding mil0 aqueous
ethanol (90% v/v), vortex mixingnd incubation in a boiling water bath for 5 m@ol to room
temperature (e.g. undecoldrunning water)before opening the tubeghen add 5.0 mimore
of 90% (v/v) aq. EtOlnd vortex mix Centrifugefor 10 min at >300&g. Discard the
supernatant

(3) Again, resuspend the pellet in 5.0 mL of 90% (v/v) aq. EtOH, vortex mix, then add 5.0
more, mix, then centrifuge for 1Min at >3000k g. Discard the supernatant.

(4) Add 5.0 mL phosphate buffer (2GM, (4) Add 40 mL water to the pellet &£1:20

pH 6.5) in a fast stream pointing at the solids/water ratio)in a fast stream pointing af
pellet for instant mixing, cap tube the pellet for instant mixing, cap tube
immediately, and vortex mix until fully immediately, and vortex mix until fully
dispersed. dispersed.
(5) Continue withMethod (A) Step 6 (5) Incubate at 40°C for 2 h in a shaking water
(section2.1.3. bath, mix manually every % h.
Calculate§}s o ' }vS v8 ~Pliii P (6) Centrifuge for 15 min at >3000g.

with the Megazyme excel fileentering the
used exact Sample weights (~100 mg), Samy

volume = 0.1 mL, DilutioAf¢ld) = 1, and _
Extract volume = 10 L. (8) Add1.5mL sodium phosphate buffed@ mM,

pH 6.5) (taresult in20 mM).
(9) Add150 pUichenase (50 U/mL), vortex mix.

(10)ncubate for 1 h in a shaking water bath
50°C, with regular vigorous vortex mixil
every 15t20 min.

(11)Add 4.0 mL sodium acetate buffer (200 mN\
pH4.0),vortexmix thoroughly

(12)Continue with Method(A) Step (8) gection
2.1.3.

Calculate £#/S& 8§ o ' }vs vs ~P
with the Megazyme excel filausing the usec
Sample weights (=200 mg), Sample volume
0.1mL, Dilution {fold) = 2.8, Extract volume
7.15mL?

(7) Take aliquot of supernatant (1.5 mL) and
transfer to a new 15 mL Falcon tube.

4 Extract volume of 7.15 mL = (1.5+1.5+0.15+4.0) mL, and dilution factor of 2.8 comes from 4.2 mL/1.5 mL, namely taking a
1.5 mL aliquot from the ~200 mg sample dispersed in 4.0 mL water + 0.2 mL (assumed) residual 90% EtOH stuck to solid
sample from the wahing step = 4.2 mL.
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2.15

Total andextractalle BGor fermentedsemisolid liquid samples& controls

Herein, the suggested procedure is presented to determine total and extractable B@nanted
semisolid/liquid samples (such as plartased yogurt products) and their unfermented controls.

For total BG contentt adaptedMethod (C)

(1) Record the weight of empty Falcon tube
(50 mL size), to then accurately wei
~3.0g sample in them in triplicates.

(2) Next, enzymes are deactivated (and fr
glucose amounts reduced) by addil
5.0mL absolute ethanol, vortexnixing,
and incubation in a boiling water bath f
5min. Cool to room temperature (e.(
under cold running water) before openir
the tubes, then add 20 mL more of ak
EtOH and vigorously vortex mi¥H~90%
EtOH). Centrifuge for 10 min at >3009.

Discard the supernatant.

(3) Resuspend the pellet in 8.0 mL of 90% (\
ag. EtOH, vortex mix, then centrifuge f
10min  at >300xg. Discard the

supernatant.

(4) Resispend the pellet in sodium phospha
buffer (20 mM, pH 6.5) adjusting th
volume to 5.0 mL (by weight), from th
known weight of the empty tube. Incubat

the tube at 50°C for fin.

Continue with Method(A) Step 6 (sectior
2.1.3.

Calculate§}s o }vs v8 ~PliiwitA
the Megazyme excel filentering the used exac
Sample weights (~3000 mg), Sample volum
0.1 mL, Dilution-fold) = 1, and Extract volum
=10.2mL.

(5)

[

Forextractable BG(semisolidliquid sample¥
(1) Accurately weigh ~3.0 g sample in Falc
tubes (15 mL size) in triplicates.

(2) Add the appropriate amount of water to eac
replicate to reach a solids/water ratio of 1:2
tin this case example with 15% (m/m) d
uss E v iXi9 " N ]

6.45mL (adjust amounts accordingly fi
different dry matter contents§. Mix until

properly dispersed
(3)

Incubate at 40°C for 2 h in a shaking wa
bath, mix manually every % h.

Centrifuge for 30 min at >3000y 5

Take aliquot of supernatant (1.5 mL) a
transfer to a new 15 mL Falcon tube.

Add 13.5 mlabsolute ethanoto reach ~90%
(viv) EtOH. Vortex mix. Centrifug
(>3000x g, 15min), and decant supernatan

(4)
(5)

(6)

(7) Resuspend the pellet in 3 mL sodit
phosphate buffer (20 mM, pH 6.5). Incubg

the tube at 50°C for 5 min.

Add 150 pL lichenase (50 U/mL in 20 n
phosphate buffer pH 6.5; 7.5 U), vortex mi

(8)

(9) Incubate 1h in a shaking water bath at 50°

(10) Add 4 mL sodium acetatriffer (200 mM, pH
4.0),vortexmix, then wait 5min.

(11) Proceed according to Methogh) described
in section2.1.3from Step (8) onwards.

Calculate £/ 8§ o ' }v§ vs ~P
with the Megazyme excel fileentering the usec
exact Sample weights (~3000 mg), Sample voli
= 0.1 mL, Dilutionfold) = 6.3 and Extract volume
=7.15mL.

5 Calculation: for sample with 15% (m/m) solids, the sample contains 3« 1H =0.45 g solids, hence 200.45g =9.00 g
= desired total amount of water, and the amount of water that needs to be added g9t(8.00g t0.459) =6.45¢.

61f e.g. 13000 x g is available, centrifugation time may be reduced to 15 min.

7 If this solution should be frozen/stored, the enzymes need to be deactivated, e.g. by incubating in boiling water bath for

10min. This is not necessary, if the aliquots are used right away in the next step (precipitation with EtOH).

8 Dilution factor of 6.3 comes from 9.45 mL/1.5 mL, namely taking a 1.5 mL aliquot from sample diluted to 3 g + 6.45 g.
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2.1.6 Calculatios

e A A 0 A -
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FS-"f .. —F, %L« s >—— Hsrr’.
gég@&Oéég%C&)&d@e

However, since the total BG content may also change during fermentation (consumption of BG
through microorganisms), for reasons of comparability between samples and controls, it may also
make sense to calculate the BG extractability as the extractabl@Bént relative to the initial total

BG content (at t = 0 h of the fermentation) for all samples and controls, instead of relative to each
e U%O0 [*+ SpooC § 8§ 38}S o ' }vs vsX

2.2 Fine structure analysisDP3/DP4 by HPAEBD

2.2.1 Method principle & explanation of tharious steps
The fine structuret or molar DP3/DP4 ratio, corresponding to the cellotriosyl to cellotetraosyl ratio in
the BG chairt can be determined representing various populations of the total BG in the sample. We
propose to focus on the two most straigfdrward ones, namely:
i.  Total population (incl. wateinsoluble BG),
i. Waterextractable population.

Same principles apply as for the Megazyme McCleary assay for BG quantifidtiioagard to the

use of the enzyme lichenageee subchapteR.1.1). To measure the former, total populatioone

takes advantage of the fact that lichenase is able to hydrolyze also insoluble BG, releasing the soluble
BGoligosaccharides just as in the total BG quantification agsajyu %. 0 C A]3 Z Jgl€osidaset
addition. The wategextractable population, on the othdrand, is proposed to be measured under the
same conditions as Béxtractability (seesections2.1.4 and 2.1.5), namely after a simple water
extraction of the sample material and working with the supernatant after centrifugation.

2.2.2 Procedure for DP3/DP4 rafior total BG
(2) Depending on the sampleglfow the firstfour steps of thesameprocedureused for total BG
quantificationof that sample:

0 Method (A)in section2.1.3for control flours/raw materials.
o Adapted MethodB)in section2.1.4for solid fermented samples and their controls.

0 Adapted Method(C)in section2.1.5 for semisolid/liquid fermented samples and
their controls.

(2) Add 200uL lichenase solution (50 U/mL in 20 mM phosphate buffer; 10 U), cap and vortex
mix. Incubate fo2 h at 50°C in shaking water bath, with regular vigorous vortex mixing every
15120 min (or continuous stirring if such a device is available).

3) Deactivate lichenase by incubation in boiling water bath for 10 min (5 min if glass tubes are
used).

(4) Centrifuge tubes (15 min, >30@®), take supernatant and dilute it 20x with watdilter
(0.45pm), and transfer 1000 pL intdPLC vials (1.5 mL).

(5) Analyze by HPAERAD continuing with sectiah2.4.

2.2.3 Procedure for DP3/DP4 rafior water-extractable BG
1) Follow the first 8 steps of the procedure for thmase 2IBG extractability method above, up
to and including step 8 (lichenase treatment of diluted supernatant).

2) Deactivate lichenase by incubation in boiling water bath for 10 min (5 min if glass tubes are
used).
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3) Centrifuge tubes (15 min, >300®), take supernatant and dilute it 20x with watdilter
(0.45um), and transfer 1000 pL intdPLC vials (1.5 mL).

(4) Analyze by HPAH®AD continuing with sectior2.2.4.

2.2.4 HPAE@AD conditions
Two general procedures are commonly used for fgglformance aniorexchange chromatography
with pulsed amperometric detectio(HPAE@®AD), depending on the available specific column setup:

Columnsetup Eluents Reference

CarboPac PA1 analytical (4x250 mi A:0.15 MNaOH

plus guard (3x25 mm) colurafrom _ . Johansson et a(2004)
Dionex (Sunnyvale, CA, USA) B:0.5 MNaOAc ir0.15 MNaOH

CarboPac RAQOO analytical
(4x250mm) plusguard (4x50 mm) A 1.0 MNaOAdn 0.1 MNaOH  Rantanen et ak2007)

columns from (Dionex, Sunnyvale, B: 0.1 MNaOH Laitinen et al(2023)
CA, USA)

For the gradients, detector pulse potentials and durations, see the respective references above.
Glucotriose (@BBGTRIB) and glucotetraose-BGTETB) are recommended to be used as external
v &+ 38} <pvs](C & o '[+ Wi v WoJo Mu#spectivély), 80 ey A1 R
xylotriose (GXTR) as an internal standé&(ddded e.g. at 25 uM level to all samples and standards; all
oligosaccharides are from Megazyme, Ireland).

9 Check first with injection of samples before xylotriose addition that the samples do not have a pekitirng with the
internal standard.
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2.3 Isolation of BG for SEC

The following procedure for the extraction and isolation of cereal BG necessary f&IBEQM.-
distribution analysis is based on the publication of Laitinen e2823) which in turn is based on
procedures published by Makela et @021)and Lazaridou et a2004) Modifications were made to
allow for the handling of several samples in parallel, and to account for the expected potentially lower
molecular weight for samples that underwent enzymapietreatments/ fermentation, such as
freezedried plantbased yogurt (gurt) samples.

Note that this procedure extracts BG at 40°C in water and includes a centrifugation step (i.e. removal
of the solids) before the digestion of starch, proteins, and AX in the supernatant, to isolate the water
extractable BG population. This contrasts withey methods that use extractions in the presence of
sample solids and termamyl at @%°C, where the high temperature presumably allows for the
extraction of also higheM,, BG and hence potentially produces an extract that is slightly more
representativeof the total BG. However, such a higgmperature extract does not represent anymore

the waterextractable population of BG that can be expected to be solubilized during human digestion
and hence is of special interest due to its immediate availability,fer beneficial bacteria in the gut.

2.3.1 Method principle & explanation of the various steps
The chosen, adapted method starts with deactivation of enzymes and concomitant removal of lipids
and sugars through the treatment with 80% EtOH(ag.) at 80°C. After decantation of the supernatant,
water is added and the solubilization of BG started witreatraction temperature of 40°C, which is
specifically chosen to be slightly above room temperature to help with the dissolution, but well below
the gelatinization temperature of starch. The next steps include enzymatic treatments, taking
advantage of TermuCo[e Z]PZ §]A]3-@npe, sudHthatho pldjustments are necessary,
while the other two enzymes are added dissolved in their appropriate buffer, which proved to lead to
adequate pH levels for each enzyme without having to measure and atjgigpH manually by
dropwise addition of an acid/base for each step, making this a streamlined, efficient method allowing
for parallel BG extractions on several samples at oneg. 10 samples per person/ 3 days

2.3.2 Detailed pocedure for BG isolation
Preparation of samples, buffers, enzymes, solvents, solutions

x If necessaryfreezedry andmill solid samples, e.g., using a blender to have material that
passes a 0.5 mm screen.

x Sodium acetate buffer (0.5 M NaOAc, pH 440)d 7.25 mL glacial acetic acid to 200 mL water.
Adjust to pH 4.0 by the addition ofM sodium hydroxide (160 g NaOH/L; needs ~27 mL).
Adjust the volume to 25L with water.

X Sodium Bicarbonate (0.15 M NaHEG15 mg NaHCOn 25 mL water.
Termamyl 300L~+4amylase fronBacillus licheniformisom Sigma, A486250ML): ready as is.

Pancreatin solution18.75 mg/mL in 0.15 M NaHgO
To have enough for 1€amples, dissolve 131.3 mg Pancreatin from porcine pancreas (8 x
USP specification, Sigma P7545) in 7 mL 0.15 M NdHQ® above).

X Xylanase solutiorB0 U/mL in 0.5 M NaOAc (pH 4.0)
To have enough for 10 samples, dissolve 220 mg of xylanasé frermomyces lanuginosus
(Sigma X2753, 2500 U/g) in 11 mL 0.5 M sodium acetate buffer (pH 4; from above).

Milli-Q water (0.5 L for 10 samples)

Ethanol abs. (EtOH) (1.5 L for 10 samples)

~80% EtOH (0.5 L for 10 samples; AQ0EtOH abs. + 100 mL water)
~95% EtOH (0.5 L for 10 samples; 475 mL EtOH abs. + 25 mL water)

X X X X
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Suggesteaeededvessels for 18ample extractions

x 10 x 4 = 4@alcon tubes (size 50 mL)
x 10 Nalgene centrifugation bottles or equivalent vessels (size 250 mL)
X 10Falcon tubes (size 15 mliafed! To be able to determine the final isolated amount)

DAY1: DEFATTINGNVASHINGAND AQUEOUS EXTRACTION

(1) Weigh 5.0 g solid, milled sample in 50 mL falcon tube. Add 40 mL 80% EtOH.

(2) Shake at 80°C for 2 h in a shaking water bath (200 rpm), with manual skakiygl/2 hour.
(3) Centrifuge for 15 min at >3000 x g.

(4) Decant and discard supernatant.

(5) Resuspend in 380 mL 95% EtOH (fill tube to 40 mL mark), mix well using spatula.

(6) Centrifuge for 15 min at >3000 x g.

(7) Decant and discard supernatant.

(8) Resuspend in 380 mL 100% EtOH (fill tube to 40 mL mark), mix well using spatula.
(9) Centrifuge for 15 min at >3000 x g.

(10) Decant and discard supernatant. Remove as much liquid from the tube as possible, i.e. by
carefully inverting tubes while holding kitchen towel over the opening.

(11) Evaporate some of the remaining ethanol in an oven at 60°C for 1 h.
(12) Fill the tube with MiliQ water up to the 50 mL mark. Mix well to ensure even suspension.

(13) Place the tubes horizontally in shaking/rotating incubator (avoids settling of solidsetter
mass transfer/ BG extraction), and incubate at 40°C for 2 h, regularly turn/shake the tubes to
enhance extraction of BG.

(14) Centrifuge for 15 min at >3000 x g.
(15) Collect supernatant in fresh 50 mL falcon tube.
(16) Store in fridge until next day.

DAY2: DIGESTION OF STARBROTEIN®ND ARABINOXYLARRECIPITATION OF BG

(17) Get samples from fridge. Add 0.5 mL Termamyl 300L to each sample.

(18) Incubate at 80°C for 1 h in shaking water bath.

(19) Heat in boiling water bath (covered with aluminum foil) for 30 min to precipitate proteins.
(20) Cool the tubes by placing them in cold water.

(21) Centrifuge for 15 min at >3000 x g.

(22) Collect supernatant in fresh 50 mL falcon tube (discard pellet).

(23) Add pancreatin solution (18.75 mg/mL in 0.15 M Nakj@®reach 1.5% (v/v) (by this point,
it is usually ~35 mL sample soluti@add 0.525 mL).

(24) Incubate for 1 h at 40°C in shaking water bath at 120 rpm.

(25) Place tubes in boiling water bath, start timer for 10 min once inside temperature reaches
80°C.

(26) Cool the tubes by placing them in cold water.
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(27)
(28)
(29)
(30)
(31)

(32)
(33)
(34)
(35)

(36)

Centrifuge for 15 min at >3000 x g.

Collect supernatant in fresh 50 mL falcon tube (discard pellet).

Add 1 mL of xylanase solution (50 U/mL in 0.5 M NaOAc pH 4 buffer).
Incubate at 55°C for 1 h in shaking water bath at 120 rpm.

Place tubes for 10 min. in boiling water bath (see step 19), start timer once it reaches 80°C
(which should be after ~4 min).

Cool in cold water.
Centrifuge for 15 min. at 4000 rpm.
Collect supernatant in 250 mL Nalgesamtrifugation bottle.

Add 5.7 volumes of absolutetOHportion-wise while swirling to precipitatBG, to reach
HO: EtOH (v/v) = ~15:85 (for the typically obtained ~35 mL supernatant from the previous
step, add 200 mL EtQH

Store inthe fridge at 45°C until the next day.

DAY3: GOLLECTION OFGLUCAN

(37)
(38)

(39)
(40)
(41)

(42)

(43)
(44)

Centrifuge for 15 min at > 3000 x g.

Transfer & wash pellet with ~15 mL EtOH abs. into tared 15 mL falcon tubertusel3stic
pipettes; keep Nalgene bottle & pipette fof@vashing round).

Centrifuge for 5 min at > 3000 x g.
Decant supernatant to waste.

Repeat washingentrifugationwith ~10 mL of EtOH ab@ise pipette from before, put
ethanol in Nalgene bottle first to recover last bits of precipitate before transferring to the
Falcon tubecontaining the BG pellgtse thin spatula thielpresuspend the pellet).

Paste the BG along the walls of the falcon tube withttiie spatula(to increase surface
area and facilitate drying)

Dry in oven at 60°C faeveral hours until fully dried.

Weigh the tubes and determine the isolated amount of BG extr&ttye BG extracts in
desiccator in the dark.
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2.3.3 Dissolution of BG extracts &nity determination
This procedure is designed to determiperity of BG extracts with minimal use of material, using a
solution of BG extract ipure water that may also be used for analysis by SEC (after further dilution
with SE@luent)1°

(1) If necessary, ground BG extract into a powder using a mortar and pestle.

(2) Accurately weigh30 mgBGextract into a cryo tub&4 mL sizeand wet with 0.1mL 50% (v/v)
aqueousEtOH Thenadd2.9mL water and immediatelgap and vortexmix.

(3) Heat the tubein a boiling water bath for 30 min with occasional vigorous manual and/or
vortex mixing, followed by, if necessary, anothelh at 80t85°C under stirring until fully
dissolved. As soon as the extrasfully dissolvedcover tube withaluminum foil and stir
overnight at RT.

(4) Starting fromthis 10 mg/mL t-glucan extract solutioraccuratelyweigh~500 mg into Falcon
tubes(15 mL sizen triplicates(record exact amountsKeep the rest in the fridge (e.g. to be
used for SE@nalyis later, see sectidh4).

(5) Add 4.50 mLsodium phosphatebuffer (20 mM, pH 6.5, vortex mix and shake until
homogeneous

(6) Continue with the Megazyme McCleary Asdégthod (A) from Step (5) onwards (section
2.1.3. For the calculatiomsing $ Z Méga Calc * % E , uge Sample weight = 500 mg
(use exact amountsSample volume = 0.1 mL, Dilutiofio{[d) = 1, and Extract volunre
10.2mL.

