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Abstract

Cereals and pulses often contribute to the intélkeeomentable Oligo-, Di-, Monosaccharides, and
Polyols (FODMAPS) due to high amounts of fructangaactooligosaccharides (GOS). FODMAPs
can trigger symptoms of Irritable Bowel Syndron®S) and therefore, the development of foods and
beverages with a lower FODMAP-content are favowébt IBS patients. Enzyme technology is a
promising tool to reduce the FODMAP-content in fe@hd to maintain product quality. This
fundamental study investigates the efficiency ekmase, inulinase, andgalactosidase as potential
food additives to reduce the total FODMAP contdrfood ingredients. Extracts of high FODMAP
ingredients, such as wheat and lentil, and stamslgltdions of various fructans and GOS were
incubated with invertase, inulinase andalactosidase for 1 hour and 2 hours. Contents of
oligosaccharides before and after treatment aadlecIBS-triggering reaction products were
quantified using ion chromatography. Inulinase sbda high degradation yield (over 90 % of
degradation) for both GOS and fructans. For ingertanly low degradation yields were measured.
a-Galactosidase showed the highest efficiency imugposing GOS (100 % of degradation) and led
to non-IBS triggering degradation products. Thidicgates a high potential for a combined

inulinasedi-galactosidase treatment for products containirtg fractans and GOS.
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1. Introduction

Irritable Bowel Syndrome (IBS) is a gastrointestitigease that gathered attention among scientists
in recent years. The high prevalence of 8 % ofpibulation in Europe suffering from IBS and the
common association between diet and the occurr@inggmptoms, present a vast potential for
research in the field of food science (Sperbet.e2@17). Studies revealed an improvement in IBS
symptoms when patients followed a diet which inelitess than 0.50 g of a total content of
Fermentable Oligo-, Di-Monosaccharides and Pol{fof®@DMAPS) per standargkerving (de Roest et
al., 2013; Gibson and Shepherd, 2010). The termM®P describes carbohydrates which are not
digestible in the human intestine and, therefare fermented by the gut microbiota. In addition,
FODMAP are osmotically active in the human colohe3e characteristics lead to, firstly, an
increased water retention in the human gut regitira bigger luminal volume and, secondly, to the
production of gases such as methane and hydrogeamyites for these carbohydrates , which are
often discussed in literature, are fructose in sxa# glucose, fructang;galactooligosaccharides

(GOS) and the polyols mannitol and sorbitol (Bare¢tal., 2010).

Food products made from cereals and pulses plagjar mole in the FODMAP intake due to their
significant contents of fructans and GOS. Whegtarticular has a major impact, since it is onehef t
most consumed cereals in Europe and America amhtains between 0.6-2.6 % fructans and minor
amounts of GOS (Henry and Saini, 1989; Huynh e2808). Lentils are commonly used for the
development of gluten-free and health-promotingipots due to their technological properties and
nutritional benefits, such as a high protein con(Enschia et al., 2017). However, lentils contain
high levels of GOS ranging from 1.8-7.5 % and, leecontribute to the total FODMAP intake (Frias
et al., 1994; Vidal-Valverde and Frias, 1992). Téyglacement of these raw ingredients could affect

the techno-functional properties of foods, but aésult in products with inferior nutritional value

Enzyme technology provides the advantage of spde@DMAP degradation and therefore promises
less interference with the nutritional and techgadal properties of products made from cereals and

pulses. Invertase — which is commonly used in tloel industry- is #-fructofuranosidase enabling
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the hydrolysis off-(2-1)-linkages in sucrose and short-chain fructgméo an average degree of
polymerization (DPav) of 5 (Schorr-Galindo et 2D00; Struyf et al., 2017). Inulinase ifa
fructofuranosidase, which hydrolyses the glycosiinds in fructans with a higher DPav, such as
inulin (Goosen et al., 2008; Ricca et al., 200%)e Thechanism for the hydrolysis fia
fructofuranosidases is depicted in figure 1 (Kostland Stein, 1954; Rye and Withers, 2000).
Invertase and inulinase which are bptfructanosidases, are able to cleavep{2-1)-linkage
between fructose and glucose of the sucrose mmiéiDS, such as raffinose, stachyose and
verbascose (Teixeira et al., 2012). Therefore gha® enzymes were investigated regarding the
simultaneous hydrolysis of both fructans and GOSwéler, no action oa-(1-6)-linkages between
galactose residues is reported. Even though irsdimmavailable as a food grade enzyme, it issiot a

frequently used in the food industry as invertase.

a-Galactosidase catalyses specifically the cleaginglycosidic-linkages between(1-6)-galactose-
residues, as depicted in figure 1 (Ademark ef801; Frias et al., 2003; Fujimoto et al., 2003¢Ry
and Withers, 2000). Tuck et al. (2018) investigatereffect of this enzyme as a supplement for IBS

patients and showed that the intake decreasedetyeency of symptoms.