To calculate the purity of the dissolved BG extract, divide the resulting}vs v8 ~PIliii Pe ~ o Je
from the excel sheeby the extract concentration in the used 500 mg extract solutions (in this example
10 mg/mL =1.0% extract 4.0 g/100 g):

] »AO a4 ¢ OB @0 Bee )
PP —— — ————————— Hsrr
XUaeaeaSSAﬂegaCIEﬁgaOQaga@_rg—%@a

, V. U (& A u%o U ]J(SZ N e ]e_ & spos 1x1W%i4 7B.2PABEG puryZ v i XOoiTli

10Hence, instead of e.g. 3 x 25 mg BG extract = 75 mg being used just for the content determination (using Meithod (
section2.1.3), this procedure only needs 30 mg in total to prepare 3 mL 1.0% extract solution, of which only half is consumed
for the BG assay (3x 500 mg), leaving the rest fora®B@sis after dilution with the SEluent.
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2.4 Molecular weightlistribution analysis

The high performancesize exclusion chromatography (SEC) analysis for the determination of Mw

]*SE&] usS]}v }Eglucan can be accomplished with various setups of which based on
different eluent systemare presented herén detail that need isolated BG extracts (from sec®n
to have other ceextracted substances removed as much as possible (proteins, AX, starch). This is due
to the reliance on refractive index (RI) and light scattering detectors that would give a signal for most
eluting substances. Using a simple watetract of sample material instead, other -extracted
soluble fibers, starch and proteins would overlap in the elugram, not allowing the characterization of
BG. The alternative calcofluor white (CW) method, which allows selective detection of cereal BG also
in simple crude extract mixtures due to the specifically enhanced fluorescent signdfl(REGf the
CWBG complex, is not discussed in detail here. It may not always be suitable, i.e. when the Mw
distribution curve crosses below ~40 kDa for some enzywibtitreated/fermented samples, even
when using sodium chloride in the eluent to minimize these effects, as below this threshold, the CW
BG signal starts to loose intensity, with practically no signal forBGMelow 10 kDé-oldager &
Jorgensen, 1984; Manzanares et al., 1991)

24.1 DMSOI/LiBr eluent system for BG extracts

2.4.1.1 Description

d Z -dlucansare dissolved in water as described in sectidB.3 but at a 6 mg/mL concentration

0]<p}se }( @@ lops A]SZ 6ii ...> D~AK }vs ]Jv]vP iXii D >] EU (}ool}A

§ oA , (}J& i zZzX date (Jjou&H}ve~iXdA ..ue Vv v -pegfbrmaped si2ze Z|P Z
exclusion chromatography (HPSHGIJowing the procedure of Laitinen et &023) A Viscotek triple
detection systemis used which consisted of a combined light scattering and viscometric detector
~s]* }3 1 161U D oA Ev W v 0C38] oU D oA EvU h<e A]3Z 3A&} 0o]PZ3 -
670nm), and a refractive index (RI) detector (VE 3580, Viscotek). Separation occurred in two PLgel

Dly >A 1l ...u v oCS] o }opuve ~O0XA ? iii uuV PJo vs d Zv}o}P] -
maintained at 40 v W>P o D/y 11 ...u Py E }opuv ~O6XA ? fiisuueX i1XIii
used aghe eluent at a flow rate of 0.8 mL/min. The injection volumdii ...>X dZ -akerpBeZ §

molar mass values (Mvare calculated with OmniSEC 4.6 software (Viscotek) using a dn/dc value of
0.062 mL/dor cereal BG.

2.4.1.2 Advantage

- Completemolecular dissolution of BG extracts and reproducible results especially with high
Mw BG (which, in part due to aggregation, exhibits losses when filtered through a 0.22 um
syringe filter when in aqueous solutipreduced SE€covery), but also more accurate results
for low Mw BG, which have a tendency for visible aggregation in the SEC elugram.

2.4.1.3 Limitation

- Needs BG extract (elimination of other soluble polysaccharides and proteins).

- Does not represent the behavior aqueous solutions. Obtained intrinsic viscosity, Rg, Rh etc.
all only apply to BG in the DM&@Breluent.

2.4.2 Aqueous eluent system for BG extracts

2.4.2.1 Description
For aqueous SEAhalysis, heat up the diluted BG solution (1 mg/mL) t¢880C for 1 h before filtering
hot through a syringe filter (0.45 pum, nylon) directly into an H®BRCthat is placed into the 60°C
autosamplerWeight A &E P u}o po & A |PZ35 ~DA-« cereal B&ex@eissdiuted } (
in SEIluent to 1 mg/mL are determinetby highperformance size exclusion chromatography
(HPSEC) (OMNISEC, Malvern Panalytical Ltd, Malvern, United Kiagdording to Lupo et g2020)

78



HealthFerm Book of Methods

The system consisbf an OMNISEC RESOLVE chromatography compartment combined with a pump,

Vv uS}e u%o EU v Jopuv JA v <u]% % A]3zZ A} [0iiiD }opuve ]
mm, Viscotek, parent organization: Malvern Panalytical Ltd, Malvern, United Kingdom). GMNISE
RESOLVE detector compartmergquipped with a low and rigkdingle laser light scattering detector
(LALS/RALS), a refractive index (RI), a UV detector and a viscometer. OMNISEC software version
v.10.30is used for data acquisition, atysis, and reporting. A solution of 0.1 M NaN@th 0.02 %

NaN isused as mobile phase. The temperatwfethe autosampler is set to 60°C, abdth columns
are kept at 30°Cwith aflow rate of 0.7 mL/minandan injection volume of 100 pL. For the absolute
molecular weight determination, a calibratiors performed using narrow molecular weight
distribution polyethyleneoxide (PE®4K) standard using the refractive index increment (dn/dc) value
of 0.14 mL/gfor E -glutcan

2.4.2.2 Advantage

- Agueous systent closer to physiologically relevant conditiotiian in DMSO/LiBr

- Hydrodynamic radius, intrinsic viscosity and other determined characteristics directly apply to
agueous solutions.

2.4.2.3 Limitation

- Needs isolated BG extract (elimination of other soluble polysaccharides and proteins)

- Limited aility to measure high Mw BG quantitatively (loss of material in@¥5 pum and
0.22um filters during syringe filtration or as part of the S&Gtem)t lower SE@ecovery of
the detected BG peak than expected by the BG purity

- BG aggregation for small Mw Bfbtentially leading to less accurate Mw distribution results
AEsolution: filtering hotusing theautosamplerat 60°Clargely takes care of this problem
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X The water content of the solid samples should be known if dry matter contents are desired
for BG contents

X Always analyzthe control flours together with the samples.

x It is imperative that the lichenase enzyme preparatiomas crosscontaminated with the
t glucosidase preparation (the reverse is not a problem).

x To be more efficient, some mixtures may be used for more than one characterizagign
when determining total and extractable BG, after the lichenase step, the supernatant may be
used also for DP3/DP4 analysis by HPRED after additional dilution.
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1. Introduction

1.1 What are exopolysaccharides?
Polysaccharides, widespread in multiplerganisms, are high molecular weight polymeric
carbohydrate structures that exhibit chemical heterogeneity, physiological properties and biological
activities that are structure and source related (Chen & Huang, 2018). Polysaccharides are made of
monosacchride units connected together by glycosidic linkage. When these polymers are adhered
to the cell surface, or they are fully expelled to the surroundings, generating slime, they are referred
as exopolysaccharides (EPS) (Angelin & Kavitha, 2020). ERBaaedlalar macromolecules made up
of carbohydrates (sugar residues), replaced with proteins, DNA, phospholipids aiwdmahydrate
substituents such as acetate, glycerol, pyruvate, sulfate, carboxylate, succinate and phosphates (F.
Freitas et al., 2001 In general, EPS might be homopolysaccharides (HoPS) or heteropolysaccharides
(HePS). HoPS and HePS may differ not only in the fundamental subunits, but also in their structure,
chain length, degree of branching, and sugar bonds. HoPS are mainly coropghenbse or fructose
units, which commonly form glucans (dextran, mutan, alternan, and reuteran), and fructans (Ex. levan
type and inulintype polysaccharides), respectively (Ryan et al., 2015). On the other hand, the
constituent repeating units of HeRf8e usually Bylucose, Bgalactose, and rare sugars, such as L
rhamnose, mannose, arabinose and fucose, and in some casasetiglucosamine, N
acetylgalactosamine, or glucuronic acid (Torino et al., 2015). They are designated as gellan, xanthan
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and kefiran. HoPS have a molecular weight greater thAa0vhereas HePs range fronf1®6.0 x
10° Da (Angelin & Kavitha, 202@igure 1shows a schematic classification of EPS.

_—

1 constituent monosaccharide - o O
Repeating unit: glucose and fructose L & & & & & &
e T T L
-

2-8 constituent monosaccharides

—

Repeating unit: glucose, galactose, rhamnose,
mannose, N-acetylglucosamine, N-
acetylgalactosamine, glucuronic acid

or linear PELEEN

Figure 1 Schematic representation showing classification and characterization of exopolysaccharides

1.2 Natural factories of exopolysaccharides
Natural polymers versus synthetic polymer have garnered a lot of interest among scientific
communities over the last few decades owing to their advantageous therapeutic potential.
Remarkably, various microorganisms such as LAB and yeasts are well knpwoduoce EPS with
broad spectrum of structural diversity (Bernal & Llamas, 2012). Mounting evidence demonstrated the
capability of Fructilactobacillus LacticaseibacillysLactiplantibacillus Lactobacillus Lactococcus
LatilactobacillusLentilactobacills, Leuconostod.imosilactobacillufPediococcusstreptococcusand
Weissellaspecies in biosynthesis of EPS (Ang&likavitha, 2020; Zheng et al., 2020). Among yeasts
numerous genera oBullerg Candida CryptococcusDebaryomyces.ipomycesPichig Hansenula
Aureobasidium Pseudozyma Rhodotorula Kluyveromyces Sporobolomyces Kazachstania
ClavisporaHanseniasporaandTrichospororhave been recognized as EPS produdeahlfar Saadat
et al., 202). Generally, these organisms synthesize EPS to cope up with harsh and adverse growth
circumstances such as dehydration, osmotic stress, and pathogenic microbes, nenas@nsource.
Indeed, EPS are implicated in the invasion of natural habitats by host bacteria enhancing biofilm
formation and cell recognition (Karygianni et al., 2020). Biofilms are dominated by a population of
microbial cells which are bonded to oneadher and to the solid surface. These microbial cells are
encased in a slimy extracellular matrix made up of extracellular substances (exopolysaccharides,
proteins and lipids). It is noteworthy that biofitforming microbial cells are more resistant to right
depletion, temperature, pH changes, reactive oxygen species, and antibiotics than individual microbial
cells (Daba et al., 2021).
Although EPS is synthesized throughout the logarithmic and stationary phases, peak synthesis occurs
only in the late logarithmic phase (F. Freitas et al., 2011). The level of EPS produced differs depending
on the strains, medium composition, and culture ndidgions such as pH, temperature and
carbon/nitrogen ratios. Besides, the EPS released by microorganisms varies in terms of
monosaccharide composition, charge, linkage, presence of repetitivechimias and substitutions
(Angelin & Kavitha, 2020). All gmzes and proteins involved in the production of ESPs are regulated
by specific genes (Badel, Bernardi, & Michaud, 2011). The genes encoding EPS biosynthesis are
typically arranged in an operon cluster, with the genes oriented in the same direction arsdritzed
as a single mRNA. The process is driven by the promoter sequence in front of thesgabe. These
genes perform four distinctive tasks: (1) regulating EPS production, (2) determining chain length, (3)
repeating unit biosynthesis, and (4) polgnization and export Korcz & Varga, 2021From a
biochemical standpoint, EPS are synthesized in two ways, intra and extracellular. HoOPS are typically
produced by extracellular simple process because there are no active transportation phases in the
synthetic pathway, other than from energy exmBture to release essential extracellular enzymes
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such as glycosyl transferases and fructosyl transferases during the polymerization pkKaoezs&(

Varga, 2021l With the aid of these enzymes, the sugar residues are split monomeric units outside the
cell and assembled extracellularly into a polymer (Angelin & Kavitha, .2020bhe contrary, the
mechanism of HePS synthesis is a more complex and energy intensive process which involves various
enzymes, carriers and transporter proteins. The synthesis of HePs relies on distinct reactions, initiated
with sugar transportation, followed by the synthesis of sugar nucleotide precursors from ghleose
phosphate and fructosé-phosphate, and the assembly of the monosaccharide repeating unit and its
linkage to the glycan subunit carrier. Finally, the export of themeier-bound polymers from the
cytoplasm to the extracellular space is mediated by group of hydrophobic enzymes like flippase,
permease or ABC transportei3g Vuyst et al., 2001)

1.3 Applications of exopolysaccharides
Nowadays, the contributions of EPS from microorganisms as biotechnological tools in food,
pharmaceutical, and medical applications have been extensively documented. EPS are popular for
their shelflife extending and techndéunctional enhancing properties idairy and baking industries
and cereabased products. In the food industry, L-A8ived EPS generated during fermentation serve
vital roles in food organoleptic properties. EPS such as xanthan, sphingan, and alginate are employed
as emulsifiers, stab#lers, thickeners, gelling agents, as well as to retain moisture, influence rheology,
firmness, and syneresis, and to improve texture, sensory, and mouthfeel characteristics (Daba et al.,
2021). Challenges like low dough machinability, texture, volume Jolggpand shelf life are commonly
encountered during bread making, which can be solved by EPS instead of expensive hydrocolloidal
polysaccharidedas et al., 2015EPS have proven to be a reliable molecule for numerous drugs, and
therapeutic and medicareatments in curing inflammation and other disorders. The EPS produced
from natural sources have been reported as a good substitute to the synthetic anticancer drugs (Wang
et al., 2014). In fact, these molecules are able to impede tumor cells proliferbyianhibiting the

S €] % E}-BojwBe}t ¢ -glucuronidase, which promote the conversion of pro
carcinogens to proximal carcinogens (Deepak et al., 2016). Besides, EPS can trigger a nonspecific
reaction against viral and bacterial infectiorm)d inflammation. Therefore, EPS have strong high
potential to be used as immunomodulating drugs that activate the immune system to fight infectious
diseases (Ubaidillah et al., 2015). In addition, the effect of the EPS treatment was relevant on
antidiabes | $]1A18C SZE}PD |JV}Z] ]8§]amylase enzymes underisitro condition.
On the other hand, in vivo experiments revealed that EPS extracted from kefir grains has good
cholesterotreducing effects, decreasing veiopw-density lipoproten cholesterol concentrations (Lim
et al., 2017).

1.4 Techniques for characterization analysis of EPS
To evaluate the potential applications of natuddrived EPS, it is crucial to study their structure and
composition. The primary step in EPS characterization is optimizing extraction and purification
procedures. The features of the EPS and the desirécbme of the extraction should be considered
while optimizing the methodsBarcelos et al., 2030 Extraction methods of EPS can be divided into
chemical and physical methods. Alkaline, ethylenediamine tetraacetic acid (EDTA), and cation
exchange resin arexamples of chemical methods that might contaminate the extracted products
(Comte et al., 2006). Alternatively, physical methods include centrifugation, ultrasonication, and
heating, which mostly reduce contamination but achieve lower efficiencies wioempared to
chemical methods (Liang et al., 2010). Thereafter, a purification step is required since residues of DNA,
proteins, and even chemicals may be present. EPS can be purifieghtmcigitation from an agueous
solution, chemical deproteinizationnd membrane techniques (ultrafiltration, diafiltration and gel
filtration) (Barcelos et al., 2030As next step, there are numerous approaches for identifying and
analyzing naturatlerived EPS. Biofilm membrane, electron microscopy (EM), and confocal laser
scanning microscopy (CLSM) are all qualitative approaches for spotting EPS. To quantifshend fur
analyze the composition and structure of EPS, colorimetric methods such as the sudfuoic acid
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method, high performance liquid chromatography (HPLC), gas chromatography (GE€¥chigmn

(SEC) or ioexclusion chromatography (IEC), Fourier transform infrared (FTIR) spectroscopy, and
nuclear magnetic resonance (NMR) spectroscopy are commonly(usefller et al., 2020). This book
chapter is focused on description of main methods involved in molecular detection of EPS genes in
LAB, followed by characterization of the evolution of microbial exopolysaccharides physiochemical
properties and compositio during cereals plarbased fermentation.

2. Method(s) of analysis

2.1 MolecularEPQJenes characterization in LAB and yeasts

2.1.1 Principle
Screening of EPS production in microorganisms at the molecular level differs for HoPs and HePs due
to the complex nature of HePs. The synthesis of HoPs, i.e., glucans and fructans, is catalyzed by
glucantransferases and fructantransferases, respectivehictwrevealed a similar protein domain
organization (van Hijum et al., 2006). Therefore, primers targeting the conserved catalytic domain
encoding these enzymdsave been developed previously (Kralj et al., 2008king et al., 2003;
Tieking et al., 2005)The mechanism of HePs synthesis is more complex as the repeating unit is first
produced intracellularly using sugar nucleotides as precursors, translocated across the cell membrane,
polymerized, and then released into the medium (De Vuyst & Degeest).10&éh of these functions
are encoded by gene clusters that are transcribed as a single mRNA (Jolly & Stingele, 2001). Therefore,
several primer pairs have been designed targeting different regions (or genes) of these gene clusters.

2.1.2 PCR ampilification of genes targeting HoPS and HePS syntheses
Based on the conserved regions for the catalytic domain of bacterial glucosyltransferases, specific
primers can be purchased from Eurofins Genomics Srl (GmBH, Germany). The primer sequences and
their corresponding conditions are mentionedTiable 1
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Table 1.Primer sequence information used for the amplification of genes responsible for exopolysaccharide production in micreorganism

Primer Ncp v H e Target gene PCR conditions Expliztge& f(rsg)ment
DexreuV . i . i
(forward) GTGAAGGTAACTATGTTG Initial denaturation at 95 °C (5 min
35 cycles of denaturation at 95 °(
Glucosyltransferasaytf) (30 s), annealing at 42 °C (45 s), & 600
extension at 72 °C (1 min); final
DexreuR . R .
ATCCGCATTAAAGAATGG extension at 72 °C (10 min)
(reverse)
Initial denaturation at 94° C (9 min
ePSD/EF | 1 A TTTTATTCGTAAAACCTCAATTGAYGA 5 cycles of denaturation at 94 °C (
(forward) s), annealing at 62 °C (30 s), an(
- extension at 72 °C (30 s); 40 cycl
Priminggf of denaturation at 94°C (30 s), 220
epsD/ER annealing at 52 °C (30 s), and
(reverse) AATATTATTACGACCTSWNAYYTGC(Q extension at 72 °C (30 s); final
extension at 72 °C (10 min)
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x Prepare the PCR reaction by mixing 1x r@&ion buffer, 4 mMMgC}, 0-2 mMdNTPs, 0.5
.M each of forward and reverse primers, and 1-5 Jafpolymerase.

X Add up to 40 ng of DNA templaite the reaction mix of 25L.

x The amplified PCR products are then sent for amplicon sequencing (Eurofins Genomics,
GmBH, Germany) to determine the nucleotide sequence.

x The sequenced amplicons can be identified using the Nucleotide BLAST tool available on the
National Center for Biotechnology Information (NCBI) website
(https://blast.ncbi.nim.nih.gov/Blast.cyi

X The BLAST results showing the highest similarity (>98%) with previously reported gene
sequences encoding the respective genes (as indicated in Table 1) indicate the EPS production.

2.2 Qualitative characterization of exopolysaccharides
2.2.1 Screening approaches on solid and liquid media

2.2.1.1 Principle
EPS production is stragpecific and frequently dependent on the composition of the surrounding
media. Consequently, eachicrobe has its own requirements to produce EPS. The screening methods
for evaluating the microbial ability to synthesize EPS are based on the cultivation of the microbes in a
medium enriched with distinct sugars (glucose, fructose, sucrose, mannosdpgalarr lactose). The
easiest way to assess EPS production is to visually observe its phenotypic traits on solid as well as liquid
u ] X 'v E ooCU §Z § Eue "e0]JuC_ v "E}%RCU_ E pu- (}E& $Z]- /
phenotype is charactered by mucilaginous colonies, whereas the ropy phenotype is distinguished by
the formation of long filaments when an inoculation loop is lifted from the colony surface. The lack of
clear morphology definitions may lead to false negative strains, whickxaleded. Therefore, novel
interesting polymers might be undetected due to a missing obvious slime formation.

2.2.1.2 Media preparation

x Solid agar media: Susperfductose 10 g, glucose 10 g, maltose 10 g, sucrose 10 g,
bacteriological peptone 10 g, yeast extract 10 g, and agar 15 g in 1 L of distilled water.

x Liquid broth media:Suspendfructose 10 g, glucose 10 g, maltose 10 g, sucrose 10 g,
bacteriological peptone 10 g, yeast extract 10 g in 1 L of distilled water.

x hv & }8Z }v ]8]}veU «§ EJo]l 8Z u ] ]Jv ps8t o A (}JE iA u]v &

2.2.1.3 Plating methods
Streaking methodis done using aterileinoculation loop which is dipped into the broth containing
the 24 h old culture bacteria then streaked over the solid media. Afterwards, the plates are
incubatedat 30 °C from 3 to 5 days.
Spreading method:200 uL of the broth containing the 24h old culture bacteria is pipetted onto the
center of the surface of the agar plate. The sample is spread evenly over the surface of agar using the
sterile lshaped spreader, rotating the Petri dish underneath at shene time. Likewise, the plates
are incubatedat 30 °C from 3 to 5 days.
Broth method: 400 pL of the broth containing the 24h old culture bacteria is transferred to 10 mL
liquid broth tube. Cultures are incubated at 30 °C for 24h.