This study investigates the efficiency of purifieglertase, inulinase and galactosidase in degrading
FODMAPs in wheat and lentil extracts as well asedfunctans and GOS. The products after enzyme
treatment provide information about the performasuee limitations of the degradation process. This
study can contribute to the development of an erzpased treatment in food systems as a

technological approach to reduce FODMAP content.
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2. Materialsand Methods
2.1 Materials

As raw ingredients wholemeal wheat flour (Odlumpby, Ireland) and lentils of the variety Itaccia
(Agroservice S.p.A., Severino Marche, Italy) wesedt Lentils were milled to a particle size of 250

pm using a disc mill (Buehler Universal, Uzwil, $x@rland) before use.

Furthermore, the degradation of purified fructootigccharides (FOS) with a degree of
polymerisation (DP) of 2-8 and inulin (DP ~ 30)rfrdawo different suppliers, Megazyme (Bray,
Ireland) and Beneo-Orafti (Tienen, Belgium), repréged high fructan ingredients. Both stachyose
tetrahydrate and raffinose pentahydrate were psathtom Sigma-Aldrich (Neuss, Germany) and

verbascose was supplied by Megazyme (Bray, Ireland)

Invertase (E-INVPEC 3.2.1.26), Inulinase (E-FRMXP; mix of exo-indse (EC 3.2.1.80) and endo-
inulinase (EC 3.2.1.7); ratio of 20:1) and alphdaG#osidase (E-AGLANP; EC 3.2.1.22) were alll

obtained from Megazyme (Bray, Ireland).

Sodium acetate (anhydrogs99.9%) was supplied by Thermo Scienfifi¢DioneX™ AAA-Direct
Reagents; Dublin, Ireland) and glacial acetic agag provided by Fisher Chemical (J.T. BaKer
Loughborough, UK).The extra pure, 50 % (w/w) sodiwydroxide (NaOH) solution was supplied by
Thermo Fischer Scientific (ACROS Organics, Dubliejand). All components of the HPAEC-PAD
and the ThermoScientific DionexIC Pure Water paaifion system were purchased from Thermo

Scientific Dionex (Sunnyvale, USA).
2.2 Methods
2.2.1 Moisture

The moisture content of the wholemeal wheat flout milled lentils was measured using the official

AACC method 44-15.02.



133  2.2.2 Extraction and preparation of standard solutions

134  The extraction of FODMAPS in wholemeal wheat flauilled lentils, FOS and inulin was conducted
135  as described by Ispiryan, et al. (2019). Extractimere executed using a sodium azide solution (50
136  ppm) at 80 °C and homogenisation of the sampleesisépn using a BANDELIN Sonoplus HD 3100
137  homogenizer (Berlin, Germany).Fructan stock sohgiwere prepared reaching final concentrations
138  of 70 ppm, while GOS stock solutions (raffinosetpégdrate, stachyose tetrahydrate and verbascose)
139  yielded a concentration of 80 ppm. These conceotraivere chosen based on the highest levels of

140 fructans and GOS in wheat/lentil extracts.

141  2.2.3 Enzyme preparation.

142 All enzyme solutions were prepared by dissolvingftieeze-dried powder in sodium acetate buffer
143 (100 mM; pH 4.5) which was prepared according todfficial AOAC method 997.08. The

144  concentration of each enzyme stock solution waslB@dL.

145 2.2.4 Incubation

146  For the incubation 1 mL of each extract or standatdtion was used. Initial concentrations of

147  standards were adjusted to the amount of fructa@O$ extracted from wheat and lentil. Enzymes
148  were applied singly and an enzyme to substrate catl U per 0.001 mg FODMAP was applied. All
149  incubations were carried out in a water bath at@®3r 1 h and 2 h respectively. The reaction was

150  stopped by deactivating the enzymes on a blocleheatl00 °C for 10 minutes.

151  The degradation of the oligosaccharides was detexahidy the difference of untreated sample

152  (sample blank) including sodium azide (50 ppm)éadtof enzyme solution and treated sample.