2.2.1.4 EPS production appearance

EPS can also be seen in broth; even though agar methods allow for easier comparison. These methods
are useful to detect the ropiness (a) or other mucoid (b) phenotypes by touching the microbial colonies
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with a sterilized inoculation loop or sterilized toothpi¢ksgure 2).dZ S}ty Z }o}vGC N ES v ¢ O]
a rope. The mucoid and slimy colepgoducing strains are considered EPS positive.

Figure 2 Morphological characteristics of exopolysaccharides

2.2.1.5 Biofilm preparation

x Dilute overnight cultures to a turbidity (600 nm) of 0.20 in 50 mM of sterile potassium
phosphate buffer (pH 7.0).

X Add one 5ul drop of diluted culture to inoculate individual sterile, black, polycarbonate
membrane filters (diameter, 2.5 cm; pore size, 0.2 Im; Whatman, Maidstone, UK) resting on
solid agar medium.

x Sterilize the membranes by UV exposure (15 min per side) before inoculation.

X To allow the biofilm growth, incubate the plates at & for 3 to 5 days.

X Inverted after inoculum anttansfer the membranesupported biofilms to fresh culture
medium every 1@12 h.

2.2.2 CLSM analysis
The use of CLSM in combination with different staining protocols allows the visualization of EPS.

2.2.2.1 Principle
Lectins are carbohydratkinding proteins and several of their fluorescent conjugates are
commercially available. Their binding specificity allows direct visualization of EPS in structures such as
microbial biofilms, where EPS is one of the main compowérthe biofilm extracellular polymeric
matrix. For instance, texas rdabelled Concanavalin A (ConA, 595 nm excitation maximum, 615 nm
emission maximum) is widely used to label and visualize EPS. However, several other fluorescent
conjugates (characterize by different spectral characteristics) can be used (e.g. alexa fluor,
fluorescein, etc). ConA can be combined with fluorescent labels specific for diffrent microbial taxa. For
instance, SYTO 9, is a blxited (485 nm excitation maximum) grefnoresent (498 nm DNA, 501
nm RNA emission maxima) nucleic acid stain widely used to label bacterial cells. Such kind of
combinations allow the simultaous visualization of both EPS and bactrial cells within the biofilm. The
CLSM is an efficient approach to qgtatlvely investigate the presence and distribution of EPS in
microbial biofilm by using the fluorescence emitted after the samples preparation through a staining
procedure, producing-8imention models as output.

2.2.2.2 Reagents

x Phosphate buffered saline solution (PBS)
X Sodium bicarbonate

X SYTO9 nucleic acid stain

X Texas redabelled ConA
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2.2.2.3 Procedure
x Fix membranesupported biofilm carefully on a glass slide.

X Stain the biofilm bacterial cells and EPS with a 15 puM of SYTO9 and 200 pg/ml of texas red
labelled ConA solution in PBS (pH 7.5). A stock solution 5 mg/mL of ConA can be prepared in
0.1 M sodium bicarbonate at pH 8.3).

X Incubate the samples under dark conditions for 30 min at room temperature.

x Visualize the samples by CLSM using 488 552nm lasers and 40 or 60x oil immersion
objectives. Fluorescence emission can be observed betweert5660nm (for SYTQO9) and
5651645 nm (for ConA).

x Capture images and analyze through the CLSM software.

2.2.3 Results description
When observed with CLSM, bactrial biofilms appeare as agglomerate (more or less widespread) of
cells (green fluorescence) attached to the surface and embedded in a extracellular polymeric matrix
containing EPS (red fluorescen@égure 3)Biofilm architecture is strain dependent (Tlais et al. 2022).
The fluorescence qualitatively demonstrates the presence of the biofilm matrix and EPS. Such analyses
also provide some information about relative quantity. For instance, when comparing differen

biofilms, theintensity and extension of red fluorescence signal caused by ConA, the quantity of EPS
can be estimated..

Figure 3.CLSM analysis of biofilms produced by Apilactobacillus kuBEé&gipanel a)BV61(panel
b) and PL13(panel c). Bacterial cells show green fluorescence and EPS in biofilm extra
%}oCu E] u SE]E *Z}A E (op}E » v X ~ o E+ E % E
..U ~ %S (E}u do ]e § oXU TilieX

2.3 Quantitaive characterization of exopolysaccharides

2.3.1 Extraction

2.3.1.1 From solid agar medium (biofilms)
X Scrap the colony biofilms with a scraper.
Suspend the colony biofilms with 1 ml of 1.5 M potassium phosphate buffer solution.

X
x Centrifuged the suspension at 5000 g for 10 min at 25°C without any incubation period.
x Collect the supernatants as extracellular matrix fractions.

2.3.1.2 From broth media

Propagate the standardized microbe in broth medium from 24 h at 30°C.

Boil the culture for 15 min.

Treat the boiled culture with 17% (v/v) of trichloroacetic acid (85%) for 2 h.

Save the supernatant by centrifugation at 18 000 g for 25 min.

Incubate 5 mL of the supernatant overnight at 4°C with 5 volumes of 95% ethanol.
Centrifuge at 18 000 g for 20 min to collect the precipitates.

X X X X X X
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x Redissolve the crude EPS precipitants in 5 mL of demineralized water.

x Purify the suspension by dialysis using a commercially available dialysis tibgKD2) at 4°C
for 48 h.

x Remove thewater using a freeze drier (Epsilor6® LSC plus freezigier, Martin Christ,
Osterode am Harz, Germany) for at least 24 h.

X The final powder corresponds to the EPS product.

2.3.1.3 From fermented cereals plabased products

x Transform raw and fermented samples into powder using a freeze drier (Ep€DBi_.3C plus
freezedrier, Martin Christ, Osterode am Harz, Germany)

X Add 20 mL of chilled to 20 g of the dried samples then incubate for 12 h at 4 °C.

x Suspend the pellets containing EPS in 5 mL of distilled water with gentle heating at lower than
50 °C to achieve dissolvation after centrifugation at 6000 xg for 30 min at 4 °C.

X In order to remove proteins, add trichloroacetic acid (TCA) at a final concentration of 20% and
then incubate for 2 h at 4 °C under gentle agitation.

X Remove precipitated proteins by centrifugation at 13,000 xg for 20 min at 4 °C and collect the
supernatants.

x Add two volumes of cold ethanol and then centrifuge (13,000 xg for 20 min) to achieve EPS
precipitation.

x Purify the suspension by dialysis using a commercially available dialysis b4 KD2) at 4°C
for 48 h.

x Dry the EPS using a freeze dryer.

X Resuspend the EPS in distilled water for further analysis.

2.3.2 Quantification

2.3.2.1 Phenoltsulfuric acid assay

X Mix 20uL of EPS extract with 2L of 5% phenol in the 96 wells plate.

X Add 100uL of sulphuric acid and incubate for 10 min at 25°C.

X Analyze the colorimetric reaction by measuring the absorbances at 492 nm with Infinite F200
Pro (Tecan).

X Generate a standard curve using solutions of known glucose concentrations5(th@amL).

x Calculate the EPS concentration based on the comparison to the standard curve, taking into
account any dilution of the sample.

2.3.2.2 HPAE®AD

Principle

Dextran is home and exopolysaccharide (EPS) synthesized by extracellular dextransucrases
produced by LAB o#Veissella LeuconostocStreptococcusPediococcusand Lactobacillusin
presence of sucrose (De Vuyst & De Vin, 2007). Chemically, theygéweans withr-~i W- 0 ¢
linked Dglucopyranosy! units in the main chain and variable amounts efi W,is~i W-, bf

r-~i W-bd@anched linkages (Monsan et al., 2001). The enzgssisted method can be applied

for the analysis of pure dextran; however, &rcalso be used as a sequantitative method of
dextran in freezedried and homogenized cerebhsed fermented samples. This method has been
described in Katina et al (2009) for the quantification of dextran producestunby Weissella
confusa and then performed in other research works, for instance in Wang et al (Wang et al.,
2018), where dextran produced-8itu was evaluated in the quality improvement of whéaba

bean composite bread. The quantification of the homopolysaccharide is lwasatial washing

92



HealthFerm Book of Methods

steps of the samples in aqueous ethanol (50% v/v) to remove free sugars and short
oligosaccharides, and the enzymatic hydrolysis of dextran, with the release of glucose that is
guantified via high performance anion exchange chromatography with pulsed amgtric

detection (HPAECAD). The method requires the action of two enzymes: dextranaserand
glucosidase. Dextranase catalyzes the endohydrolysishydrolyses-afW o+ o]vl P « Jv  AESE \
releasing glucose, isomaltose, isomaltotriose and other oligosaccharides, woilecosidase

hydrolyses maltose and linear isomaltooligosaccharides to final glucose; all hydrolysis reactions
permit to quantify dextran depending on the amount of glucose released by breaking its original
molecular structure (Katina et al., 2009).

Sample preparation
Fermented samples are freereied and homogenised.

Material and instrument

Aqueous ethanol (50% v/v)

0.05 M Sodium citrate buffer pH 5.5 (0.05 M Citric acid solution is used to adjust the pH of Sodium
citrate buffer to 5.5), stored at 4

2-DeoxyD-galactose (ISD, 5.025 mg/mL)

D-glucose (Merck KGaA, Germany)

Commercial dextrarLeuconostospp. Sigmaldrich, Sweden)

Transglucosidase 16670 nkat/mtdlucosidase fronspergillus nigereTRNGL, Megazyme Ltd.,
Wicklow, Ireland)

Dextranase 195 808 nkat/ml (dextranase fra@@hmaetomiumerraticum, D0443, SigmaAldrich,
Germany)

HPLC: Corporation PIA Guard column (4x50mm, Dionex Corporation, Sunnyvale, CA, USA)
Waters 2465 pulsed amperometric detector (Waters, Milford, MA, USA).

Standard preparation

Table 2 Glucose standard preparations and the final concentrations.

Standard solutions Concentrations (mg/ml)
Standard 1 0.200
Standard 2 0.150
Standard 3 0.100
Standard 4 0.050
Standard 5 0.010
Standard 6 0.005

Enzymatic activity verification
Before performing the analysis on actual samples, activity of dextranase-glutosidase should
be verified:

x First dilute both enzymes 1:100 in sodium citrate buffer (pH 5.5).

x Pure dextran (e.§ mg/ml) is then dissolved in sodium citrate buffer (pH 5.5).

x Transfer 500 ul of dextran solution into an Eppendorf.
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Add a mixture of dextranase (10 000 nkat/g) ardlucosidase (1000 nkat/gn 500 pl

add 13 pl dextranase and 15 pl transglucosidase diluted.

Hydrolyse the solution for 48 h with constant shaking at<30

After hydrolysis, place the samples in a boiling water bath for 10 min to inactivate
enzymes.

Quantify the glucose released from the pure dextran by HPAET. The amount of dextran is
calculated as the sum of anhydghucose using correction factor 0.90. Recovery should be
between 6570%. Lower recovery may indicate that the enzyme did not fungiioperly.

Enzyme dosage

The dosage of enzyme is calculated by assuming that the fermented sample contains
approximately 5 mg/ml dextran (maximum amount of dextran produced from 10% sucrose
addition in the sample).

Procedure to quantify dextran in fermented samples

X

X X X X x

X X

X X X X

Weigh about 100 mg (9902 mg) of freezelried and powdered sample into 15 ml
centrifuge tube. Prepare 4 replicates per sample (A, B1, B2, B3). One replicate (A) will be
used for correction of glucose background and the others (B1, B2, B3) will be parallel
analytical replicates. For each series of samples, two control tubes are prepared weighing
10 mg of commercial pure dextran (hguconostospp.) + 90 mg of fermented sample
(one EPSsample is used) and analysed as other samples; they will be usecttdatal

the recovery rate of dextran in the analysis.

In order to remove free sugars and short oligosaccharides, add 3 ml of aqueous ethanol
(50% v/v) to all tubes. Vigorously vortex the samples, being careful that large aggregates
are not formed, and the solution is dispersed.

Place the samples in boiling water for 5 min.

Vortex the sample and add other 3 ml of aqueous ethanol. Vigorously vortex until an even
dispersion is formed. All aggregates should be broken down to permit that free sugars and
oligosaccharides will be completely dissolved in the solution.

Centrifuge the mixture at 1000 rpm for 10 min.

Discard the supernatant. Add 5 ml of aqueous ethanol, and vortex the sample.
Centrifuge the sample again and discard the supernatant.

For hydrolysis, rsuspend the pellet in 4.5 ml sodium citrate buffer (pH 5.5), ensure the
samples are evenly dispersed and place them in a boiling water bath for 2 min.
Vigorously vortex the tubes and place them in the boiling water bath for further 3 min.
Allow the solutions to cool down before adding the enzymes.

Dilute enzymes 1:100 to buffer right before using them. Add enzymes to fermented
samples (B replicates): 25 pL dextranase (dextranase 10 000 nkat/g) and 30 ul
transglucosidase (transglucosidase 1 000 nkat/g) and adjust the volume toFomA
replicates, only 30 pl of transglucosidase are added.

Hydrolysis the samples for 48 h at 30 with constant shaking.

After hydrolysis, place them in a boiling water bath for 10 min to inactivate the enzymes.
Centrifuge the samples for 10 min at 10 000 rpm and collect the supernatants.

Use the supernatants for glucose analysis with HPRAID. In detail, take 500L.of
supernatants and centrifuge with Amicarentrifuge filters. Dilute the samples before
injecting into HPAEBAD. (For instance, pure dextran samples are diluted for 20 times,
control 5 times, sourdough samples-20 times).
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X The amount of dextran is calculated as the sum of anhygiincose using corrector factor
of 0.90.

x Standard curve is built in the HRE@ftware, followed by the integration of peaks to
obtain the amounts of glucose detected in samples.

Calculation
Below the general equation applied to find dextran content (% dry weight):
Dextran content (% DW) =
(glucose in Btglucose in A) mg/ml x 5ml x 0.9 x 100 x correction factor/ 100 mg
0.9 is for correction of anhydro glucose, correction factor is based on the recovery rate

First calculate the recovery rate from pure dextran tubes amounts:

Amount is multiplied by the dilution done before injecting into HPARRAOD the sample, then it is
converted from ng/pl to mg/ml dividing by 1,000 to find the mg of glucose/ml of sample. The value is
then multiplied by 5 ml (volume when adjusted) to find thetual mg of glucose. In the meanwhile,
same is done for B replicates of the sample used to weigh the control tubes (90 mg of sample + 10 mg
of pure dextran). From the value of glucose mg is removed the average of values found for B replicates
and then ismultiplied by 0.9. To convert mg of glucose to mg of dextran, the value is multiplied by
0.9 and then divided by 10 (10 mg was the amount of pure dextran weighed in the control tube) to
get the recovery rate that is converted to a percentage. The avarhitie two control tubes dextran
recovery rates will be used as recovery rate for the actual samples.

When recovery rate is known, actual samples results can be calculated:

First steps are the same as control tubes, therefore conversion to mg/ml then multiplication by 5 ml.
To calculate dextran mg in samples, from each B replicate value, glucose mg in A is removed, the result
is then multiplied by 0.9. To obtain the actualxtan amount, the value is divided by the recovery
rate, and finally the dry weight is considered for the result.

Limitation of the protocol

The enzymeassisted method described above has been used with high accuracy to quantify dextran
produced byWeissella confusstrains. The enzymes utilized are efficient to cause the breakdown of
low-branched dextran, therefore when the molecular structure of this EPS is characterised by a high
branching and linkages different from ~iWoe $Z]e u §Z} } ¢ v}S % @&u]S 8} } § ]Jv
estimation of dextran present in the sample. In fact, the activity of dextranase on other types of
glycosidic linkages still unknown (Katina et al., 2009).

3. References

Angelin J., & Kavitha, M. (2020). Exopolysaccharides from probiotic bacteria and their health
potential. International Journal of Biological MacromolecuylEs2, 853865.

Badel S., Bernardi, T., & Michaud, P. (2011). New perspectives for Lactobacilli
exopolysaccharide®iotechnology advanceg9(1), 5466.

Barcelos M. C., Vespermann, K. A., Peliss&i M., & Molina, G. (2020 Current status of
biotechnological production and applications of microbial exopolysaccha@iéial
Reviews in Food Science and Nutrit&{9), 14751495.

Bernal P., & Llamas, M. A. (2012). Promising biotechnological applications of antibiofilm
exopolysaccharideddicrobial biotechnology5(6), 670.

Chen L., & Huang, G. (2018). Antitumor activity of polysaccharides: an ove@igrent drug
targets, 19(1), 8996.

Comte S., Guibaud, G., & Bauydu. (2006). Relations between extraction protocols for activated
sludge extracellular polymeric substances (EPS) and EPS complexation properties: Part 1.

95

\



Comparison of the efficiency of eight EPS extraction metheadsyme and microbial
technology 38(1-2), 237%245.

Dabg G. M., Elnahas, M. O., & Elkhateeb, W. A. (2021). Contributions of exopolysaccharides from
lactic acid bacteria as biotechnological tools in food, pharmaceutical, and medical
applicationslnternational Journal of Biological MacromoleculEs3, 79-89.

Das L., Raychaudhuri, U., & Chakraborty, R. (2015). Effects of hydrocolloids as texture improver in
coriander breadJournal of food science and technolpg, 36713680.

DeVuyst L., & Degeest, B. (1998)eteropolysaccharides from lactic acid bacteFiBMS microbiology
reviews 23(2), 153177.

De Vuyst L., De Vin, F., Vaningelgem, F., & Degeest, B. (2R@tent developments in the
biosynthesis and applications of heteropolysaccharides from lactic acid batt¢eiational
Dairy Journall1(9), 687707.

De Vuyst, L., & De Vin, F. (2007). Exopolysaccharides from lactic acid bacteria. In Comprehensive
glycoscience. from chemistry to systems biology (pp. 477-519). Elsevier Ltd.

Deepak V., Ramachandran, S., Balahmar, R. M., Pandian, S. R. K., Sivasubramaniam, S. D., Nellaiah,
H., & Sundar, K. (2016). In vitro evaluation of anticancer properties of exopolysaccharides
from Lactobacillus acidophilus in colon cancer cell lime&/itro Cellular & Developmental
BiologyAnimal 52, 163173.

Freitas F., Alves, V. D., & Reis, M. A. (2011). Advances in bacterial exopolysaccharides: from
production to biotechnological applicationibrends in biotechnolog®29(8), 388398.

Jolly, L., & Stingele, F. (2001). Molecular organization and functionality of exopolysaccharide gene
clusters in lactic acid bacteriternational Dairy Journal1(9), 733745.

Karygiannj L., Ren, Z., Koo, H., & Thurnheer, T. (2020). Biofilm matrixatnacellular components
in structured microbial communitiegrends in Microbiology28(8), 668681.

Katina,K., Maina, N. H., Juvonen, R., Flander, L., Johansson, L., Virkki, L., ... & Laitila, A. (2009). In situ
production and analysis of Weissella confusa dextran in wheat sourdough. Food microbiology,
26(7), 734743.

Korcz E., & Varga, L. (2021). Exopolysaccharides from lactic acid bacteria: -Tleuttiunal
application in the food industrylrends in Food Science & Technalad®, 375384.

Krajl, S., van Ge&chutten, G. H., Van Der Maarel, M. J. E. C., & Dijkhuizen, L. @0&8nt
screening methods for glucosyltransferase genes in Lactobacillus sB#&uoatalysis and
Biotransformation21(4-5), 181187.

Liang Z., Li, W., Yang, S.,[8, P. (2010). Extraction and structural characteristics of extracellular
polymeric substances (EPS), pellets in autotrophic nitrifying biofilm and activated
sludge.Chemosphere31(5), 626632.

Lim, J., Kale, M., Kim, D. H., Kim, H. S., Chon, J. W., Seo, & Kilm, H. (2017). Antiobesity effect of
exopolysaccharides isolated from kefir graidsurnal of agricultural and food
chemistry 65(46), 1001110019.

Loeffler, M., Hilbig, J., Velasco, L., & Weiss, J. (2020). Usage of il }0oC Z E&] r(}E&u]vP o
acid bacteria in food production: Meat produact®\ new field of applicationTomprehensive
Reviews in Food Science and Food Sdfé{§), 29322954.