153  2.2.5 Quantification of FODMAPs and degradation products

154  Sugar alcohols, mono-, di- and oligosaccharidegweantified using high performance anion
155  exchange chromatography coupled with Pulsed amprandetection (HPAEC-PAD). The system

156  used for analysis was a Dionex ICS-50@@uipped with a SP Single Pump (analytical gradien
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pump), an AS-AP Autosampler, a 10 pL injection I¢fudl-loop was used for injection) and an ED
Electrochemical Detector cell coupled with a golorking electrode and a PdH reference electrode.
The eluents used for separation were purified watdution A), 225 mM NaOH (solution B), and

500 mM NaOAC (solution C). A Natmosphere was used for the storage of the elaedtthis
atmosphere was created by using a Peak Scientihifinan, UK) Corona Air Compressor and a
Corona Nitrogen generator (pressure of 4.5 — &5 Bahhermo Scientific Dionex CarboPac PA 200
analytical column (3x250 nm) was used for the gtiaation of the mono-,di-, and oligosaccharides,
while a Thermo Scientific Dionex CarboPac PA1 atiedy column (2x250 nm) was used for the
quantification of mono-, disaccharides and poly®tse applied methodis described by Ispiryan et al.
(2019). Mixtures of reference standards were usedriges from 0.05 — 1 mg/L and from 1 — 20
mg/L. This corresponds to molar concentrations wingmge from 0.28/0.15 -5.6/2.9 mmol/L and
from 5.6/2.9 — 111.0/58.5 mmol/L depending on thardification of either mono- or disaccharides.

In order to distinguish between raffinose and stash, degradation products, such as melibiose and
manninotriose, were determined, after the treatwéhtinvertase or inulinase. The quantification of
fructans was carried out as described by Ispiryah. €2019). Samples were treated with two
different enzyme mixtures (enzyme mixture A andB)zyme mixture A contains-galactosidase
(E-AGLANP)/amyloglucosidase(E-AMGPD)/sodiumacethtéfer (pH 4.5) in a ratio of 1:1:1 and
mixture B consists od-galactosidase (E-AGLANP)/amyloglucosidase(E-AMGHRjinase (E-
FRMXPD) in a ratio of 1:1:1. The amounts of glucesel fructose were measured after the treatment
with both enzyme mixtures. The differences betw&eramounts of fructose and glucose detected
after treatment with mixture A and B were usedtfar quantification of fructans. Fructan contents
were calculated as the sum of the detected amofigtacose and fructose.

The quantification of the degradation products nirastnose (originating from stachyose) and
manninotetraose (originating from verbascose) redua special procedure, since pure standards for
HPAEC-PAD are not available. Therefore, firstlytpgal hydrolysis of different standard
concentrations of stachyose and verbascose byasdiwas conducted. Concentrations ranged from

0.05 - 1 mg/L and from 1 — 20 mg/L. This corresgowith ranges of molar concentrations from



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

0.10/0.08 — 2.0/1.5 mmol/L and from 2.0/1.5 — 38080 mmol/L depending on the quantification of
either manninotriose or manninotetraose.

For total hydrolysis 30 U of Inulinase were addedifferent concentrations of stachyose and
verbascose and incubated at 60 °C for 30 minutdewfed by the deactivation of inulinase by heat
treatment at 100 °C for 10 minutes.

Afterwards, enzyme treated solutions were direttasured using the HPAEC-PAD and the
concentrations of manninotriose and manninotetra@se calculated based on the molecular weight,
considering degradation of 1 mole stachyose oragerise would result in 1 mole of manninotriose or

manninotetraose, respectively.

2.3 Statistical Analysis

One-way ANOVA (Tukey HSD; p <0.05) and correlatamalysis (Pearson; p <0.05) were performed
using SPSS. Furthermore, the determination of tkeage, standard deviation and confidential

interval was conducted using Microsoft Excel 2016.

3. Results

3.1 Changein total oligosaccharide content

The total oligosaccharide content (TOC) was def@®the sum of the detected amount of fructans
and the total amount of GOS (sum of raffinose,tstase, and verbascose). This value can be used as
an indicator for the limitations of the investightenzymes, since it reveals the enzyme-efficiency
towards both groups of oligosaccharides. Outcoméseol OC measured before and after incubation

of wheat and lentil extracts are presented in &gur

For untreated wheat extracts, the presence ofafinsdn a higher ratio than GOS (in the form of
raffinose) was discovered. In untreated lentil &stis, only GOS could be determined. The application

of all three enzymes lowered the TOC in both salbss$r (Fig. 2).



208 A decline of the TOC over 90% in the lentil extsawas observed for all three enzymes (Fig. 2). In
209  wheat extracts, only inulinase could accomplisimalar rate of degradation. Invertase gradually
210 decreased the TOC in both substrates and yiel@eldwest degradation rate among the three

211  enzymes. Treatment of lentil extracts witlgalactosidase resulted in a complete decreaste whi

212 treated wheat extract showed a degradation ra8el6f6 after 1 and 2 hours of incubation.