Monsan, P., Bozonnet, S., Albenne, C., Joucla, G., Willemot, R. M., & R&matmh, M. (2001).
Homopolysaccharides from lactic acid bacteria. International Dairy Journal, 11(98575

Nik Ubaidillah N. H., Abdullah, N., & Sabaratham, V. (2015). Isolation of the intracellular and
extracellular polysaccharides of Ganoderma neojaponicum (Imazeki) and characterization of
their immunomodulatory propertiesElectronic Journal of Biotechnolo@(3), 188195.

Rahbar Saadaty ., Yari Khosroushahi, A., & Pourghassem Gargari, B. (2021). Yeast exopolysaccharides
and their physiological functionkolia Microbiologicg66, 171-182.

Ryan P. M., Ross, R. P., Fitzgerald, G. F., Caplice, N. M., & Stanton, C. (201&patdar
exopolysaccharide producing lactic acid bacteria for food and human health
applicationsFood & function6(3), 679693.

96



HealthFerm Book of Methods

Tieking M., Kaditzky, S., Valcheva, R., Korakli, M., Vogel, R. F., & Ganzle, M. G. (2005). Extracellular
homopolysaccharides and oligosaccharides from intestinal lactobagiliinal of applied
microbiology 99(3), 692702.

Tieking M., Korakli, M., Ehrmann, M. A., iizle, M. G., & Vogel, R. F. (2003). In situ production of
exopolysaccharides during sourdough fermentation by cereal and intestinal isolates of lactic
acid bacteriaApplied and environmental microbiolg@8(2), 945952.

Torino, M. |, Font de Valdez, G., & Mozzi, F. (2015). Biopolymers from lactic acid bacteria. Novel
applications in foods and beveragé&sontiers in microbiolog, 834.

Tlais,A. Z. A., Polo, A., Filannino, P., Cantatore, V., Gopb&tti& Di Cagno, R. (2022). Biofilm
formation as an extra gear for Apilactobacillus kunkeei to counter the threat of agrochemicals
in honeybee cropMicrobial Biotechnologyl5(8), 21662175.

van Hijum S. A, Kralj, S., Ozimek, L. K., Dijkhuizen, L., & vaS¢hegten, 1. G. (2006%tructure
function relationships of glucansucrase and fructansucrase enzymes from lactic acid
bacteria.Microbiology and molecular biology review$(1), 157176.

Wang K., Li, W., Rui, X., Chen, X., Jiang, M., & Dong, M. (2014). Characterization of a novel
exopolysaccharide with antitumor activity from Lactobacillus plantarum 70Bi€xnational
journal of biological macromolecule&3, 133139.

Wang,Y., Sorvali, P., Laitila, A., Maina, N. H., Coda, R., & Katina, K. (2018). Dextran produced in situ as
a tool to improve the quality of whedtba bean composite bread. Food Hydrocolloids, 84,
396-405.

Zheng J., Wittouck, S., Salvetti, E., Franz, C. M., Harris, H. M., Mattarelli, P., ... & Belf2@20). A
taxonomic note on the genus Lactobacillus: Description of 23 novel genera, emended
description of the genus Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and
Leuconostocaceadnternational journal of systematic and evolutionary microbiolay4),
27822858.

97



Z %D E
WZCS S v u]jv G o-

Celine Verdonck, Elien LemmeBsno G.B.Wouters, ChristopheM. Courtin,Yamina De BondKU

LeuvenBelgium)

Summary
X Raw material Cereals (wheat & oatpulses (faba bean & yellow pea)

X Relevantapplications:dough, bread, meat and dairy alternatives, digesta
X Fermentation-induced changesdegradation of phytate, increased bémcessibility of
minerals
X Analytical methods
0 Colorimetric determination of total phosphorus content before and afi
enzymatic hydrolysis (Megazyme)
f Total phosphorus content
f Phosphorus released by phytase and alkaline phosphatase
f Approximation of the phytic acid content
o Inductively coupled plasma mass spectrometry {5
f Mineral content

1. Introduction

1.1 What isphytateand how does it complex minerals?
Phytate (myanositol 1,2,3,4,5,&exakisphosphate; IP6) is the major component to store phosphor
in cereals and pulseand typically comprises 85% of the tofahosphor content (Oatway, 2001;
Lemmens et al., 2018 he phytate concentration of cereals and pulses depends on the growth
conditions (climate, soil, year) and is on average betweet8@l2adw, with measured concentrations
varying between 0.39.35%dw for wheat, 0.42.16%dw for oat and 0.22.22%dw for peas
(Schlemmer et al., 2009; Steiner et al., 2007). Phytate is stored in the form of phytate globoids and in
cereals it can be found in the aleurone layer and the scutellum cells of the germ (De BtieP@16;
Skoglund et al., 2009). However, in legumes, phytate is found in protein bodies, present in the
endosperm or the cotyledon (Schlemmer et al., 2009)itrure 1A the chemical structure of a fully
protonated IP6 is shown. The number of protons present depends on the pH and therefore the fully
protonated IP6 with 12 protons only exists at extremely low igure 1B (Oatway et al., 2001; Wang
and Guo, 2021). Under physiological conditions, phytate has a strong negative charge which leads to
the dhelation of cationsKigure 1¢and the formation of an insoluble salt, phytin, which forms globoids
inside protein storage vacuoles. Phytate globoids confine potassium (K), Magnesium (Mg), Calcium
(Ca), Iron (Fe), Zinc (Zn), Copper (Cu), Manganese (Mn), Sodium (Na), Sulfur (S) 20alwi®e
Brier, 2016; Krog Madsen and Bridebdersen, 2019; Lemmens et al., 2018). Despite the fact that
cereals and pulses are important sources of minerals in the human diet, chelation of these
micronutrients by phytatedwers the availability for absorption in the gastrointestinal tralsito{
accessibilityas they precipitate at neutral pH in the intestine, after being solubilized under the acidic
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conditions of the stomach (Lemmens et al., 2018; McKie and McCleary, 2016; Schlemmer et al.; 2009).
In plantbased diets, the antutritional effect of phytate is considered the most important for
inhibiting the absorption of P& and Zi*, hence, reducing biavailability (Lemmens et al., 2018).
Apart from the chelation of minerals, IP6 can interact with cationic amino acids or form cationic
bridges with negatively charged proteins in the presence of divalent cations (Wang and Guo, 2021).
Electrostatic iteractions, hydrogen bonding or esterification reactions can occur between phytate
and polysaccharides. Thanks to the interaction with digestion enzymes, phytate may influence the
amino-acid and carbohydrate metabolisfigure 1¢(Brouns, 2022; Wang and Guo, 2021; Oatway et

al., 2021).

Number of protons

Figure 1 A. Molecular structure of fully protonated phytate, with 12 dissociable OH groups. B. Number
of protons bound to a phytate molecule in function of the pH of the solution. C. possible interactions of
negatively charged phytate with (a) minerals, (b andpoyteins, (d) starch and (e) charged
polysaccharidesAdapted from Wan@nd Guq(2021)

1.2 How can fermentation affect phytate and the interaction with

minerals?
Cereal fermentation has proven to be a powerful tool to achieve dephytination during food processing
(Krog Madsen and BrindPedersen, 2019)T'he molecular structure of phytate and the interaction
with minerals can be affected in different ways during fermentation.
First,endogenous phytasesvhich are present in cereals and pulses catalyse the stepwise breakdown
of phytate to free phosphate and inositol phosphates during fermentation (Bohn et al., 2007; Greiner,
2002; Konietzny and Greiner, 2002). Phytase activity is mostly associatechwithuter layers of
cereal kernels and a higher phytase activity is described for bran, compared to the seed and the flour,
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respectively (Steiner et al.; 2007). Phytases catalyse the stepwise breakdown of phytic acid (IP6) to
free phosphate and inositol phosphates (Bohn et al., 2007). The resulting lower forms (IP5, IP4, IP3,
IP2, and IP1) have a decreased chelating potentidithe breakdown improves micronutrient bio
accessibility. However, humans and monogastric animals lack sufficient phytase activity in their
digestive tract to absorb the micronutrients present as phytin in food and feed, respectively (Krog
Madsen and Brich-Pedersen, 2019; Schlemmer et al.; 2009). As such, the full potential of cereals as
a nutrientrich resource is not completely exploited if phytate is present in the food matrix, and
opportunities can be found in the fermentation strategy.

Endogenous phytases in wheat and oats, identified as Histidine acid phosphatase (HAP) and the
slightly less active purple acid phosphatase (PAP), have significant potential as stable and potent
enzymes both in feed and food (Dionisio et al., 2011; Krogsktadnd BrinciiPedersen, 2019; Faba
Rodriguez et al., 2022). However, the conventional heat treatment of oats to limit lipid rancidity
inactivates the endogenous phytases to a large extent. This may explain the results of Steiner et al.
(2007) on the natie phytase activity in a variety of feed, harvested over different years, which indicate

a higher phytase activity in whea2886 + 645 U/kglm) compared to oats496 + 35 U/kgim) and

peas 262 + 73 U/kgim). However, it should be noticed that considerable differences are found in the
analysed phytase activity described in the literature, which can be attributed to the extraction
procedure and pretreatment of the sample (Steiner et al.; 2007). As a lowergendas phytase
activity is described for legumesmd oats, the contribution of microbial or exogenous phytases is
relevant to facilitate phytate degradation in these food products (Augustin et al., 2000; Steiner et al.,
2007; Verni et al., 2017; Frias et al., 2003).

In addition, theacidification that takes place during fermentation can affect the structure of phytate
and the interaction with minerals. As shownRigure 1B more protons will be present at lower pH,
which results in a smaller negative charge of phytate. This would decrease the chelating capacity of
phytate in a product but will probably not affect the chelating capaicityivobecause the pH in the
stomach will not be affected. Furthermore, acidification is believed to accelerate the phytase activity
and several reviews describe that the pH optima range between 4.5 and 6 (Lemmens et al., 2018;
Konietzny and Geiner, 2002). More specifically, the optimum pH of endogenous phytases in cereals
and pulses ranges between 5 and 6 in wheat and barley and dsiloed to be 6 in rye and 5 in oat

and faba bean (Konietzny and Greiner, 2002).

Finally, phytate can be degraded during fermentation by the growtptgtasepositive bacteria

which express extracellular phytase activity (Reale, 2004). Microbial phytases have been identified as
Histidine acid phosphatase (HAP) and are commercially used for feed supplementation. Previous
research on sourdough described the accelerated breakdofphytic acid after 12 h fermentation

in wheatbased doughs inoculated with hlantarum, L. brevis and L curvatus,compared to dough
inoculated with S. cerdsiae (Reale et al., 2004). However, after 36 h fermentation, a-jastlated

sample showed the highest IP6 breakdown (Reale et al., 2004). Verni et al. (2017) studied the phytase
activity expressed by different LAB strains, isolated from faba beamefgation through traditional
backslopping method and determined a large distribution ranging from 0 to 0.958 U (1 nmol of
phosphate form Naphytate/minute). They attributed the highest activity to strains of Leuc.
mesenteroidesnd P pentosaceusHowever strains of Lcaktis Enterococcus, Lbakei W.koreensis

W. cibarig and Erasseliflavuslid not express significant phytase activity towardpigytate.

Noteworthy is that an improved biaccessibility thanks to the breakdown of IP6 does not necessarily
facilitate the biecavailability of divalent cations in the small intestine. First, in vitro digestion
absorption assays used to predict what may happewivp, report that a significant increase in bio
accessible minerals thanks to fermentation only show a negligible effect on absorption i2 Calts
Second, from the outcome of in vivo trials that include other environmental and dietary factors, it is
reasoned that IP6 is only one of many factors influencing overall mineral uptake by the human body
(Brouns, 2022). Therefore, IP6 hydrolysis may contribute to an increased totatd®ssibility but

may be ineffective in enhancing the kéwailability to educe the prevalence of mineral deficiencies
(Brouns, 2022).
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2. Method(s) of analysis
Investigating phytate and its degradation products has received considerable attention during the last
decades. Recently, Marolt and Kolar (2021) provided a systematic and chronological review of the
analytical methods for the determination of phytic aeiad other inositol phosphates. For an overview
of the advantages and disadvantages of the techniques, we refer to this manuscript. In this chapter,
we focus on the methods that are frequently used and suited to determine the low concentrations
present in ereal and legumédrased samples. As such, methods based on the gquantification of total
phosphor determination using colourimetry, the separation of inositol phosphates with HPIC, and the
assessment of the mineral concentration with B are described andiscussed belowHigure 2.

Figure 2.Schematic overview of sample preparation steps and analytical method(s)

2.1 Approximationof phytate content based on phosphorus content

enzymatically released from inositol phosphates

The first method is a simple and higtroughput procedure to determine phytic acid based on the
publication of McKie and McCleary (2016). In this method, the phosphorus content is determined after
an acid extraction of inositol phosphates from food anddesamples, followed by an enzymatic
treatment with phytase and phosphatase. As such, all phosphate groups are released from-all myo
inositol phosphate forms present in the sample which are subsequently quantified using a
colourimetric method. Thereagentsy vICu ¢« E }Juu & ] ooC A ]Jo o =« 38Z ~d}§

v WZCS] ] oo C <]%HYT) deMeldppX by Megazyme International (Bray, County
Wicklow, Ireland).
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21.1 General principle
The general principle of this method relies on the enzymatic dephosphorylation of alinositol
phosphate forms in the sample. First, the as@uble compounds are extracted from the sample
during an overnight incubation. Phytic acid and lower Pyo-inositol phosphate forms are
obtained in the supernatant. Neutralizing the supernatant is required before starting the enzymatic
treatment.

Next, phytase is added to the sample in combination with distilled water and a pH 5.5 buffer to
optimise the degradation of all mymositol phosphate forms (IP6, 5, 4, 3, 2) to IPiQyre 3A.
Second, a pH 10.4 buffer and a phosphatase solution are added to release the last phosphate group
from each inositol in the sampl€&igure 3B. To ensure the total enzymatic degradation, samples are
incubated at 40°C for 1.5 h, compared to the proposed protocol by megazyme which applies 10
minutes (megazyme protocplThe enzymatic degradation is stopped by the addition of trichloroacetic
acid (50% w/v) and remaining impurities are eliminated by centrifugation.

The colourimetric determination of free phosphate in the sample can be performed after the addition
of the colour reagent. During incubation with this colour reagent, the free phophate groups interact
with ammonium molybdate, forming t&olybdophosphoric eid, which leads to a blue colour in the
solution thanks to the formation of molybdenum blue in combination witB@&/ascorbic acidKigure

30. The amount of free phosphate is proportional to the amount of molybdenum blue and is
guantified by analysis dhe absorbance at 655 nm which is compared with a calibration curve of
known phosphorus concentrations.

Figure 3.Reactionmechanism of the procedure based on the enzymatic degradation of phytate and
subsequent colourimetric phosphor determinati®he charges on the molecules are indicative but
vary due to solvent interactionfA) Phytate and lower inositol phosphate forms are hydrolysed into
myo-inositol and inorganic phosphate by phytase in an acidic environment. (B) Alkaline phosphatase
hydrolyses mydnositol phosphate into mymositol and inorganic phosphate in alkalinendaions.

(C) Inorganic phos$gte in combination with ammonium molybdate react tarh2lybdophosphoric

acid, which is reduced to molybdenum blue in an acidic environffigoie made with chemspider.

Comparing the total phosphate released during the enzymatic treatment with the free phosphate
groups in the original sample gives insight into the concentration of phosphorus bound to the myo
inositol in the sample. It is a suitable technique to assesscantpare phytate degradation during
fermentation. This method can be used to assess the phytic acid concentration in unfermented and
unprocessed samples, assuming that all phosphate groups originate from IP6. However, fermented
samples contain multiple loar forms of inositol phosphate which will lead to an overestimation of
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phytate (IP6). A second drawback could be that alkaline phosphatase releases phosphate from
monophosphate esters other than myoositol phosphate. However, for cereal flours and pulses, a
high accuracy was obtained using the method, and the influence ariophosphate esters is
hypothesised to be neglectable (McKie and McCleary, 2016).

2.1.2 Reagents
Buffers:
o PH5.5 (200 mM sodium acetate)
0 pH 10.4 (400 mM glycine, 4 mM magnesium chloride, and 0,4 mM zinc sulphate)
Enzyme suspensions:
0 phytase (12 000 U/ml)
o alkaline phosphatase (80 U/ml)
Standard: phosphorus standard solution (50 pg/mL)
Colour reagent: 5 parts of Ascorbic acid (1°% wi/v)/Sulphuric acid (1M) + 1 part of Ammonium
molybdate (5% wi/v)
Extraction solvent: 0.66M Hydrochloric acid
Neutralising solvent: Sodium hydroxide (0.75 M)
Acidic solvent: Trichloroacetic acid (50% w/v)

2.1.3 Sample preparation
1. Accurately weigh 1 g* grounded sample (dry or known dm content**) in a 50 mL falcon tube
and add 20 ml of hydrochloric acid (0.66 M).

*The sample concentration during extraction should be adapted according to the amount of

phosphate in the sample. The final concentration should be in the linear range of the analysis.

** When working with agueous samples, one should make sure the final hydrochloric acid

concentration approaches 0.66 M and thisosphateconcentration in the sample is withtime

linear range of the analysis.

Incubate overnight (16 h) on a shaking rack (150 rpm).

3. Transfer 1 mL of the extract to a 1.5 mL Eppendorf tube and centrifugate (13 000 rpm, 10
min).

4. Transfer 500 uL of the supernatant to a new 1.5 mL Eppendorf tube and neutralise by the
addition of 500 pL sodium hydroxide (0.75 M).

N

2.14 Sample analysis
Label 2 new 1.5 mL eppendorf tubes for each sample with A and B to determine the free and total
phosphate concentration, respectively.

1. Add the following solutions to the Eppendorf tubes:

A. Free phosphate:

- 620 pL water

- 200 pL of the pH 5.5 buffer solution

- 50 pL sample extract
B. Total phosphateDegradation of phytic acid and lower inositol phosphates to 1imgsitol
phosphate

- 620 pL water

- 200 pL of the pH 5.5 buffer solution

- 50 pL sample extract

- 20 pL phytase solution (Vortex before use!)
Vortex each Eppendorf tube and incubate in a 40 °C water bath for 1.5 hours.
3. Add the following solutions to the Eppendorf tubes:

n
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A. Free phosphate:
- 200 pL buffer solution pH 10.4
- 20 pLwater
B. Total phosphatd Degradation of myénositol phosphate to inositol and free phosphate
- 200 pL buffer solution pH 10.4
- 20 pL alkaline phosphatase solution (Vortex before use!)
Vortex each Eppendorf tube and incubate in a 40 °C water bath for 1.5 hours.
Stop the reaction by the addition of 300 pL Trichloroacetic acid (50%, w/v)
Centrifuge the tubes (13000 rpm, 10 min) and transfer 1 mL of the supernatant to a new
Eppendorf tube.

Colourimetric determination of the free phosphate in the samples

7.

Prepare the calibration curve in 1.5 mL Eppendorf tubes.

0 pg 2.5 g S Mg 7.5 g 10 pg
Water (uL) 1000 950 900 850 800
Phosphorus 0 50 100 150 200

standard* (uL)
* phosphorus standard with a concentration of 50 pg/mL.
Add 500 uL of the colareagent (5 parts Ascorbic acid (1°% w/v)/Sulphuric acid (1M) and 1
part Ammonium molybdate (5% wi/v)) to all the Eppendorf tubes (samples and calibration
curve), vortex, and incubate in a 40 °C water bath for 1 hour.
Vortex and transfer to a cuvette (1 cm light path, 1.5 mL) determine the absorption at 655 nm
using a spectrophotometer. Read the absorption against air (without a cuvette) or against
water. The absorption should be determined within 3 hours after thelation.

2.1.5 Calculations

1.

2.

3. Expressing the phosphorus ratio of (free phosphate / total phosphate) of each sample can give

4.

Determine thdinear (R2 > 0.99) absorbance curve of the phosphorus standards (Absesgption
nm/ g phosphor), the slope of the curve is used in further calculations.

o po § 8z }v. VE@E S]}v }( %0Z}e%oZ}EQMe ]V }SZ SZ N (E
%0 Z}*%Z & ¢ U%O0 He]VP 8Z (}oo}A]vP «u 3]}vW

8uavcudr :

2% .
a 5,Sr rrr,/ ,85ax °O°

Gamtased—PL
With

Vinitia = Original sample extract volume (mL); 20 mL if using this procedure
F = Dilution factor; 55.6 using this procedure

S = Slope of the calibration curve

10 000 = Conversion from ug/g to g/100 g

M = Mass sample (g)

Venda= Sample volume used in the colourimetric determination of phosphorus; 1 mL
using this procedure.

insight into the degree of phytate breakdown in the samghlging fermentation.
Under the assumption that the measured phosphate released during the enzymatic hydrolysis
exclusively originates from phytic acftP6)and that the phosphorus comprises 28.2% of

phytic acid [(6 x 32 g/mol)/660 g/mol)], the phytic acid concentration can be calculated with
the following equation:

Pior A C pL?@écﬁ@éae@éééaé: Vacadactase e
"alicOchg razt
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I One should take into account that these assumptions only hold for nonprocessed food and an
overestimations of the phytic acid concentration will result when using this calculation for
fermented samples.