213 3.2 Enzymetreatment of extractsfrom wholemeal wheat flour and fructan standards

214 3.2.1 Changesin fructan concentration

215  The content of fructans before and after incubatias analysed to investigate their degradation by
216  invertase and inulinase. Extracts of two fructamdards which varied in the DPav were used to
217  evaluate the influence of the chain-length of thgosaccharides. The values of these experimeats ar

218 illustrated in Table 1.

219  Application of both enzymes led to a decreasetntén concentration in wheat extracts, as welhas i
220  solutions of FOS and inulin. However, the degredegfradation and the decrease of the fructan

221  concentration over time varied. For all substanagmrtial deterioration after 1 hour was observed.
222 Incubation of FOS with invertase for 1 h led to tietection of approximately 5 % of the initial

223 concentration. In both wheat and inulin, a padiggradation of less than 50 % could be determined,
224 while the treatment of FOS by invertase resulteal domplete decomposition after 2 hours. In

225  general, FODMAP degradation via invertase was ratfreient in the first hour (50% degradation
226  rate) compared to the second hour (11.25% degoadite). For the trials with inulin, no signifidan
227  differences between the two-time points were detedhulinase showed for all substrates the

228  efficiency to decompose over 90 % of the determinectans during the first hour and resulted in

229 concentrations under the detection limit after 8rko

230  3.2.2 Reaction products of fructan hydrolysis

231  Reaction products resulting from fructan degradalip inulinase or invertase, such as fructose and

232 glucose, were analysed to obtain a clearer pictiitiee reaction. Both enzyme treatments led to a



233  detected increase in excess fructose in all estdetble 1). Differences were seen in the quanfity
234 excess fructose depending on the used enzyme hsttage. Inulinase resulted in a higher amount of
235  excess fructose in wheat extract and inulin comptrénvertase. Treatment with invertase and

236  inulinase resulted after 2 hours in amounts of sxdeictose of 0.552 %DM and 0.935 %DM in

237  wholemeal wheat flour.

238 3.3 Enzymetreatment of extractsfrom milled Lentilsand GOS standards

239  3.3.1 Changesin GOS concentration

240  Three types of GOS were determined in the substeatalysed: Raffinose, stachyose, and

241  verbascose. The GOS levels before and after enyimeditment are shown in Table 2.

242  Untreated lentil extract contained all three typE&OS. In untreated wheat extract only raffinose
243  was determined, which showed the lowest conceatrgf.01 + 0.50 mg/L) of one type of GOS in

244 the untreated flour samples.

245  The application of invertase, inulinase, angalactosidase resulted in a lower concentratiorach
246  type of raffinose family oligosaccharides (RFOpnlhsubstrates. However, differences in degradation

247  yield occurred depending on the enzymes and th&trsub.

248 Invertase showed the lowest impact on the deg@uafi GOS present in the lentil extracts, as well a
249 in the solutions of stachyose and verbascose. ©odhtrary, the treatment of raffinose standard

250 solution and wheat extract with invertase resuites total degradation of GOS after 1 hour. The

251  degradation rate of stachyose and/or verbascdbe istandard solutions (stachyose: 90.1 % /

252  verbascose: 75.6 %) was less efficient comparéehtd extract (stachyose: 100 %

253  /verbascose: 100 %)

254  Inulinase caused a higher yield of degradation @megbto invertase and resulted in complete
255  degradation in most substrates after 2 hours. dh®@arison of degradation of verbascose in lentil

256 extracts and in standard solutions resulted im#asi trend as observed for the invertase treatment

10
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a-galactosidase was the only enzyme that hydrol§8€do of all types of GOS in extracts of wheat
and lentil in the first hour of the experiments @agised to complete decomposition in all standard

solutions after 2 hours.

3.3.2 Reaction products of GOS hydrolysis

Besides the differences in the degradation, theetenzymes showed variances in the products of the
hydrolysis. The tw@-fructofuranosidases invertase and inulinase regut the production of
melibiose, manninotriose, and manninotetraose,raipg on the type of GOS cleaved (Table 3).
Invertase also led to a gradual increase of maimimse and manninotetraose in experiments with
lentil extracts, stachyose, and verbascose stamsdéutions. Inulinase caused a continuous
production of manninotriose in trials with lentitteacts and of manninotetraose for treatments of
verbascose standard solutions. Inulinase treatafemheat/lentil extracts and standard solutions of
stachyose and verbascose resulted in higher gearaitmelibiose, manninotriose or manninotetraose
compared to the invertase trials. The use of imgeraind inulinase led to total concentrations of
melibiose, manninotriose, and manninotetraose3x DM and 2.68 %DM, respectively. The
increase of fructose and excess fructose was disedvn all substrates (Data not shown). Contents
of excess fructose of 0.33 %DM and 0.75 %DM werasuead in lentil flour after treatment with

invertase and inulinase for 2 hours.

Experiments conducted withgalactosidase resulted in the production of s#cerslo-galactose in
all substrates. Variances occurred in the quaafithese reaction products for the various subesgrat
(Table 4). The enzyme treatment of lentil extrae®ilted in the highest increase of sucrose and
galactose, while wheat extracts showed the lowestygtion rate of sucrose and galactose after

incubation.

4, Discussion

Fructans are widely reported as the main compdnegalved in the FODMAP intake via cereal based
products (Huynh, et al., 2008). Thus, the deterthiia¢io between fructans and GOS in wheat can be
considered as an example for ingredients with b bantent of fructans and low amounts of GOS. In

11
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the extracts of lentilsy-galactooligosaccharides are detected as the ymtydf FODMAPSs.

Therefore, lentils can be used as an example oédwents high in GOS. In order to investigate the
influence of various substrates on the performafi¢ddODMAP-degrading enzymes, the comparison
between complex ingredients (wheat and lentil) pune fructan-/GOS-standards is vital.

Treatments with invertase and inulinase were ugethé determination of fructan degradation, since
a-galactosidase is reported to specifically hydrelfree glycosidic bond betweergalactose residues
(Ademark et al., 2001). Discrepancies in the r&degradation caused by invertase or inulinase
occurred due to differences in branching and awedagree of polymerization (DPav) of the
investigated fructans.

The fact that invertase caused the lowest rategifatiation in inulin trials can be explained by the
long chain-length of inulin, which the supplier sified as 30. On the contrary, fructans extracted
from wheat and from FOS standard showed a relgtsl@brt chain-length (DPav of 5; DPav of 2-8
respectively). It was reported that invertase hlaigher affinity towards sucrose and fructans with
DPav up to 5 (Schorr-Galindo et al., 2000). Thigdy is also a reason for a decrease of the &mict
concentration occurring during the first hour ailin treatment. Furthermore, the presence of
branched graminan-type fructans in wheat comparéaittan standards resulted in a lower
degradation yield (Struyf et al., 2017; Versprdetle 2015).

Interestingly, the degradation of fructans in whedtact showed a slower decline in the second.hour
This is putatively due to the cleavage of the eamieessible linear fructans in the first hourldaied

by a slower hydrolysis of the branched fructanthensecond hour. (Nilsson et al., 1987; Struyf.et a
2017).

Inulinase possesses a high affinity towards frdgdosaccharides with a higher DPav and is also able
to degrade branched fructans, leading to the hidbgradation yield observed in these trials. The
different affinity regarding the DPav is usuallypegssed by ratio of relative activity towards ssero
and relative activity towards inulin (S/I ratio)high was measured for these enzymes. Inulinase
typically shows low S/l ratios (between 1.5 and @tgndamme and Derycke, 1983), while invertase
possesses higher S/l ratios (up to 4.000) (Nilgd@., 1987). Similar trends and differences for
fructan degradation via these two enzymes wererebdén a study conducted by Struyf, et al.

12
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(Struyf et al., 2017). The degradation of fructenan advantage regarding the FODMAP content,
however, degradation of fructans can as well resdtlowered dietary fibre content, since fructans
share certain characteristics - such as indigéigtiand fermentability - with dietary fibres.

Both invertase and inulinase were able to decrisgsamount of all three GOS-species found in lentil
extracts and the investigated standards. Thisteffas caused by the hydrolysis of fé2-1)-bond
between glucose and fructose in the sucrose residihe investigated types of GOS and not by an
activity towardsu-(1-6)-linkages between galactose residues. (Tebegial., 2012). Treatment of
raffinose, stachyose, and verbascose revealethih@tPav of GOS affects invertase similar to the
DPav of fructans. This dependency is caused bypvkeall affinity of invertase towards smaller
oligosaccharides (Sainz-Polo et al., 2013). Botiimase andi-galactosidase, on the other hand, have
a higher affinity towards substrates with a higp@av (de Vries et al., 1999; Ricca et al., 2009).
Despite a similar mechanism of degradation foritase and inulinase differences in the efficiency o
hydrolysis were found. A similar discrepancy wagrfd between invertase anejalactosidase. Both
inulinase andi-galactosidase have a higher affinity towards satest with a higher DPav (de Vries

et al., 1999; Ricca et al., 2009).0n the contraty@dy conducted by Arand et al. (2002) showed a
higher affinity of inulinase for raffinose and dtgose compared to invertase. However, no notable
differences in the affinity for these two substsatesre found (Arand, et al., 2002). The efficienty
invertase depends on the concentration of verbassowe the yield of degradation detected for
verbascose as a standard (initial concentratiaf8®8 + 2.53 mg/L) was lower than for verbascose in
lentil extracts (initial concentration of 40.64 #48).