2.2 Quantificationof different inositol phosphates withidgh Pressure
lon Chromatography

Many researchers devoted their time to developing a technique to differentiate isomeric forms of
inositol phosphates using HPIC. This sensitive technique based on the charge properties of ions and
polar molecules, was first used to determine phytate (IBg)Phillipy and Johnston in 1985. The
separation described below, to determine the profile of phytate and lower inositol phosphate forms
(IP2 t IP6) in wheat and a compound diet (barley, wheat, soybean meal, calcium carbonate, amino
acids, sodium chloridand vitamin/mineral premix), is developed and validated by Blaabjerg, Hansen
Lokker, & Poulsen (2010). The analysis uses a gradiefpéifgrmance ion chromatographic method

and is later adjusted with minor modifications to perform the analysis on leggamples by Wainaina

et al. (2022).

This method allows the separation of different inositol phosphate forms and their different isomeric
forms. However, not all isomers are commercially available and as such, some peaks should be
identified by irhouse reference standard solutions or basedseparation sequences reported in the
literature.

2.2.1 2.2.1. General principle
Measuring the hydrolysis products from phytate with HPIC requirescmaltrolled experimental
conditions for the extended purification of the sample. The acid extraction, to release phytate from
the complexes with minerals and protein, is followed by salveentrifugation and purification steps.
Afterwards, the extraction solvent is evaporated to protect the HPIC equipment, and the extract is
dissolved in the elution solvent, methanesulfonic acid. This eluent leads to an almost horizontal
baseline and thg, a more specific quantification compared to previously described methods using
gradients of HCI. The separation involves a gradient of two mobile phases, allowing the separation of
different myoinositol phosphate forms. The detection relies on a fpodtmn derivatisation with a
colour reagent based on the complexation of myoinositol phosphate forms withdea3in a HCIO
mixture, that can be measured by Wiétection at a wavelength of 290 nm.
Detection limit reported by blaabjerg: 0:%.4 mg / L

2.2.2 2.2.2. Procedure

2.2.2.1 Sample preparation
1. Cereals, pulses, and fermented material needs to be freeze dried and grounded to a fine powder
with a patrticle size less than 125 pm using a ball mill.
2. Extract the phytate forms from the sample by incubation of 0.5 g sample into 20 mL of 0.5 M HCI
during an overnight (16 h) stirred/shaken incubation. This step can be accelerated using
ultrasonication, which should be optimised for the specific sample.
3. Collect the extract supernatant after centrifugation (13 000 rpm, 10 min) and store overnight at
40°C. After thawing, Transfer 1.2 mL of supernatant to an Eppendorf tube and centrifuge (13 000 rpm,
10 min) to eliminate remaining impurities.
4. An aliquot of the supernatant (1 mL) is evaporated to dryness at 50°C to eliminate the extraction
solvent (HCI) that could harm the HPIC equipment.
5. Dissolve the dried extract 1 mL of the eluent used for the separation (1.5 M methanesulfonic acid
solution, MilliQ watermethane sulfonic acid solution 95:5, v/v), vortex, and filter using 0.45 um
membrane. This eluent results in a more horizontal hiaselcompared to using HCI, which improves
the specificity of quantification.
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2.2.2.2 Analysis
A Dionex BioLC system equipped with an AS50 autosampler, GS50 gradient pump, and an AD25
ultraviolet-visible (UV/Vis) detector can be used to separate the inositol phosphate forms in the
sample. 50uL of the sample is injected on a CarboPac PA1 anabtitahd50mmx4mm I.d., 10um)
with a Dionex CarboPac PAL guard column (50mmx4mm l.d., 10um) and a gradient of two mobile
phases (A) 1.5 methanosulfonic acid and (B) MilliQ water at a flow rate of 0.6 mL/min is used. The
elution program applied starts with @neasing the solvent A concentration from 5 to 28% over 15 min,
followed by an increase to 85% in 10 min, which is maintained for 25 min. The column can be re
equilibrated after separation by decreasing the concentration of 1 to 5% over 2 min and maigtaini
this for 8 min. The separation can be conducted on a column temperature of 30°C.
Detection and quantification of IP forms can be performed with a{soimn derivatization reaction
with a colouring reagent (0.1% Fe(NO3)3.9H20 and 2% HCIO4). Using a UV detector at a wavelength
of 290 nm, chromatograms can be generated. Here,-FesBonplexes are formed in a Dionex mixing
tee and a knitted Dionex reaction coil (750uL, 0.019 mm [.D. x 0.050 mm o.d.). Identification and
guantification can be done by analysing individual, external inositol phosphate standardB§)P2

Figure 4 from Blaabjerg et al. (2010) (see marolt et al. For the referenge ] 3§ « "@E& % E]vs A]S
permission from Elsevieghromatogram of reference sample analysed by Blaabjerg et al. (2010)

shows the separation of the peak of IP6 and the multiple isomeric forms of the lower inositol
phosphates.

2.2.3 Reagents
Hydrochloric acid, methanesulfoniacid and iron (lll) nitrate nonahydrate minimum 98% are
commercially available and needed for sample preparationaralysis
D-myo-Inositoll,4-diphosphate (sodium salt) (IP2);nyo-Inositotl,4,5triphosphate (sodium salt)
(IP3), DBmyo-nositotl,3,4,5tetraphosphate  (sodium  salt) (IP4), -rbyo-lnositotl,3,4,5,6
pentaphosphate (sodium salt) (IP5) and phytic acid sodium salrate (IP6) standards are
commercially available and can be used as external standards. However, it must be taken in to account
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that various isomers of the different lower inositol phosphates result from enzymatic and acid
degradation and will be present in the samples.

2.3 Determination of mineral content with IBFS
Inductively coupled plasma (ICRJS is used in the literature to assess the concentrations of minerals
and phosphorus in (fermented) food samples or digested samples. The mineral content in a digested
sample is a measure for the bixcessibility of mingls in a food sample.

231 General principle
ICRMS is a very precise instrument for mwdtement analysis with limit of quantifications (LOQSs)
generally ranging between 0.01 and 1.6 mg/kg of dm depending on the mineral of interest. As a note,
cations with a low mas(g. Na, Li) are difficult to quantifysing the present techniquéfter acid
digestion (see section 2.3.3), the purifisdmpleis evaporated using laser bundleand broughtinto
an argon plasma (composed of ions and electranith a highionization energy) to ensure that all
presentelements are ionizedSubsequently, the (quadruple) M8parates the different ions based
on their mass to load raticA quadrupoleMS containgour parallel electrical conductiveylindersto
which an oscillatig electric fieldis applied.When theions of the sample enter the (quadrupole) MS,
they follow a certain course ithe saidfield which can be detectedA specific profile (showing all
isotopes) per element is obtained which finally can be used to calculate elemental concentrations.

2.3.2 Sample preparation
(Fermented) food samples first need to debjected to acid digestigrior a complete destruction of
the sample matrixwith ultrapure nitric acid (HN§) oraqua regia [1:¥/v HCI (34%v/w): HNQ (67t
69%wi/w)] using for exampl@an open digestion block (120150 °C) omicrowave digestion system
(e.g.MARS 6). Duringicrowavedigestion, the temperaturés gradually increased within 25 min from
room temperature to 180 °Cthen held constant at this temperature for 20 mand gradually
decreased to 65 °C over a 25 min peridtext, thedigested samplesire diluted to appropriate
elemental concentrations usindilli-Y A § G ~i6 X1 DO« %.@3ikEahples/armierdnce
samples are includedduring eachaciddigestion.Theelemental recoveries for the chosen reference
sample €.9.NIST samples) should preferabdypgebetween80 and 1&%

2.3.3 Sample analysis
Multi-element analysisn the aciddigests (total elemental contents) @m the in vitro digests(bio-
accessible elemental contentsan beperformed using an IGMS(e.g.Agilent 7700 equipped with a
collision cellgenerallyin the No Gas mode fafAl, 1B, 1*'Ba,°Be, *3Cs,*9n, 'Li, 2%°Pb, 1?!Sb,18Sn,
205T, 238y and®Zr; in the Helium mode (5 mL He mijrfor "°As,*Ca,!*Cd,*Co,%Cr,%*Cu,®Fe,*Ga,
3K, %*Mg, **Mn, Mo, #Na,*°Ni, "8Se 28Sr,*Ti, >V and®®Zn; and in the High Energy Helium mode (10
mL He mirt) for 3P and®'S.He gas in the collision cell helpeducing interference by allowing
collisions or reactions between elements and gas (Wilschefski & Baxter, 20il®ternal standard
containing °Ge, *Rh andor *3r can beadded online to correct for measurement dsiftThe
calibration for element quantification used to convert counts per second (CPS) to concentiations
performed using multielement certified standard solution®.g. Certipur®)Instrument calibration
can bevalidatedusing certified reference solutions.§.SRM 1643f Trace Elemerih Water, TM28.4
Trace Elements in Water). All solutipmiscluding sample solutiongor ICRMS analyseshould be
acidified to 1% HNGV/V).

2.4 Othertechniquesused in the literature
Phytate content and phytase activity have been studied with various analytical methods such as ion
exchange chromatography, complexometric titration, P NMR techniques (Reale et al., 2004).
The NMRanalysis requires the stepwise extraction of phytate with HCL and EDTA, from the dough and
a dispersion of the dispersion of the freedded supernatant, respectively. After increasing the pH
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with NaOH and filtration, the freezdried sample is dissolved i@ and the inositol species are
stabilised adjusting the pH to 12%1 and®*'P NMR spectra can give insight into the IP6 content using
2-aminoethylphosphonic acid (9.4 mM) as an internal reference (Reale et al., 2004). It should be
considered that NMRnalyses are expensive and require expertise to correctly interpret the results
of complex systems such as foods.

3. Tips &tricks

Phytic acid concentration and the ratio of free phosphate over total phosphate in the sample are
generally expressed on dry matter weight of the sample. This facilitates comparison between different
studies and new research in the field should respecttthenhance conformity in the field. Therefore,

the dry matter weight of the sample should be analysed in a preliminary experiment. Starting the
phytic acid analysis after (freezd)ying the sample standardises the moisture content and could
facilitate mae accurate measurement.

It is important that all phytic acid is extracted from the sample during the acid hydrolysis step. If large
variations are observed within the sample set, it could be due to the coarseness of the samples. It
should be noted that extraction is facilitateg bmaller particle sizes and that milling the sample could
improve the accuracy of the measurement.

Avoid using metal containers, as phytic acid can retain on the surface thanks to its high chelating
properties (Healthgrain).
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1. Introduction
Saponins and tannins are a diverse group of compounds that are found in varying sources in the plant
kingdom. Beans, peas, grains, and quinoa are just a few examples of plant protein sources that include
saponins (Price et al., 198Tannins are mainly nevolatile secondary metabolites that protect plants
from predators and environmental aggressions (Soares et al. 202@y can be found in dark
chocolate, wine, tea, and coffee (Wei et al., 2022), all of which are frequently characterized as having
astringent properties. Indeed, both these classes of compounds can create sensory challenges in
protein-rich and plantbased ingredients, contribuiting also to bitter taste and acrid flavor
(Drewnowski Gome@omez, 2000; Tuccillo et al., 2022; Wang et al.2pd2owever, saponins have
emerged as comercially demanded compounds with expanding applications in the food, cosmetics,
and pharmaceutical sectors because of thier physicochemical (surfactant) properties and their
biological activity@Guclime+3°v R "zab20d07). While saponins were once deemed antinutrients,
they are now being extensively researched for a their antioxidant, hypocholesterolemic, and
anticancer properties (Shi et al., 2004). Tannins are also applied worldwide, from medicial to food use
(Khaababaee & Van Ree, 2001) .

1.1 Whatare saponins?
Saponins are nonvolatile compounds consisting of oligosaccharide chains connected to an aglycone
group, also known as a sapogenin (Shi et al., 2004). Featuring a hydrophilic sugar chain and a
hydrophobic, lipidsoluble aglycone group, saponins constitute amphiphilic molecules. The term
"saponin” originates from the Latin word 'sapon,’ which translates to soap, and 'in," implying one of
(Tay & Koh, 2012). This name is attributed to their capdoigenerate soagike foam when present
in aqueous solutions (Shi et al., 2004). Sapogenins, or aglycone groups, exist in two variants: triterpenic
and steroidic forms (Figure 1). The classification of saponins is determined by the structure of the
aglyone they contain. In triterpenic aglycones, three terpene units form the structure, while in
steroidic aglycones, a sterol group characterizes the composition. As a result, saponins fall into the
categories of triterpenic or steroidal glycosides, featuringa sugar (monosaccharide or
oligosaccharide) attached to a functional group through a glycosidic bond (Shi et al., 2004). Apart from
their core structure, saponins are categorized based on the quantity of sugar chains linked to them.
Monodesmosidic sapons possess a single simple sugar chain (Gighks°v R ~ D Il U TiigeU
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exemplified by the DDMP saponinhich have a 2;8lihydro-2,5-dihydroxy6-methl-4H-pyran4-one

(DDMP) moiety at the-22 position On the other hand, bidesmosidic saponins, such as the group A
saponins, are characterized by having two simple sugar chains. These chains are typically connected
to carbon 3 in core structure through an ether linkage and to either carbon 26 or carbdwd®gh

an ester linkage. The extensive range of saponin configurations results from the differences in
aglycone structures, thcharacteristics of side chains, and their diverse placements on aglycones (Tay

& Koh, 2012). As a result, the categorization of saponins can be also subdivided based on the specific
food source being examined. For instance, legumes contain a rich vafigbyasaponins, which are
grouped into categories A, B, and E. Group A encompasses naturally existing saponins, while groups B
and E are derived from the hydrolysis of DDMP saponin forms (Murphy et al., 2008).

Figure 1 Aglycone structures

1.2 Whatare tannins?
According toBate Smith (1954)tannins are polyphenolic compounds that have a unique capacity to
precipitate and agglomerate proteins. Ndlavanoid and flavonoid groups make up the broad
classification of tannins. Condensed, hydrolysable, phlorotannins, and complex tannins are located
beneath these two major classes (Soares et al., 2020). In this chapter we will focus on condensed
tannins, which are classified as flavonoid tannins. They present a flavanic core (Figure 2) and different
subunits that make isoflavones, flavonols, flaagals, and anthocyanins (Soares et al. 2020). Within
the flavan3-ol structural units are-J-epicatechin and (+¢atechin subunits that further compose
proanthocyanidins by interflavonic bonding (Porter, 2017). The type of interflavanic linkages and
meandegree of polymerization vary as a result of the wide variety of plants and foods (Soares et al.,
2020). A studied chemical property of tannins is the ability to bind with salivary proteins resulting in
protein aggregation and precipitation. Whether pretiion or aggregation occurs is due to the
protein concentration. In low protein concentrations, a thin layer that is less hydrophilic than the
protein itself forms when the tannin binds to several sites on the protein, and aggregation ensues
(Spencer, 188). In higher protein concentrations, the tannins crbsk to various proteins creating a
hydrophobic surface layer and causing precipitation of the protein (Spencer, 1988).
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Figure 2 Chemical structures of condensed tannins: fronflthanic core to proanthocyanidin A.
Modified from Soares et al., 2020.
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1.3 Howcanfermentationaffect saponins and tannins?
Saponins showed a significant function in immune system regulation, reducing cholesterol, antitumor
and antiviral activity (Singh et al., 2017). According to del Hierro et al. (2018) and several other studies,
saponins are characterized by low bioavaiiabilHowever, microbiota was found to hydrolyze
saponins to secondary glycosides or sapogenins that showed higher bioavailability and bioactivity than
their precursors (Yang et al., 2015). Certain microorganisms have the ability to break down saponins
by their glycosidase enzymes, specifically glucosidase, rhamnosidase, or xylosidase. Among microbial
genera,Lactobacillus sppBifidobacterium spp Bacteroides sppEubacterium spp Fusobacterium
spp andPrevotella sppmay possess the capacity to hydrolyze saponins (Kim et al., 2018; Navarro del
Hierro et al., 2019). Fermentation can reduce, therefore saponin content (Reddy& Pearson, 1994).
Moreover, according to De Pasquale et al. (2020), a high decrease in totalrsaponcentration can
be reached whn fermentation is combined with gelatinization.
Fermentation can have various effects on tannins depending on the specific context. In the case of
lactic fermentation of highannin cereals, such as sorghum grains, it has been reported that
fermentation can eliminate most assayable tannins (Svanbeaf),et993). However, this reduction in
tannin content is attributed to the formation of insoluble tanAnotein complexes rather than the
degradation or loss of tannins themselves (Svanberg et al., 1993). Several lactobacilli having tannase
activity were isolated from fermented foods and they includddactobacillus plantarum, L.
paraplantarum, and L. pentosus(Osawa et al., 2000). This enzymatic functionality is a shared
phenotypic trait among these three species.

2. Method(s) of analysis

2.1 Samplepreparation
Sample preparation for tannins and saponin analysis requires caxafigideration, especially when
dealing with fermented raw materials or foods. Fermentation can alter the composition and structure
of compounds, potentially affecting their extraction and analyNi@n-fermented materials like faba
bean flour can be directly used for analysis without extensivepgpoeessingkor fermented materials,
such as sourdough, begin by freahying the sample. Freezdrying preserves the sample's
composition by removing water without significantly altering the compounds of inteFes solid
model samples like extrudates, start by milling the sample to achieve a homogeneous particle size.
Then proceed with freezdrying. Before the extractiorgnsure that the samples are stored properly
at -20 °Cin airtight containers to prevent moisture uptake

2.2 § CBu]v S]}v }( °}Ce %o}vVv]ve v-PRA: Geherl h, W >
Principle
dZ]e v oCe]e (} pe = }v S CEu]v]vP 8Z }v VvSE S]}ve }( *}C * %o}v]ve
The procedure involves extracting the saponins using aqueous MeOH, followed by chromatographic
separation and quantification using an UHrighPerformance Liquid Chromatography system with a
Photodiode Array detector (UHPIEDA). Calibration curves are constructed to relate detected signals
to saponin concentrations. The method described is based on Tuccillo et al. (2022).

221 Reagents
Prepare the following reagents:
X 20% agueous MeOH solution
X Water (solvent A) and acetonitrile (solvent B), each with 0.025% trifluoroacetic acid
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2.2.2 Extraction

X Weigh precisely 0.1 g of thHéour into a small Eppendorf tube. Prepare three replicates for
each sample to ensure accuracy.

x Add 1.5 ml of a methanalater (80:20) solution to each tube. This extraction solvent
facilitates efficient saponin extraction.

x Thoroughly mix the contents of each tube using either a vortex mixer or a tube shaker. This
ensures uniform distribution of the extraction solvent.

x Place the tubes into a table shaker and allow them to shake for 20 minutes. This step enhances
the extraction of soyasaponins from the flour.

X After shaking, centrifuge the tubes at 4000 rpm for 5 minutes. Centrifugation separates the
solid components from the liquid phase.

x Carefully collect the supernatant from each tube and transfer it intenal Solumetric flask.
Repeat steps 2 to 6 for a total of three extractions to ensure comprehensive saponin recovery.

x To ensure thorough extraction, wash the residual precipitate in each tube with 1.5 ml of the
methanolwater solution. Gently mix the contents and return the tubes to the shaker for an
additional 20 minutes.

x Centrifuge the tubes again and collect the supernatant as before.

x Fill each volumetric flask to the mark using the methamater solution. This step
standardizes the volume of the extracted solution.

x To remove any particulate matter, filter the samples using a 0.2 um filter. Collect 1 ml of the
filtered solution and transfer it to macro UHPLC vials. This ensures that the samples are free
from particulate interference during analysis.

x For storage, transfer the remaining portion (62Inl) of the extracted solution to Eppendorf
tubes. Store these tubes in a freezer20°C to preserve the stability of the saponin samples
for future analyses.

C (}Joo}AJVP 8Z ¢ 3 % U C}pu Vv (( 3]A oC AESE 5 V %E « EA «}(
flours for subsequent UHPIRDA analysis, enabling accurate quantification of these compounds.

2.2.3 Standard Curve Preparation
A sixpoint calibration curve covering the concentration range ofl® pg/mL is created for
soyasaponin B. This curve acts as a reference for quantifying both soyasaponing@®@ and

224 UHPLEGPDA
Chromatographic separation and quantification are achieved using an Acquity Waters UPLC system
equipped with an HSS T3 C18 column (1.8 pm, 2.1 x 150 mm) and a Photodiode Array detector (PDA)
set to monitor in the 19@600 nm range. The mobile phase consigtmodified water (solvent A) and
acetonitrile (solvent B) with 0.025% trifluoroacetic acid. A gradient elution system at a flow rate of 0.3
mL/min is used with the following mobile phase gradientl @nin (95:5); 18 min (50:50); 10 min
(50:50); 112 (20:80); 1213 min (20:80); 1814 min (95:5). The autosampler and column are
temperaturecontrolled, and 30 pL injections are made.