The specific cleaving of the bond betweegalactose residues in GOS wia@alactosidase is the
reason for the complete deterioration caused Isyghzryme. The decomposition of RFOs in lentil
flours by endogenous and commerciajalactosidase isolated frofxgpergillus niger were already
discussed in literature, and similar results wértaioed (Frias et al., 2003).

The change in the TOC correlates with the degradatf fructans and GOS caused by the
investigated enzymes. Invertase and inulinaseldesta degrade both fructans and GOS, which

explains the degree of decomposition observedtin fubstrates. The low rate of degradation
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detected fon-galactosidase treatments of wheat extracts depeséhe specificity of this enzyme
and the ratio between GOS and fructans detected.

It was shown that-galactosidase was most efficient in lentils arat thulinase possesses the ability
to sufficiently decrease the TOC in ingredientdhhilgboth fructans and GOS. These results suggest
that both inulinase ang-galactosidase can sufficiently lower the amourff@DMAPS in ingredients
with a high amount of GOS. For ingredients withighbr ratio of fructans only inulinase led to
promising results, since invertase angdalactosidase resulted in a TOC in wheat extithetiscould

lead to FODMAP levels above the cut-off values.

The enzyme treatment resulted in a degradatiord& &r GOS but also caused the production of
various types of monosaccharides and oligosacasnwhich could also be considered as
FODMAPs. Therefore, the advantages and disadvastzfglese reaction products need to be
discussed to fully evaluate the suitability of inese, inulinase anglgalactosidase. The degradation
of both fructans and GOS via invertase and inuéma®duced excess fructose due to the higher ratio
of fructose to glucose in fructans and no reledgpucose from GOS. Differences in the amounts of
excess fructose produced by invertase and inulicasde linked to the varying efficiency of
fructose-release caused by the degradation ofaingcind GOS. The synthesis of fructose and excess
fructose as a result of fructan degradation wasrteg before (Struyf et al., 2017). This study also
showed that yeast fermentation during food produdiads to a decrease in fructose content and
excess fructose. This effect is especially relewafdod products which include a step of
fermentation, such as bread making. The accumulafidructose in excess of glucose caused by
enzyme treatment needs to be taken into accoumtriffermented food products. The outcomes of
this study highlight this disadvantage, since an®ohexcess fructose exceeded the cut-off value fo
a low FODMAP diet using the ingredient as a maimponent in food.The production of melibiose,
manninotriose and manninotetraosebyuctofuranosidases, such as invertase and iradina
occurred due to their action towards fructose ljjgsa(Teixeira et al., 2012). A correlation between
the degradation efficiency and the reaction prasluets determined. The production of melibiose,
manninotriose, and manninotetraose have to bealttidiscussed, due to the remaining bond
between thei-galactose residues which cannot be cleaved bgrthgmes of the human
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gastrointestinal tract. Hence, these compounds fugitbr investigations, since they possess
characteristics of FODMAPs and might also causedia8ptoms. One of these characteristics is the
rapid fermentability by the human gut microbiota éxample for this is the fermentation of
melibiose and manninotriose Bjfidobacteria, which are a common part of the human gut
microbiota (Rada et al., 2002; Schell et al., 2002 complete transformation of GOS to these
compounds can result in concentrations which cetilldrigger IBS.

Incubation witha-galactosidase resulted in the production of gakectind sucrose in all substrates
containing GOS. Differences in the quantitywedalactose and sucrose detected in the different
standard solutions are caused by the increasin@p@uaio-galactose residues, which also changes
the ratio between sucrose and galactose. For tesdsnof verbascose for 1 hour witfgalactosidase,
the presence of raffinose/stachyose as an inteatgegioduct was observed (Data not shown), which
is caused by incomplete cleavagerajalactose linkages. Further release-ghlactose led to the
decomposition of raffinose/stachyose during th@seédour. This outcome indicates that treatment of
ingredients high in verbascose or GOS with a DRawve 5 for a shorter amount of time would only
result in shorter GOS and not in a lower GOS cotragan. Galactose and sucrose can be digested
and absorbed in the human gut and are thereforactive as FODMAPs. Clinical trials with
fermented peas showed that the degradation of G@Sod--galactosidase improved bloating (Jha

and Verma, 1980).