2.25 Determination
Soyasaponin B is identified based on retention time and UV spectrum (maximum at 200 nm).
SoyasaponinG is identified by its maximum absorption at 294 nm. The UHFRAsetup allows for
precise quantification based on these identifying features.
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2.2.6 Calculations
Utilize the sixpoint calibration curve created for soyasaponin B at 200 nm to calculate concentrations
of both soyasaponins B ans in the samples.

2.3 Total condensethnninsassay: General principle
The analysis aims to quantify condensed tannins in a sample using a spectrophotometric raéthod
known as the vanillin methodleveloped by Price et al. (1978) and modified by Sun et al. (1998). The
tannins are first extracted from the sample using a combination of sulfuric acid in methEmsl
extraction breaks down the complex tannins into simpler compounds. The breakdown products react
with a vanillin reagent, forming a colored complex. The intensity of this color is directly proportional
to the corcentration of tannins in the sample. By preparing a standard curve with known
concentrations of a tannitE o § Ju% }uv U §Z *}E v -coldred Zomplexd%&am [«
be measured and used to determine its condensed tannin concentration. This matlowgs for
accurate assessment of tannin content in various samples.

2.3.1 Reagents
In the preparatory stage, various reagents are assembled for the subsequent analysis:

X A atechin solution is formed by dissolving 6 mg ofdafechin in 50 mL of MeOH. This
compound acts as a reference for condensed tannins.

X 7.2 NH:SQis created by mixing 21 mL of concentrated sulfuric acid with 79 mL of MeOH. This
strong acidisolution aids in the extraction process.

x A 1%SQin MeOH solution is formulated, serving as a milder extraction medium.

X The Vanillin reagent is prepared by dissolving 0.5 g of vanillin in 50 mL of MeOH. Vanillin will
react with the tannin breakdown products to produce a colored complex.

2.3.2 Extraction
Sampleextractioninvolves the following steps:

X Accuratelyweigh asample of 0.1 g and plad@einto a 5 ml Eppendorf tube.

X Add3 ml of the 1% strong H2SO4 in MeOH solution to the sample for extraction.

X Vortex he mixture to ensure thorough mixing.

X Shake he sample for 90 minutes at room temperature using a table shaker to facilitate tannin
extraction.

x Following shakingcentrifuge the sample for 10 minutes at 8000 rpm, awdllect the
supernatant in 2nl Eppendorf tubes.

2.3.3 Standard Curve preparation
To establish a quantifiable relationship between absorbance and condensed tannin concentration, a
6-point standard curve is generated. This calibration curve provides a reference for converting
absorbanceneasurements into meaningful tannin concentration values. To create this curve, a series
of standard solutions are prepared by pipettingyiag volumes of theatechin solution along with
MeOH, ashown in Table 1.

Table 1.Concentrations of Standard Solutions for Calibration Curve.

Catechin solution (4 MeOH (uL) mg/mL
500 0 0.12
400 100 0.096
300 200 0.072
200 300 0.048
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100 400 0.024
50 450 0.012

Each standard solution corresponds to a known concentration of the tenetated compound. After
preparation, the absorbance of each standard solution is measured using the spectrophotometer at
500 nm. These absorbance values are then plotted against their respective concentrations to generate
the standard curve. This curve serves las teference for converting the absorbance of unknown
samples into condensed tannin concentrations.

2.3.4 Determination
The guantification of condensed tannins in the sample is achieved through a meticulous process. The
spectrophotometer is first autozeroed using a sample containing the following components:

x0.5 ml of 1% H2S0O4 in MeOH
x1.25 ml of the vanillin reagent
x2.5 mlof 7.2 N H2SO4

This zeroing step compensates for any background absorbance originating from the reagents
themselves. Subsequently, for both the sample and the standard solutions, a reaction mixture is
assembled as follows:

x0.5 ml of the prepared sample or standard solution
x1.25 ml of the vanillin reagent
x2.5 ml of 7.2 N H2SO4

This reaction mixture is incubated for 15 minutes at a controlled temperature of 35 degrees Celsius.
During this incubation, the tannin breakdown products react with the vanillin reagent, forming a
colored complex. This complex's color intensity is diyeptbportional to the tannin concentration.
Following incubation, the absorbance of the reaction mixture is measured at a specific wavelength,
500 nm, using the spectrophotometer. The resulting absorbance value is then compared to the
standard curve, alloimg the determination of the condensed tannin concentration in the sample. This
comprehensive process ensures accurate and reproducible quantification of condensed tannins.

2.35 Calculations
The concentration of condensed tannins in the sample is calculated using the standard curve
generated earlier. This curve correlates known concentrations of the catechin solution with their
respective absorbance values, allowing the absorbance of the satopbe converted into a
concentration value. To report the results accurately, it's crucial to take into consideration the weight
of the original sample, the dilution factor applied during the extraction, and the dry matter content of
the sample. The besway to present the results is as milligrams of condensed tannins (catechin
equivalents CE) per 100 grams of dry matter (mg/100g dm). This unit accounts for both the
concentration of tannins and the weight of the sample's dry matter, providing a standdrdizd
meaningful representation of the tannin content.

3. Tips& tricks

Maintain consistency in sample extraction procedures anstrument parameters to ensure
reproducibility. Attention to accurate dilutions and meticulous calibration is crucial for obtaining
reliable results.

Regarding total tannin assay, in case of recorded absorbance values under the lowest point of the
calibration curve, repeat the analysis and increase the amount of sample weighted (e@5 0)2If,

116



HealthFerm Book of Methods

after that, the absorbance is still lower than the lowest point of the standard curve, the concentration
of tannins is under the limit of quantification (<5 ng/100g dm).
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Summary
X Raw material Fava bean\icia fdba L)

X Relevantapplications:Solid, semsolid, liquid fermented products containing Faba be
flours, isolates, concentrates
X Fermentation-induced changeslt may reduce convicine and vicine contents if selec
lactic acid bacteria having specific enzymatic activities are used
X Analytical methods
0 RRHPLE&JV

1. Introduction

Vicine and convicine are compounds found mainly in the faba bean, a legume plant from the Fabaceae
family that grows in various climates. These two compounds are mainly present in the cotyledons of
faba beans at 1% of dry matter (Purves et al., 20¥&)jine and convicine are precursors of the
aglycones divicine and isouramil (Crépmral., 2010), which induce severe hemolysis after ingestion
in people who suffer from favism, a genetic deficiency of the gluégslkeosphate dehydrogenase
(G6PDenzyme (Arese et al., 1981).To enhance the use of faba bean with high nutritional qurality f
food and feed, several studies investigated different processing methods and fermentation to reduce
the content of vicine and convicine in the faba bean. Cardddantinez et al. (2012) found that
roasting and boiling can affect the content of these twadesired compounds, which result partially
thermostable with the convicine that is the most sensitive to thermal treatments. Hegazy & Marquardt
(1983) investigated soaking in glacial acetic acid solution at 40°C for 72 h, finding that reduction can
be canplete. Fermentation and enzymatic hydrolysis were also studied, for instance, by Coda et al. (
2015), Rizzello et al. (2016), and Pulkkinen et al. (2019), who studied the application of selected lactic

] § E] z-ghtodRiase activity in diffent conditions.

1.1 Chemical structure of vicine and convicine
Vicine and convicine are two pyrimidine glycosides, chemically defined adiatyho4,5
dihydroxypyrimidine  5t-D-glucopyranoside and 2,4fihydroxy-6-aminopyrimidine 5t-D-
glucopyranoside, respectively (Fig. 1) (Pulkkinen et al., 2@j8)nsdotter et al. (2021) recently
identified the key gene in the biosynthesis of vicine and convicine, moreover they demonstrated that
these pyrimidine glycosides derived from purine metabolism, from the riboflavin pathway.
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Figure 1 Molecular structure of vicine and convicine.

1.2 How can fermentation affect vicine and convicine?
Fermentationis a pivotal food technology that can enhance pulses' nutritional profile, for instance, by
reducing antinutritional factors naturally present in the raw material. Regarding the vicine and
convicine, Coda et al. (2015) observed a decrease of more thamBtiine and convicine in faba
bean flour samples fermented hy plantarumstrain able to synthesize-ucosidase. Rizzello et al.
(2016) confirmed the potential of. plantarumfermentation in this respect and investigated the
proper fermentation condions to gain more knowledge in the application of this species.
Pulkkinen et al. (2019) found that sourdough fermentation can induce losses of these two compounds,
which depends on hydrolysis efficiency. Therefore, it changes based on the strains and the
fermentation conditions. Controlled acidification plays a sigaift role in obtaining acceptable
sensory quality of the fermented food matrix.

2. Method(s) of analysis

2.1 General principle
Vicine and convicine are water soluble compounds that can be extracted with water, separated by
reversed phase (RP) HPLC with acidic eluents and detected by UV set at e.g. 273 nm. To combine
extraction of the analytes and precipitation of proteins, extrastis often conducted with acids, e.g.
7 % percholoric acid. The method is described in detail by Pulkkinen et al. (2015).

2.2 Standard preparation
dZ S v E ¢ %uUE Z - E A]]Jv ~HB6069U (u Kel E dE}% ]38l Z 'u , '
Sigma Aldrich, USA). Uridine is used as an internal standard. For calibration, vicine is dissolved in 7%
perchloric acid (10 pg/ml) and uridine in Milli water(5 pg/ml) prior to making standard solutions
containing vicine (0.01260.50 pg/pl) and uridine (0.25 pg/ulpince convicine was shown to have
similar UV absorptivity than vicine at 273 nm, convicine is quantified using vicine calibration curves
(Pulkkinen et al. 2015). Uridine solution of 8 mg/mhirateris prepared to be added to samples as an
internal standard. Stock solutions of standards are stored &tC.

2.3 Sample preparation
Fababean samples are milled to particle size of 0.5 mm, and sourdough and bread samples are freeze
dried and ground prior to vicine and conviciamealysis (Pulkkinen et al 2015; Pulkkinen et al. 2019).

2.4 Reagentand instruments
x  Milli-Q water (MilliQPlus system; 0.22 um, Millipore Corporatioin, Bedford, MA, USA)
x Formic acid
X Acetonitrile
X GHP filter (0.45um GH Polypro, GHP, filter; Acrodisc Pall, Cornwall, UK)
X Reversed phase HPLC column: Atlantis T3 C18 (3 um particle size, 4.6 x 100 mm) with a

guard column (4.6 x 20 mm) (Waters, Milford, USA)
HPLC instrument with diode array detector (or UV detector)
Data analysis software

xX X
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2.5 Extraction of vicine and convicine
Homogenized faba bean samples of 0.5 g are weighed intols@ntrifuge tubes and 1 ml of uridine
solution (8 mg/ml) is added. Samples are extracted with 15 ml gb&eehloric acidhree times. In
each step, extraction is done by vortexing for 1 min followed by centrifugation (13 000 g8aC4or
10 min). Supernatants are collected and filtered using GHP filters prior to HPLC analysis.
Each sample is extracted in triplicate.

2.6 HPLC analysis of vicine and convicine
HPLC separation is performed using reversed phase HPLC and isocratic elution usiogrickbdid
followed by gradient elution with increasing proportion of acetonitrile to wash the column. Elution is
done at the rate of 0.8 ml/min and at 30°C. Injection volumes of 10 ul are used. Vicine and convicine
are detected with an UV detector set at 2781n

Steps of elution:
0v8 min 100 % 0.1%6rmic acid
8 v 15 min increasing proportion of 0.1% formic acid in acetonitrile to 70%
15v22 min 30% 0.1%rmic acid 70% 0.1% formic acid in acetonitrile
22v 23 minincreasing proportion of 0.1% formic acid to 100%
23v 35 min 100 % 0.1%rmic acid

Results are calculated using linear calibration curves and an internal standard method. The results are
given as mg/g of the sample.

3. Interpretationand analysis of results
The analytes and the internal standard elute in the order of vicine, convicine, and uridine. According
to Pulkkinen et al. (2015), average retention times of these compounds were 5.40 + 0.02 min, 6.05 £
0.02 min, and 10.30 £ 0.04 min (n=185), correspontbngetention factors of 2.10, 2.38 and 4.28,
respectively.

4. Tips& tricks

Extraction can also be carried out using Mjllivater, but then proteins need to be removed prior to
chromatographic analysis. Purification can be done by using,AmiconUltracel® 0.5nl filters (10

kDa cutoff; MerckMillipore, Darmstadt, Germany)Vith fermented materials extracted with water,
enzymes i should be denaturated, e.g., by placing test tubes in a boiling water bath for a few minutes
prior to filtration.

With fermented samples, it may be good to run the samples first without the internal standard to be
sure that fermentation would not produce compounds that would coelute with uridine.

To shorten the run time and to improve separation of the analytes in chromatography, UHPLC may be
used instead of HPLC.
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Summary
X Raw material Cereals (e.g., oat) and pulses (e.g., faba bean, pea), as flours or pi

rich fractions (e.g., protein concentrate, protein isolate)

x Relevantapplications:Solid (meat, breads and other baked products), seotid (dairy
products, plartbased yoghurt), and liquigiairy products, planrbased milk) fermented)
food

X Fermentation-induced changesln situproduction of vitamin B12 in pladiased food is
achievable tailoring fermentation induced by certain bacteria that are able to synthe
this compound.

X Analytical methods

X Extraction

Immunoaffinitypurification

UHPLC/U¥nalysis

UHPLE@IS/MS analysis

Microbiological Assay

X X X X

1. Introduction
Vitamin B12, also knowne } o u]v ~K[> &C ~ ~ uu vU Tiii*U Jsoluble «« v3] o
micronutrient that is naturally present in food of animal origin, such as meat, seafood, eggs, milk and
dairy products (Watanabe, 2007). Both humans and animals require vitamin Bl2oésctnicfor
properly functioning two enzymes: methyl malorf@A mutase and methionine synthase (Banerjee
& Ragsdale, 2003). Since humans cannot acquire this compound from their enteric bacteria, as some
animals can, itis essentigdl E Zpu ve 8} } § ]v 18 $ZE&}uPZz $Z & ] 8 ~*"8 o €& ~
recommended daily dietary allowance (RDA) is 2.4 ug/day (Institute of Medicine, 1998). Only certain
bacteria ad archaeons can synthesize vitamin B12 (Martens et al., 2002}of¢@mtfoods do not
contain this vitamin (except for algae); however, via the design of fermentation processes or
fortification (Watanabe et al., 2013) also, pldmsed products can acquire a significant content of
vitamin B12. Nowadays, subclinical viianB12 deficiency is worldwide spread, particularly among
individuals with limited consumption of animal products, such as vegetarian and vegan subjects
(Hermann., 2003; Rizzo et al., 2016; Smith et al., 2018). The chemical synthesis of vitamin B12 is
compex and expensive. Therefore, commercial vitamin B12 is produced via a biotechnological
process. Fermentation with specific starter cultures is, in fact, aefbsttive method for fortifying
food materials with micronutrients directly during the produmsti process. A tailored fermentation
process represents a powerful tool to prevent vitamin B12 subclinical deficiency in the future
worldwide population.

1.1 Chemicaktructure of vitamin B12
Vitamin B12, also known as cyanocobalamin, was initially identified in the 1920s as a nutrient or
extrinsic factor by Minot, Murphy, and Whipple, who conducted research on the alleviation of
symptoms associated with pernicious anaemia by incorporating the livertire diet (Minot &
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Murphy, 1926; Whipple & Robschdobbins, 1925). However, the understanding of the structure of

Al3 u]v i1 u o038 EU 8Z vle 8} 8Z %]}v E]vP A}YEI }( }E}SZC ,} F
utilized Xray crystallography (Hodgkin et al., 1956). The sisentevealed that the vitamin has a
cyanolated, cobailtontaining, amidated tetrapyrrole structure, leading to its cyanocobalamin
designation. Vitamin B12 refers to a group of corrinoids characterized by a cobalt ion at the centre of

the corrin ring and ®ial ligands coordinated with the cobalt ion (Combs & McClung, 2017). In nature,

8Z (Jv 0 % @E} p S« }( AlS ulv itdedyyadendyledbaladmn (6genzyme B12) and

D oX /v }VS@E 83U 8Z & GEu "A]3 u]v iT_ *% ]J({CNECOIL whighss e C v} |
predominantly produced by the industry (Fig. 1). The CN group is a result of the extraction process

used to isolate the compound from bacterial cultures. The vitamin B12 molecule can be, therefore,
divided into three parts: a central canrring that contains four ligands for the cobalt ion, a lower

(alpha) ligand contributed by Sdimethylbenzimidazole (DMB), and an upper (beta) ligand derived

from either an adenosyl group or a methyl group (Martens et al., 2002).

Figure 1.Structure of vitamin B12 as cyanocobalamin when X is CN. The primary biological forms of
cobalamin have the cyano group replaced with an adenosyl, methylyanoxyl group, which are
found in adenosylcobalamin, methylcobalamin, and hydroxocobalamin, respectively (Smith et al.,
2018).

In this vitamin, the cyano group represents the upper ligand, while the nitrogen from DMB is the lower
ligand. In biological systems, the upper cyano ligand can be substituted by an adgoogy resulting

in adenosylcobalamin (AdoCbl), a methyl group, leading to methylcobalamin (MeCbl), or water, giving
rise to hydroxocobalamin (Smith et al., 2018). Some biological systems employ a different lower base
to which the cobalt is bound; for instance, the DMB carsblestituted with bases such as adenine,
subgituted benzimidazoles that encompass hydroxy or methoxy benzimidazole, or phenolic
compounds including phenol or cresol (Hazra et al., 2013). However, the coenzyme forms of vitamin
B12 are limited to MeCbl and AdoCbl. MeCbl is essential for the remathylataction of
homocysteine to methionine, facilitated by methionine synthase. This reaction is significant for DNA
synthesis, working in conjunction with folate. On the other hand, AdoCbl is utilized as a cofactor for
methyl malonydiCoA mutase, enablindpe conversion of methyl malonfloA to succinyCoA. This
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reaction is involved in the metabolism of cholesterol, adidchin fatty acids, and various amino acids
(Pawlak et al., 2013).

1.2 In situvitamin B1Zfortification of food via fermentation
Chemical synthesis of vitamin B12 is technically challenging and expensive; therefore, the current
commercial form is produced via a biotechnological process, which involves using selected
microorganisms. Microorganisnimlonging to 20 genera were identified as Bi®ducing strains;
however, due to the higher yields achieved, the industrial production via microbial fermentation is
mainly induced by strains belonging Ryopionibacterium freudenreichiBacillus megateriunand
Pseudomonas denitrificanspedes (Hugenholtz & Smid, 2002). After microbial fermentation,
extraction, purification and conversion to cyanocobalamin are performed (Martens et al., 2002). Due
to the costeffectiveness and efficiency of the procedure, the in situ production of vitamihvid
fermentation represents an essential tool for food fortification during processing. Several studies
about thein situ production of vitamin B12 in cereal and food matrices were conducted in the last
decade, and among these, the usdofreudenreichitrains was extensively investigated (Chamlagain
et al., 2015, 2018; Xie et al., 2018, 2019, 2021; Edelmann et al., 2016; Wang et al., 2022). Propionic
acid bacteria (PAB) are mesophilic and aerotolerant Actinobacteria, characterised by the ability to
produce propionic acid as the main metabolic gmdduct. AmongP. freudenreichigtrains, two
subspecies can be distinguished due to their metabolic featuis:freudenreichii subsp.
freudenreichii which cannot use lactose but can reduce nitrates, andréudenreichii subsp.
shermanii can utilise lactose but cannot reduce nitrates (Thierry et al., 2011). Although the high yield
of these strains for vitamin B12 production, the in situ fortification of cereal food induced by them
involves some challenges tiace. The first example is the optimal pH for cell growthPof
freudenreichiiwhich is around 7. Cereal fermentation is commonly characterised by a low pH, reached
due to the production of acidic compounds by lactic acid bacteria, and this may irfésyhthesis
of vitamin B12 in the matrix. Therefore, it becomes essential to ferment sterilised raw materials with
neutral or slightly acidic pH (Chamlagain et al., 2018). In this chapter, the analysis procedure for
vitamin B12 from fortified fermented fads described is originally reported by Chamlagain et al.
(2015).