These outcomes highlight the advantages-gélactosidase. However, the production of sucanse
galactose could lead to disadvantages for the ptaglwality, such as higher sweetness or darker
colour due to increasing amounts of Maillard-pradukligher amounts of fructose released during
fructan degradation caused by invertase and insdicauld also result in an increase of sweetnabs an

a higher possibility of the formation of Maillardactions.

The production of D-chiro-inositol in lentil extrigo(Data not shown) results from th@egradation of
the galactosyl-cyclitol CiceritobfD-galactopyranosyl-(1-6y-D-galactopyranosyl(1-2)-4-O-methyl-
quiro-inositol] which contains galactose residued & reported to occur in pulses (Quemener and

Brillouet, 1983). The decomposition of ciceritolhish could be fermented by the gut microbiota and

15



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

can also be assumed to remain in ingredients ttarith B-fructofuranosidases, indicates another

advantage ofi-galactosidase.

5. Conclusion

The results of this study suggest that the addiiahe three investigated enzymes during food
production can lead to a reduction of the FODMARteant. However, their application was observed
to be suitable under certain conditions. The figdimdicate that two main factors are restrictimg t
use of the enzymes. One limiting factor for the ofsihe enzymes is the ratio between fructans and
GOS. Results showed that the efficiency especidligvertase and-galactosidase depended on the
type of oligosaccharides. Inulinase was observdxktable to hydrolyse both fructans and GOS and
also shows the advantage of degrading fructangimeaindependent manner and therefore could
enable shorter processing times in industrial Tike.other limiting factor is the accumulation of
reaction products after treatment with invertasmolinase, which can be potentially considered as

FODMAPs. However, in-vitro and in-vivo studies areeded to verify this hypothesis.

In summary, this study shows the conditions, sicthe oligosaccharides present in raw ingredients
or the reaction products, under which enzyme agtitin can lead to beneficial effects. Inulinase
showed the highest potential for use in ingredigvitis a high fructan content, while applicationoef
galactosidase seems the most suitable in ingrediatit a high GOS amount. Combination of
inulinase andi-galactosidase for ingredients containing both $ygieoligosaccharides represents a
theoretically promising approach. Invertase wastified as the enzyme with the lowest suitability

for use in food production.
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Tables

Table 1: Fructan concentration [mg/L] and excess fructosg/[ljnof extracts of wheat, FOS and inulin beforel after treatment with invertase or inulinase

Fructan concentration [mg/L] Excess Fructose [mg/L ]
No treatment Invertase Inulinase
No treatment Invertase Inulinase
0h 1h 2h 1h 2h 0h 1h 2h 1h 2h
Wheat extract ~ 69.2 + 4.568 3457+232 24.56+352 2.1+0.22 n.d. n.d. 246+0.32 3.85+0.19 3.20+0.44 6.52+0.74
FOS extract 65.26 +5.73 4.86 +0.62 n.d. n.d. n.d. 3.62 +0.08 11.66+0.41 11.95+0.21 10.12+0.13 11.63 +0.18
Inulin extract 69.09 + 2.02 49.36+0.92 48.73+3.98 n.d. n.d. 0.23 +0.0% 1.21 +0.09 1.72 +0.08 12.46 + 0.52 13.56 + 0.32

All values are given as average + confidence iaterv
All values in one row for the same enzyme marketth widifferent superscript are significantly di#fat (p < 0.05)
*n.d.- not detectable due to no significant diffezes in values of fructose and sucrose in the eaasgsaays of A and B used for the fructan deterioimat
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Table 2: Concentration of galactooligosaccharides [mg/Lgxtracts from Lentil, Raffinose, Stachyose and ¥sdose before and after treatment with invertasginase on-galactosidase

Wheat Extract Lentil Extract Raffinose [mg/L] Stachyose [mg/L] Verbascose [mg/L]
Raffinose/Sachyose [mg/L] Raffinose/Stachyose [ mg/L] Verbascose [ mg/L]
Untreated Sample  0h 6.01+0.50 72.58 £1.28 40.64 + 3.40 70.49 £ 0.60 82.76 +5.12 78.98 +2.73
1h nd. 5.34+0.34 10.63 +1.08 n.d. 22.26 +3.12 31.48 +0.51
Invertase
2h nd. 0.53 +0.04 3.90+0.1% n.d. 7.55 +0.08 18.81 + 0.50
Inulinase 1h nd. 0.39 +0.01 0.93+0.01 n.d. n.d. 5.44 +0.28
2h  nd. n.d. n.d. n.d. n.d. 2.58+0.28
o-Galactosidase 1h nd. n.d. n.d. n.d. 1.19+0.10 4.29 +0.50
2h nd. n.d. n.d. n.d. n.d. n.d.

All values are given as average + confidence iaterv
All values in one column marked with a differenpstscript are significantly different (p < 0.05glwes for each enzyme treatment are compared ioittzé value
*n.d.- not detectable or contents below a valu@.05 mg/L
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Table 3: Molar Concentration [mmol/L] of reaction produckddlibiose, Manninotriose, Manninotetraose) of GQ8rblysis via invertase or inulinase

Melibiose [mmol/L]

Invertase

Mannino-Triose [ mmol/L]

Mannino-Tetraose [mmol/L]

Melibiose [mmol/L]

Inulinase

Mannino-Triose [ mmol/L]

Mannino-Tetraose [mmol/L]

Wheat extract

Lentil extract

Raffinose

Stachyose

Verbascose

1h
2h

1h
2h

1h
2h

1h
2h

1h
2h

10.12 +0.01
11.98 +0.02

11.48 +0.40
12.71.+1.30

129.26 +2.38
135.82 +2.23

n.d.
n.d.

n.d.
n.d.

n.d.
n.d.

85.67 +1.19
87.92 +1.02

n.d.
n.d.

79.96 +2.81
91.25+0.61

n.d.
n.d.

n.d.
n.d.

41.76 +1.28
52.99 + 0.92

n.d.
n.d.

n.d.
n.d.

58.46 + 2.56
93.33+3.72

13.39 + 0.98
13.36 + 0.38

12.40 +0.28
13.15+0.33

126.05 +2.12
128.08 +1.93

n.d.
n.d.

n.d.
n.d.

n.d.
n.d.

93.59 +2.09
98.27 +1.82

n.d.
n.d.

95.28 +0.81
100.80 + 2.00

n.d.
n.d.

n.d.
n.d.

62.11 + 0.90
60.86 + 0.98

n.d.
n.d.

n.d.
n.d.

120.52 + 2.85
129.98 + 1.%0

All values are given as average and with confidentzval
All values in one column are significantly diffetep < 0.05)
*n.d.- not detectable or contents below a value.bdfmmol/L
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Table 4: Molar concentration [mmol/L] of sucrose and galaetmeasured in extracts from wheat, lentils antbsta solutions of raffinose, stachyose, verbasbe&gre and after treatment

with a-galactosidase

Sucrose [mmol/L] Galactose [mmol/L]
No treatment 1h 2h No treatment 1h 2h
Wheat extract 93.60 + 12.51 104.09 + 1.6B 104.74 £1.29 n.d. 12.89 £0.71 15.58 +0.98
Lentil extract 209.12 + 4.62 424.33 £ 6.0% 431.77 £9.18 5.42 +0.78 373.55 £ 8.4% 377.61+6.36
Raffinose nd. 134.47 £2.60 145.65 + 1.4% nd. 133.07 £ 0.67 147.08 + 1.88
Stachyose n.d. 111.19 £ 0.98 111.06 £ 1.82 n.d. 204.68 +1.31 220.49 + 0.57
Verbascose n.d. 78.03 £ 1.05 88.71+3.99 n.d. 247.71 £3.09 290.77 £5.31

All values are given as average and with confident=val
All values in one row marked with a different sugagipt are significantly different (p < 0.05)
*n.d.- not detectable or contents below a valué.8f0.1 mmol/L corresponding to the quantificatadreither galactose/sucrose
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Figure Captions

Fig. 1. Modified Koshland mechanism of hydrolysis of GOS wigalactosidase (A) and hydrolysis
of fructans via invertase/inulinase (1= further galactose residues or terminal suaresieue;

R2= further fructose residues or terminal glucestdue

Fig. 2: Total Oligosaccharide content [%] of extracts framolemeal wheat flour (A) and lentils (B)
before and after treatment with invertase, inuknasda-galactosidase; FOS- determined amount of
fructans; GOS- determined amountwedalactooligosaccharides; all values marked withghme

minor letter are not significantly different; n-elnot detectable amounts or amounts beneath 0.01%
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Highlights:

» Efficiency of specific enzyme depends on pre-dominant type of oligosaccharide
* Inulinase shows high degradation of both fructans and a-gal actooligosaccharides
* Reaction products of invertase and inulinase could possibly act like FODMAPs
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