2. Methods of analysis

2.1 Samplepreparation
Analysis can be conducted on flour ingredients or fredided samples. If sourdough or other
fermented samples are analysed, firstly remove the water with fresdrgéng

2.2 Generaprincipleof vitamin B12 analysis
Several studies have previously shown the reliability of -pigtiormance liquid chromatography
(HPLC) for vitamin B12 analysis in different food typesthermore, ultrahigh-performance liquid
chromatography (UHPLC) enhances the sensitivity and efficiency of vitamin detection (Chamlagain et
al., 2015; Wang et al., 2021). For this reason, the Association of Official Analytical Chemists (AOAC)
adopted a nethod that combined HPLC with immunoaffinity extraction as the recommended
internationally recognised technique (CamgBsnenes et al., 2012). In addition, mass
spectrophotometry (MS) combined with the HPLC permits the identification of the moleculehlyossi
distinguishing it from inactive corrinoid compounds (Watanabe & Bito. 2018; Edelmann et al., 2019).
This chapter aims to describe a suggested method of analysis, reported by Chamlagain et al. (2015),
that is sensitive and can be adopted when vitamir2 B4 produced in situ in plafitased food
products.
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2.3 Chemicals, materials and reagents (for all preparation and analyses

to conduc)

Sodium hydroxide, analytical gra@erck, Darmstadt, Germany)

Acetic acid, analytical gragMerck, Darmstadt, Germany)

Vitamin B12 assay mediumnalytical gradéMerck, Darmstadt, Germany)

Ethanol (Altia, Rajamaki, Finland)

Acetonitrile, HPLC grade (Sig#larich, Steinheim, Germany)

Trifluoroacetic acid (TFA) (Sigilrich, Steinheim, Germany)

Sodium cyanid€SigmaAldrich, Steinheim, Germany)

Cyanocobalamin (Supelco, Bellefonte, USA)

Tween 80 (Sigma, Aldrich, USA)

r-amylase (EC 232881, A9857%MU, Aspergillus oryzadSigmaAldrich, Steinheim,

Germany)

x Certified reference material BRC 487 (lyophilised pig liver; Institute for Reference Materials
and Measurements, Geel, Belgium; Sigidrich

x  MilliQ water (MilliQ Plus system, Millipore corporation, Bedford, MA, USA)

Cyanocobalamin stock solution (2a§/mL)prepared in 25% ethanol/MilliQ water and the

concentration is measured by a spectrophotometer (Lambda 25 UV/Vis, Perkin Elmer Inc.,

USA) at 361 nm, according to Indyk et al. (2002)

Immunoaffinity column Easy extraéRBiopharma, Glasgow, Scotland)

Paper filters @90 mm, VWR, Leuven, Belgium)

Filters 0.45um (Pall, Cornwall, UK)

Methanol

Syringe filters 0.2m (Pall, Cornwall, UK)

Waters UPLC vials

Waters Acquity UPLC system (Milford, MA, USA) equipped with a photodiode array

detector (PDA; 21600 nm)

Waters Empower 2 software

x Two reverseephase C18 columns, high strength silica T3 (HSS) and ethylene bridged hybrid
(BEH) (Waters, Milford, MA, USA) (2.1 x 100 mmph&nd 1.7um particles)

x EsquireLC quadrupole ion trap mass spectrometer with an elespray ionization (ESI)

interface (Bruker Daltonics, Bremen, Germany)

LCMSD Trap version 5.2 (Bruker, Daltonics)

96 well microtiter plate (Corning, NY, USA)

L. delbrueckihTCC 7830

Microplate reader (Multiskan EX; Labsystems, Finland) with Ascent software version 2.6

(Labsystems)

X X X X X X X X X X

X X X X X X X x

x

X X X X

2.4 VitaminB12 extraction

x All analytical processes need to be carried out under subdued light or protected from direct
light;

X The protocol for vitamirB12 extraction (as cyanocobalamin) involves usidgglof cereal
matrix or 0.5 g of freezdried sample (Wang &tl., 2022). The sample is weighed in duplicate
in extraction tubes;
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X Add 10 (Chamlagain et al., 2015) or 15 mL (Wang et al., 2022) of buffer (8.3 mM sodium
hydroxide and 20.7 mM acetic acid; pH 4.5 containing 100 pL 1 % sodium cyanide (1% w/v in
water) and mix the samples on a stirrer;

x Place the samples in a boiling water bath for 30 minutes;

x Place the samples in an ice bath to cool them down aptiroximately 37°C;

x If sample is cereddased, to ease the purification with the immunoaffinity system, add 300 puL
} ( -amylase (50 mg/mL) and incubate at 37°C for 30 min. to digest the starch;

x Centrifuge at 6,900 x g for 10 min and carefully collect the supernatant into new tubes;

X Suspend the pellet remained in 5 mL of extraction buffer, vortex, and centrifuge the mixture
again (6,900 x g, 10 min);

x Filter the supernatants with paper filters (& 90 mm), combine the supernatants, and adjust
the final volume to 25 mL with extraction buffer. 10 mL of these supernatants will be used for
the next purification step by immunoaffinity method.

5 Immunoaffinitypurification for UHPLC quantification
Drain the buffer in the immunoaffinity column;
Filter 1815 mL of the extract with 0.45 um filters;
The column is washed with 10 mL of MilliQ water, and 50 mL of air is applied;
Vitamin B12 is eluted with 3 mL of methanol, and the elution is completed with an additional
0.5 mL of methanol;
X The eluate is evaporated at 50°C under a stream of nitrogen, and the residue is reconstituted
with 300 uL of water, which is then syringe filtered (0.2 um) to a Waters total recovery UPLC
vial.

x x x x DN

2.6 Ultra high performance liquid chromatography and UV method
(UHPLC/UV analysis)

2.6.1 Protocol of UHPLC/UV
1. A Waters UHPLC system (Milford, MA, USA) equipped with a photodiode array
detector (PDA; 20800 nm), which will record the absorption spectra, and an

<u]sSC AN di P06 }opuv ~iXi ? i1l uuU iXd ..ue E -

detection is performed at 364m;

The autosampler is set up at 4°C, while the column is operated at 30°C;

3. The mobile phase consisted of 0.025% trifluoroacetic acid (TFA) in water (solvent A)
and 0.025% TFA in acetonitrile (solvent B), with a flow rate of 0.32 mL/min. An
external calibration curve for quantitation was prepared by injecting six
cyanocobalamin sindards (0.0151 X6 vPIl...>¢ ]Jv p%o0] § V

4. Load the UPLC vials containing the sample into the sample holder;

5. The autosampler will inject the sample solution (& ... >+ }vS§} Jopuv A]
injection loop, operated in a partidbop mode.

N

2.6.2 Ultra high performance liquid chromatography and tandem mass
spectrophotometry (UHPE@S/MS analysis)

1. The mobile phase is modified with 0.5% formic acid, replacing 0.025% TFA;

2. lonpositive mode is used for MS analysis on the Esdu@guadrupole ion trap mass
spectrometer with an electronic spray ionisation (ESI) interface. At the same time,
the data are analysed by the IMSD Trap version 5.2.;

3. The scanning is carried out for a range of m/z-2@00, and the tandem mass
spectrometry (MS/MS) is performed for a specific m/z according to the target
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molecule using helium as the collision gas. Other corrinoids, such as pseudovitamin
B12, were recognised in the chromatograms based on their retention times and

absorption spectra. For the analysis of cyanocobalamin ([M+H]+ m/z 1356) and
pseudo cyanocobatain ([M+H]+ m/z 1345) the settings are described below:

Nebulizer Dry gas Dry Capillary End plate| Trap
(nitrogen) (nitrogen) temperature offset drive
50 psi 8.0 L/min. 300°C 4500 V -250 vV 84

2.7 Microbiologicahssay (MBA)

The MBA is performed using a-@&ll microtiter plate (Corning, NY, USA), according to Kelleher and
Broin (1991)L.delbrueckiATCC 7830 is used as an assay organism, and cyanocobalamin as a calibrant.
1. Dilute the sample extracts at two levels with the extraction buffer (pH 6.2);

2. A certified reference material, BCR 487 (pig liver) extract, served as a reference
sample in each set of samples.
3. A blank extract is used to obtain the actual readings of the samples.

4, /v} po § i1t ...> }( € v}} o u]v e}ousS]l}ve }( JVI&GE <]VP
pg/well) and sample extracts into the wellstbe microtiter plate (4 wells for each
concentration);

5. Tl ..> }J( (E *Z0oC % E % E 5 EJo (]Jos E A]s u]v

inoculated with the cryopreserved assay organism was introduced into each well.
6. Incubate the plate at an optimised condition (35 °C; 19 h);
7. Measure turbidity with a micrgplate reader (Multiskan EX; Labsystems, Finland) at
595 nm. A calibration curve of 8 concentration levels andatineunt of vitamin B12
in each well were obtained automatically by Ascent software version 2.6
(Labsystems).

3. Tips& tricks

The repeatability of the experiment can be checked by carrying out two independent experiments on
2 days.
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Summary
X Raw material Cereals (e.g., oat) and pulses (e.g., faba bean, pea), as flours or pi

rich fractions (e.g., protein concentrate, protein isolate)

X Relevant applicationsSolid (meat, breads and other baked products), ssotid (dairy
products, plartbased yoghurt), and liquid (dairy products, pHlatsed milk) fermented]
food

x Fermentation-induced changesCertain microbial strains have lipase and lipoxygenj
enzymes that can release free fatty acids into the food matrix, in addition some m:
able to enhance the antioxidant capacity of food environment

X Analytical methods

0 NRHPLEELSD

1. Introduction
Fatty acids (FA) are the major components of lipids containing an aliphatic chain with a carboxylic acid
group (Damodaran et al., 2007). In cereals grains, fatty acids are present in all parts, such as in the
intercellular membranes, spherosomes, starcll @notein bodies (Chow, 2007). In pulse grains, lipids
are located in the embryo axis, while the cotyledons and seed coat have these components in low
amount. In cereal and pulse grains, among natural occurrences, lipid degradation plays a significant
role in the release of free fatty acids (FFAs) that are more susceptible to chemical or enzymatic
oxidation (Tiwari & Singh, 2012). Lipid oxidation occurs by three ways: autoxidation, enzymatic
catalysed oxidation, and photoxidation. According to several slies, reported by the review of
Shadidi & Oh (2020), during food processing Strecker degradation and Maillard reaction may involve
lipids resulting in the formation of multiple volatile compounds. Lipids significantly contribute to food
flavor formation, epecially in the presence of high amounts of unsaturated fatty acids. In certain
foods, such as pulses (Tiwari & Singh, 2012) and meat (Shadidi, 2002), lipid autoxidation via a free
radical chain releases hydroperoxides, which are unstable compoundsebairgbose to aldehydes,
hydrocarbons, alcohols, ketones, acids, esters, furans, lactones, and epoxy compounds, which are
flavor-active. In particular, aldehydes are highly reactive with other compounds, formirftaedi
molecules. Regarding the enzymatigtalyzed oxidation of lipids, it is mainly due to the activity of
lipid-modifying enzymes, such as lipase, lipoxygenase and peroxygenase. Endogenous lipase leads to
the release of FFAs (from their esters) that undergo oxidative reactions and the fornadtion
hydroperoxides, due to lipoxygenase (LOX) activity. Peroxygenase (POX) leads to the formation of non
volatile flavor molecules, known as epoxy and hydroxyl fatty acids, by degrading unsaturated fatty
acids in presence of hydroperoxide. The activittheke three enzymes in oat and faba bean samples
was studied and described by Yang et al. (2017) to determine their role in theléipiced oftflavor
release. Among the three lipichodifying enzymes mentioned above, in oat, the activity of lipase and
POX occurred significantly, while in faba bean lipase and LOX were the most active enzymes. Oat
based raw materials commonly undergo hydrothermal treatments, for instance, kilning, to inactivate
lipases and other enzymes, due to high presence of polyundetiifatty acids (PUFAS), e.g., linoleic
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and linolenic acids that are easily oxidized (Lampi et al., 2015; Yang et al., 2023). Similarly, heat
treatment was considered effective for controlling LOX activity in legumes (Roland et al., 2017).

1.1 Chemical structure of free fatty acids
Fatty acids are organic molecules consisting of a hydrocarbon chain with a carboxyl-QOaQHj.
The hydrocarbon chain can vary in length and degree of saturation, leading to different types of fatty
acids (Figure 1) (Damodaran et al., 2007). The calibaagid group is polar and hydrophilic (water
attracting), while the hydrocarbon chain is nonpolar and hydrophobic (wateelling). This
amphiphilic nature (having both hydrophilic and hydrophobic parts) allows FFAs to play crucial roles
in lipid-basedstructures and processes.

Figurel. Three free fatty acids with different unsaturation levels

1.2 How carfermentationaffect FFAs?
Fermentation plays a significant role in the development of the typical flavor in fermented food
products. Microbial starters have the ability to synthetize lipases and phospholipases that can release
free fatty acids, which contribute to desirable flavwsmpounds formation. However, in case the
oxidation of lipids becomes excessive the food product undergo an evident decrease of nutritional
and sensorial quality, resulting in spoilage. On the other hand, some microorganisms may be able to
increase the aribxidant activity in food matrixes. Zhao et al., (2021) reported several studies, which
focused on this specific potential of microbial starters. For instanadamnosushowed a significant
influence on lipid peroxidation inhibition in cerealsf((E A] § 0 Xrd Iddd ictbe formation
of antiradical compounds in soymilk (Marazzgaal., 2012). Moreover, other studies found other
microorganisms with this ability, e.g. plantarumin cowpea,Cordyceps militarign chickpea, and
Streptomycesp.,Acetobacteisp.,Lactobaillusp. andSaccharomycesp. in soybean.

2. Method(s)of analysis

2.1 Sample preparation
When preparing samples for free fatty acid analysis, meticulous attention is required to ensure
accurate results. The nature of plabpased materials, particularly those susceptible to oxidation,
demands careful handling to prevent alterations in FFA caitipm and content.Plantbased
materialsare prone to oxidatiorespecially during storage and exposurehiat, oxygen, andight.
These factorsan promote fatty acid oxidation, leading to undesirable changes in the composition and
concentration of FFASherefore, phnt-based materials should be stored in airtight containénshe
dark, andat low temperatures, ideally aR0°Cprior to analysisFlours, protein concentrates, and
protein isolates can be extracted as such. Sourdoughs should be-filéedebefore analysis, whereas
food models (e.g., meat alternatives) should be first homogenized and then fdzieze
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2.2 Generabrinciple
The method for analyzing (Figure 2) FFAs involves extracting and quantifying trecfdtpyesent in
a sample, as presented in previous research (Lampi et al., 2020; Tuccillo et al., 2022; Yang et al., 2019)
The principle of this method relies on the separation of FFAs from the sample matrix using an
extraction process and subsequentlyantifying these FFAs using NIPLC (Normal Phase High
Performance Liquid Chromatography) analysis coupled with an ELSD (Evaporative Light Scattering
Detector) system. The advised extraction process is Accelerated Solvent Extraction (ASE), which
involves & automated system that reduces extraction time and manual handliampi & Piironen,
2009. In ASE, a sample is placed in a sample cell, which is then filled with a solvent or mixture of
solvents. The entire cell is then placed in an extraction chamber after the sample cell has been sealed.
An inert gas, such as nitrogen, is used to presstineextraction chamber. The efficient extraction
of analytes from the sample matrix is made possible by the interaction of heat, pressure, and solvent
penetration. The UHPLC separates the FFAs based on their physical and chemical properties such as
molecular weight and polarity. The ELSD detects the analytes by measuring the scattering of light due
to the presence of the analytes in the mobile phaBering the UHPL-ELSD analysis, the FFAs are
eluted from the chromatographic column and are carried into the ELSD detector. In the ELSD, the
eluted FFAs are nebulized into a spray of fine droplets. The solvent is then evaporated from these
droplets, leaviig behind the anigtes in the form of solid particles. These particles scatter light when
exposed to a laser beam. The scattered light is then collected and measured by the detector. The
intensity of the scattered light is proportional to the concentration of the analyiteshis case, the
FFAs

Figure 2. Schematic overview from sample preparation to normal phase high performance liquid
chromatography

2.3 Reagents

x EighEthanol

Acetone

Heptane

0.1% Acetic acid in heptane
3% 2Propanol in heptane
Oleic acid

X X X X X

2.4 ASHEEXxtraction

Carry out the analysis in triplicate
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x Weigh the sample, ranging from 0.5 to 2 grams of flour/freeze dried sample, MmAC& cell
with a cellulose filters at the bottom.
Mix the sample with an equal volume of drying agent (e.g., Sand) to aid in the extraction.
Add 1 ml of ethanol to the sample and fill the cell with more drying agent.
Assemble the cell with the top part and tighten it.
Repeat the process for each flour sample, ensuring triplicate extractions.
Place the prepared cells in an AS@Eactor in consecutive positions.
Prepare marked vials with proper septa for sample extraction and rinsing
Set the following extraction parameters:
0 Solvent: Acetone
Temperature: 100°C
Pressure: 1000 psi
Heating time: 5 min
Static cycle time: 10 min
Number of static cycles: 2
Flush volume: 60%
Purge time: 60 s
Rinsing time: 1 min

X X X X X X X

O O OO OO0 Oo0OOo

2.5 Preparatiorfor UHPLELSD analysis

xCarefully transfer each extract from the ACE vials to a rdaattbm flask using ethanol. Ensure
thorough rinsing to maximizanalyte transfer and minimize losses.

xEvaporate the lipid solution using a rotary evaporator at a temperature below 37°C.

xRedissolve the resulting lipid residue in about 2 ml of heptane.

xTransfer the redissolved lipid solution to a 10 ml volumetric flask with a Pasteur pipette. Rinse
the roundbottom flask with heptane multiple times to ensure no residue remaind then
fill the flask to themark.

xFilter the extract into an HPLC vial.

2.6 NRUHPLEELSD
Separation is achieveasdescribedby Yang et a2019) and Tuccillo et al. (2022), using aHNR_C
method, ELSD detection, and a diol column suitable for polar and slightly hydrophisactions.
Use the following gradient elution with solventg@®1 % of acetic acid in heptane) and B (0.1 % acetic
acid, 3 % of -propanol in heptane):

X015 min (97:3)

x5 115 min (97:3 to 0:100)

x15135 min (0:100)

x35140 min (0:100 to 97:3)

x40150 min (97:3)

2.7 Calculations

For quantification, this method uses a second order standard curve using oleic acid. Lipid contents are
given as mg/g.

3. References
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Summary
X Raw material Sourdough, fermented food matrix, liquid medium

X Relevantapplications:Measurement of concentrations of organic acidsamples
X Analytical method
0 Ultra-performance liquid chromatography coupled to tandem mg
spectrometry (UPL-BIS/MS)

1. Introduction

Organic acids are a broad class of-lmwlecularmass compounds with a generalPOH structure
that are found in all living organisngblajati, 2018; Jones, 1998 ome organic acids only posses a
single carboxyl groupe(g, formic acid, acetic acid, propionic acid, and butyric acid), whereas others
contain multiple carboxyl groups and/or hydroxyl groupsy( citric acid, lactic acid, and malic acid),
or even double bonds(g. fumaric acid)

Within a fermented food context, for example sourdough, the microorganisms present can produce
and consume a variety of organic acfi® Vuysekt al.,, 2021) Yeasts are also able to produce

organic acids. Concerning lactic acid bacteria (LAB), a distinction has to be made between
homofermentative and heterofermentative LAB species. Homofermentative LAB species produce
lactic acid from glucose using the EmbedayerhofParnas pathway and a further reduction of
pyruvate to lactate for redox balancing. Hetegomentative LAB species produce both lactic acid

and acetic acid from pyruvate and acepylosphate, respectively, through the phosphogluconate
pathway. Furthermore, heterofermentative LAB can convert citric acid and oxaloacetic acid into
malic acid, fumec acid, and succinic acid through the reductive tricarboxylic acid cycle. Lastly, acetic
acid bacteria can produce acetic acid and gluconic acid

2. Method of analysis
Within the following paragraphs method based orDe Bruyret al.(2017), for the analysi®f organic
acid concentrations using ultra-performance liquid chromatography coupled to tandem mass
spectrometry (UPL®IS/MS)is described. e method uses arcquity system equipped with an HSS
T3 column for compound separation. Detection is performed usitngple-quadrupole TQ tandem
mass spectrometer with a ZSpray electrospray ionization source operating in the negaithetidon
mode (Waters, Milford, MAUSA
The current method has been validated for the quantification of citric acid, fumaric acid, gluconic acid,
glucuronic acid, lactic acid, malic acid, succinic acid, and oxali@Zaeidget al., 2019).
The organic acids can come from both liquid and solid matrices. An example of a liquid matrix can be
a liquid fermentation broth. When using such a sampémtrifugation at 5000 g for 20 min imeeded
to remove the cells present in the bratiheresultingsupernatant is used in theext steps.In the
case of more solid samples, such as sourdough, an appropriate extraction from the sourdough matrix
is needed. For aourdough samg, a 1:5 dilution ofthe sample inultrapure water (MilliQ; Merck,
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Darmstadt, Germany) should lpgeparedand mixed for exampleusing a rotating mixermt 40 rpm

for 15 minto make an aqueousgxtract of the metabolites from the sourdough matriA similar
centrifugation as for liquid samples needs to be performr&@DQ xg, 20 min) to remove the cells and

the sourdough matrix material. Thesultingsupernatant is used in the next steps.

Sample preparation is donm triplicate,by diluting the supernatant with ultrapure water to reach a
organic acicdoncentrationthat falls in the linear range ttfie detector. Then40pl of sample is added

to 760l of an organic acid solution (500 ml of ultrapure water, 500 ml of methanol, and 20 mg/l of
salicylic acid added as internal standar8amples arevortexed for 2 min after which they are
centrifuged(19,400 xg, 15 min, 10°C)Samples are filteredsing a 0.2... u W d & (Millex§ M&rck,
Darmstadt, Germany) into capped chromatography vials (PP screw neck vial N9 with an inner cone
and screw closure N9 without slit; Macheriiagel, Diren, Germaniggfore injection (10... >« JvS} SZ
column.The eluents used andtrapure water(MilliQ, Merck)with 0.2% (v/v) formic acid\erck)as
eluent A al a mixtureof methanol Merck)and water (95:5) with 0.2 (v/v) formic acidMerck) as
eluent B.The elution gradient ias follows: 0.0 to 1.5 min, isocratic #9B; 1.5 to 3.0 min, linear from

10 to 90% B; 3.0 to 4.0 mimsocratic 90% B; 4.0 to 4.1 min, linear from 90 to #OB; and 4.1 to 6.0

min, isocratic 1@%6 B. The flow ratis kept constant at 0.3 ml/min

Quantification of theorganic acids is performed through external calibration with pure compounds
(Zhanget al., 2019)
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Summary
x Raw material Sourdoughfermented food matrixliquid medium

X Relevantapplications:Measurement of concentrations of biogenic amines in sample
X Analytical methods
0 Ultra-performance liquid chromatography coupled to tandem mg
spectrometry (UPL-BIS/MS)

1. Introduction
Biogenic amines (BA) are derivatives of amino acids produced through a decarboxylation (@ajction
et al., 2016 Barbieriet al., 2019. These compounds are regularly found in food products that have a
high protein content, such as fish, meat, dairy and other fermented food prodBgi®t al., 2016;
Barbieriet al., 2019; Decadt and De Vuyst, 2D2BA can be produced by a range of different
microorganisms including enterobacteria, lactic acid bacteria, and coaguagdive staphylococci.
The latter two microbial groups are often present in fermented food products, such as cheese and
fermented sauages(Van der Vekent al., 202Q Decadtet al., 2023.
The presence of BAs in food products is generally unwanted, as some biogenic amines have a toxic
nature (Benkerroum, 2016)Bas such as histamine, tyramine, amgbhenylethylamine exert a
vasoactive effect on the human body, presenting intoxication issues when those BAs are consumed in
too high amounts. Other BAs, such as cadaverine, putrescine, and spermine, do not pose a similar
intoxication threat but they cananetimes lead to the formation of carcinogenic nitrosami(@gi et
al., 2016; Van der Vekest al., 2020) Also, their fousmelling odour is detrimental for the quality of
the food product(Van der VekeandLeroy, 2022)

2. Method of analysis
BAscan be determined byltra-performance liquid chromatography coupled to tandem mass
spectrometry (UPL®&S/MS)(Van der Vekemt al., 2020) This can be donaising an Acquity UPLC
system equipped with an HSS T3 column for compound separ@fiaters, Milford, MA, USA)
Detection can beperformed using a TQ tandem mass spectrometer with a ZSpray electrospray
ionization source operating in th@ositive ion mode (Waters)The current method has been validated
for the identification and quantification ohgmatine,cadaverine, histamie, t-phenylethylamine,
putrescine tryptamine,tyramine,spermidine and spermingVan der Vekeet al., 2020)
The following protocol is based on the method of Van der Veketh (2020). Samples need to be first
centrifuged to obtain a cefree supernatant (5000 g, 20 min, 4°C). When dealing with a (s§sealid
sample, such as sourdough, the centrifugation needs to be preceded by an extraction of the
metabolites from the solid matrix. This can be done by makih$ dilution ofthe sample irultrapure
water, which is mixed, for example using a rotating mixar40 rpm for 15 minTo subsequently
remove the cells and matrix particles, centrifugation is performed (5000 x g, 20 min, 4°@eeCell
supernatant (250 pl) is added to 250 ul of acetonitrile containidé 06 (v/v) heptafluorobutyriacid
(HFBA,H99 %; Merck, Darmstadt, Germanyd precipitate the proteins present in the sample. This
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mixture is then centrifugedgain(13,000x g for 15 min at 4C) and filtered0.2-um PTFE filters, Millex,
Merck) and collectedh chromatography vials (PP screw neck vial N9 with an inner cone and screw
closure N9 without slit; MachereMagel, Diren, Germanyginally, he samples are injecte@(ul) into

the column Compound quantification is done through external calibration. All standards and samples
are prepared in triplicate. Standard solutions are prepared using pure compounds and processed
identicdly as the sample@/an der Vekest al., 2020)

The mobile phase used for compound separation is an ultrapater-acetonitrile mixture (95:5, v/v)

with 0.1% (v/v)HFBA as an igpairing reagent (eluent A) andahalltrapurewater-acetonitrile mixture
(5:95, viv)with 0.1% (v/v) HFBA (eluent B)he following gradient (0.23 mL/mirgapplied: 0.05.0

min, isocratic 95% A and 36 B; 5.07.0 min, linear from 9586 to 80% A and from 56 to 20% B; 7.0

8.0 min,linear from 802 to 30% A and from 206 to 70% B; 8.@11.0 min, isocratic 3% A and 706

B; 11.0t12.0min, linear from 3% to 95% A and from 700 to 5% B; 12.@15.0 min, isocratic 9% A

and 5% B.The selected reaction monitoring (SRM) metheas optimized via IntelliStart (Waters),
and the dwell time was adjusted to ensure a minimumtesf scans for each compound pedkhe
following mass spectrometric settings were used: capillasitage, 3.50 kV; source temperature,
150°C; desolvation temperature, 480; cone gas flow, 0 l/lalesolvation gas flow, 800 I/h.
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Summary
X Raw material Sourdough, fermented food matrix, liquid medium

X Relevantapplications:Measurement of concentrations of ethanol in samples
X Analytical methods
o Gas chromatography with flarmenization detection (GEID)

1. Introduction

Within a fermented food context, ethanol is mostly produced by yeasts through the glycolysis and
subsequent pyruvate metabolism as a way to produce ATP and balance the redox equilibrium (De
Vuystet al., 2017, 2021). As eratoducts of these metabolic pathways, ethanol and carbon dioxide
are formed. Another group of microorganisms that produce ethanol in fermented food matrices are
heterofermentative lactic acid bacteria, although they produce not etifyanol but rather a mixture

of ethanol, lactic acid, @etic acid and/or formic acid as the epdoducts of their carbohydrate
metabolism.

2. Method of analysis
Ethanol can be determined hyas chromatography with flame ionization detectidviognset al.,
2014) This can be donaising a Focus gas chromatograph (Interscience, Breda, The Netherlands)
equipped with an AS 3000 autosampler (Interscience), a Stabiddesolumn (Restek, Bellefonte, PA,
USA), and an HE8D detector (Interscience).
The following protocol is based on the method of Moehsal. (2014). Sample preparation is done, in
triplicate, by using cefree supernatant obtained after centrifugation at 4168 kor 20 min at 4°C.
This supernatant is mixed (1:4) with acetonitrile (Merck, Darmstadt, Germany) supplemented with 1
% (v/v) formic acid (Merck) and 0.2 % (v/dtanol (Merck) as an internal standard. After mixing,
the samples are centrifuged (18,894,XL5 min, 4°C), filtered(2-um PTFHilters, Millex,Merck), and
cadlected inchromatography vialgglass screw neck vial N9 with a flat bottom and screw caps N9
without slit; MachereyNagel, Duren, Germany). To perform a quantification, external calibration is
performed. All samples are analyzed using an injection volume of 1 pl in split flow watii split
ratio.
During theanalysis, hydrogen gas (Nippon Gases, Madrid, Spain) is used as carrier gas with a constant
flow rate of 1 ml/minand nitrogen gas (Nippon Gases) is used as rupkgas.The injector and
detector temperatures were set at 240°C and 250°C, respectively. The column temperature program
was 0 min, 40°C; 10 min, 140°C; 12 rA80°C; and 2fin, 230°C.

3. References
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Summary
X Raw material Sourdough, fermented food matrix, liquid medium

X Relevantapplications:Measurement of concentrations of sugar alcoholsamples

X Analytical methods
o Highperformance anion exchange chromatography with pulsed amperomq
detection (HPAEEAD):

1. Introduction
Sugar alcohols, also called polyols, are carbohydtat&atves in which the aldehyder keto group
has been substituted with a hydroxyl gro(@@rembecka, 201®Bieleski, 1982)These polyolsan be
found naturally in small quantities in vegetables, fruimd mushrooms(Grembecka, 2015)
Furthermore, sugar alcohokre produced by microorganisnislifilling different functions, such as
regeneration of cofactors (glycerol in yeasts and mannitol and erythritol in lactic acid bacteria) and
acting as osmoregulatory compounds (glycerol in yg@s)Vuyset al, 2017, De Vuyst al, 2021).
They have dower caloric value than carbohydrates, can be used as sugar replacer, have a cooling
down effect in the mouth, are laxative, and display diabedind teethfriendly properties (Vrancken
et al,, 2010).

2. Method of analysis
Sugar alcoholgan be determined bhiigh-performance anion exchange chromatography with pulsed
amperometric detection (HPAERAD)De Bruyret al., 2017; Comasiet al., 2019;DiazMufiozet al.,
2021). This can be donausing an ICS 3000 chromatograph equipped with araa®sampler for
automatic sample loadin@fhermo Fisher Scientific, Waltham, MA, Y&#la CarboPac MA1 column
for compound separatiofiThermo Fisher ScientificThe current method has been validated for the
identification and quantificatin of arabitol, erythritol, galactitolglycerol, mannitol, sorbitgland
xylitol.
The following protocol is based on the method of Comasial. (2019) When working with a liquid
sample for examplea fermentation broth, centrifugation at 5000g«for 20 min isfirst performed.
The supernatanbbtainedis used in thesubsequentteps.When working with a sourdough sample
however, typically, a 1:5 dilution of sampleutrapure water is prepared. Thidilution is mixed for
example, using a rotating mixeat 40 rpm for 15 min to extract the metabolites from the sourdough
matrix before centrifugation (5000¢ 20 min) to remove the cells and sourdough mapaxticles
Further mple preparation islone, in triplicate, by diluting the supernatant with ultrapure water to
reach a sugar alcohol concentratitimat is within the linear range of the detector. Then, 100 pl of
sample is added to 900 ul ofhaixture (L:1, v/v) of acetonitrile Thermo Fisher Scientifiandultrapure
water, supplemented witl®.05 g/l of rhamnose as an internal standavtefck, Darmstadt, Germaiy
The addition of acetonitrile precipitates the proteins present in the sample. Samples are shaken for 5
min by vortexing ananicrocentrifugation (14000 rpm, 15 min, 10 °C) is carried out before filtering
(0.2-um PTFHilters, Millex, Merck)and collectiorin chromatography vial®P screw neck vial N9 with
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an inner cone and screw closure N9 with slit; Macheédeagel, Duren, Germanyyhesample injection
volume is 10 pl. For quantification of ttseigar alcoholsexternal calibration iapplied Therefore
samples with known concentrations of tphere sugar alcoholsf interest are usedollowing the same
sample preparation proceduras describedbove.

The @mrameters for the CarboPac MAL column are as foll@aisimn temperature is set at@B0 °C
the flow rate of the mobile phase, consisting of ultrapure water (eluent Ab@3ddhM NaOH (Thermo
Fisher Scientific; eluent B$,set at0.4 ml/min. The following gradiens$ applied: 0.0 min50% A and
50 % B;15.0min, 50% A andb0 % B;25min, 0 % A andL00.0 % B45.0min, 0 % A and00.0 % B;
45.5min, 500 % A an®0.0 % B; an&5.0 min,50.0 % A an®0.0 % B.
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Summary
X Raw material Cereals (e.g., oat) and pulses (e.g., faba bean, pea), as flours or pi

rich fractions (e.g., protein concentrate, protein isolate)
x Relevantapplications:Dough, bread, meatnd dairyalternatives
x Fermentation-induced changesSynthesis and loss of volatile compounds
X Analytical methods
0 HSSPMEGCGMS

1. Introduction

1.1 Whatare volatile compounds
Flavor isan important characteristic of food, and volatile compounds play a significant role in it (Wang
et al., 2022). Plant raw materials contain a wide array of flaive volatile compounds, which are
mainly produced as secondary metabolites. The volatitdileris specific to each raw material, and it
can be influenced by genetic factors, environmental conditions, agricultural practices, storage, and
food processing. Certain volatile compounds contribute positively to the flavor of foods. Others,
instead, ae considered offlavors. Aldehydes, alcohols, ketones, organic acids, pyrazines, and sulfur
compounds are the main groups responsible for the off flavors of pulses (Rackis et al., 1979). Many of
these compounds are generated during oxidation of lipidg] eontribute to the development of
grassy, beany, and earthy flavors. Hexanal (Figure 1) is one instance; it is-actdbgomonocarbonyl
compound associated to the presence of aroma defects in food. (Belitz et al., 2008).

Figure 1 Chemical structure of hexanal

The choice of raw materials can significantly impact the volatile profile of the food products. When
comparing cereals and pulses as raw materials, for instance, variations in volatile compounds can arise
due to inherent differences in their biochemical composition (Karolkowski et al., 2021). Also, the
processing methods to transform the raw materials into flour, protein concentrate, and protein
isolates can further modify the volatile compound composition, thgratiluencing the overall flavor

of the find food products (e.g., bread, meatand dairyalternatives) (Tuccillo et al., 2022). For
example, the thermal processing involved in the production of several food applications may lead to
the generation of Maillard reaction products, which contributehe characteristic aroma and flavor

of baked goods (Liu et al., 2022). For breespecially, Maillard reaction products play a crucial role

in consumer acceptance and preference E}A] 1 ~ ] o]wSihjildrly,iindhe development of
meat and daiy alternatives, volatile compounds can help recreate the characteristic flavors and
aromas associated with animbhsed products (Harper et al., 2022).
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1.2 How carfermentationaffect volatile compounds?
Fermentation greatly impacts the composition of volatile compounds. This biological transformation
occurs through the activity of microorganisms, such as bacteria, yeasts, and molds. They utilize
carbohydrates, proteins, and lipids as source of energyy Tdwmvert organic compounds into
different degradation products, including volatile compounds (Petel et al., 2017). The specific volatile
compounds generated during fermentation are influenced by factors such as the type of
microorganisms involved, fermeaition conditions (temperature, pH, oxygen availability), duration of
fermentation, and the composition of the raw materials themselves (McFeeters, 2004). On the one
hand, spoilage microorganisms can produce volatile compounds that contribute to the umpieas
odors and offflavors associated with food deterioration (Singh et al., 2004). For instance, certain
bacteria can produce volatile sulfur compounds, such as hydrogen sulfide and dimethyl disulfide,
which are responsible for the characteristic rottergdifxe smell in spoiled eggs or seafood (Xia et al.,
2017). Similarly, the presence of volatile amines, such as putrescine and cadaverine, produced by
spoilage bacteria in proteirich foods, can result in the development of foul odors (Bulushi et al.,
200). On the other hand, other microorganisms can produce volatile compounds that enhance
sensory properties and consumer liking (Ranadheera et al., 201f@kct, fermentation has been also
employed as a sustainable bioprocessing tool to masklafors ¥erma et al., 2022). Remarkably,
the presence of lactic acid bacteria has been found to induce significant modifications in the volatile
profile of plant protein ingredients, resulting in perceptible sensory enhancements (Artega et al.,
2021; El Youssef at., 2020; Leroy & De Vuyst, 2004; Wang et al., 2022).

2. Method(s)of analysis

2.1 Samplepreparation
This method entails minimal sample preparation. Samples obtained before, during, or after
fermentation should be stored aR0 °C in glass containers to prevent contamination from volatile
compoundsoriginating from plastics. On the day of analysis, the samples are quickly brought to room
temperature and directly weighed into 20L amber SPME vials. These vials are selected to ensure
sample stability and minimize potential interactions with light. $ample amount should be weighed
precisely up to two decimal places. The vials are immediately placed on the tempecaturelled
sample tray set at 4 °C to prevent fermentatimluced changes. The analysis is performed in three
or four analytical reptiates. To optimize efficiency, it is recommended to organize the sample order
so that samples of the same replicate are analyzed consecutively.

2.2 Generabrinciple
The volatile analysis methodescribed hereutilizes headspace solighase microextraction gas
chromatography masspectrometry (HSPME G@IS) as previously reported (Tuccillo et al., 2022).
This technique involves extracting volatile compounds from the sample's headspace using a solid
phase microgtraction fiber, followed by their separation and identification using gas
chromatographymass spectrometry. This method leverages the unique property of volatile
compounds to evaporate into the headspace, allmgvitheir extraction using a sofjghase
microextraction fiber. This fiber acts as a sorbent, capturing the volatile compaaonts coating.
Subsequently, the volatile compounds are introduced into a gas chromatograph (GC), where they are
separated based on their differing affinities for the chromatographic stationary phase. This separation
is essential to resolve the complex mixture of votatdompounds present in the sample. The
separated compounds are then identified using mass spectrometry (MS)hmaiqee that quantifies
the massto-charge ratio of ions to provide insights into the composition and structure of the
compoundsHSSPME G®IS offers distinct advantages, such as its-destructive nature, minimal
sample handling, and high sensitivity. It enables the detection and quantification of a wide range of
volatile compounds, from simple aliphatic hydrocarbons to compleriatic compounds.
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2.3 Equipment and Reagents
Gather the necessary equipment and reagents:
x HSSPME injector with a 1 cm divinylbenzene/carboxen/polydimethylsiloxane fiber
(DVB/CAR/PDMS) of 1 cm with 50/3@ film thickness
Gas chromatograph (GC) Mass spectrometer (MS equipped with-pat@dpolar column
20-mL amber SPME vials
Temperaturecontrolled sample tray
Helium gas for carrier gas supply
Hexane
MQ-water (Mill-Q water)
Alkane series in heptane (&&B0) (Sigma 49784)
Massspectra database for compound identification

X X X X X X X X

2.4 HSSPMESGMS analysis of the samples

After sample preparation as described in section 2.1, position the samples in the sample tray for
analysis. Then, Perform the analysis using the folloWi8§PMEGCMS conditions:

Incubation time: 10 minutes

Extraction time: 30 minutes with agitation (250 rpm)

Incubation and extraction temperature: 50 °C

Splitless injection

Initial flow rate of helium: 0.7 mL/min

Temperature profile: 40 °C (5 min hold), 200 °C (5 °C/min), and 200 °C (10 min hold)

MS scan range: m/z 4800 amu

Electron ionization mode at 70 eV with ion source temperature at 230 °C and quadrupole
temperature at 250 °C.

X X X X X X X X

2.5 HSSPMEGGD” v 0GCe]* }( 8Z ol v [» » E]

Conductanalysis of the alkane series as listed below:

x Dilution: Dilute the alkane series 1:10 in hexane.

x Sample Preparation: Prepare duplicate samples by pipetting 1 mL ef/&€y and 1 L of
the diluted alkane series directly into the SPME vial.

X Vortex: Vortex the vials to ensure proper mixing.

X Analysis Conditions: Perform the analysis using the same conditions as described in section
2.4.1dentification and calculations

2.6 Identification and calculations
In the identification process, compounds are typically minimally integrated to account for the
potential impact of even small peaks on flavor perception. Compound identification is primarily based
on their mass correspondence with internal standards orlglp available databases. The mass
spectra obtained from the analysis are compared to spectral libraries, such as Wiley's library software
(Wiley 7N, Wiley Registry of Mass Spectral Data, 7th Edition), for compound identification.
Additionally, retentiortimes can be utilized as supporting information for identification, especially in
studies that adopt the same column and chromatographic conditions. By comparing the retention
times of target compounds with those of known standards or established refeseremnfident
identifications can be made. Moreover, retention indexes (RI) can be employed as standard indicators
for identification. These indexes are calculated using the retention times of specific reference
compounds, often from an alkane series-30), which are injected separately under the same
chromatographic conditions. The Rl values of target compounds can then be compared to the Rl values
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of the reference compounds to aid in compound identification. Results are usually expressed as
relative peak area (%) of all integrated peaks for each measurement.
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