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The role of rye bran acidiﬁcation and in situ dextran formation on structure
and texture of high ﬁbre extrudates
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High insoluble dietary ﬁbre content causes challenges with structure and texture in extrusion. This paper focused
on studying the structure of extrudate enriched with rye bran modiﬁed in diﬀerent ways. Fermentation of rye
bran with dextran-producing Weissella confusa (with 10 g/100 g, 5 g/100 g and 0 g/100 g added sucrose as
substrate for dextran production), in situ enzymatic production of dextran in the bran and chemical acidiﬁcation
of bran with lactic acid were compared in extrusion trials. Endosperm rye ﬂour was the base in extrusion, of
which 32 g/100 g was substituted for rye bran. Fermentation with dextran production showed similar improvement in extrudate expansion as chemically acidiﬁed bran samples (489 and 493%), in comparison with
native bran (420%). Similarly, these treatments decreased extrudate hardness and increased crispiness index (CI)
(16 N, 0.06 and 14 N, 0.071 respectively) compared to the control (39 N, 0.008). Enzymatically produced
dextran did not aﬀect expansion, although it decreased hardness (26 N) and increased CI compared to the control
(0.023). Chemical changes in the fermented and acidiﬁed rye bran included reduction in insoluble dietary ﬁbre
(DF) (19 g/100 g → 17 g/100 g) and increase in soluble DF (5.17 g/100 g → 5.51–7.19 g/100 g), as well as
soluble protein (8 g/100 g → 11 g/100 g) content. Lactic acid bacteria fermentation or acidiﬁcation is therefore
a promising method to increase the functionality of rye bran in extrusion.

1. Introduction
Extruded cereal products, commonly produced with reﬁned ﬂour,
are staple snack foods and breakfast items. Due to the use of reﬁned
ﬂours, these products contribute little to the recommended daily intake
of dietary ﬁbre (DF) of ca 25 g/day. Enriching extruded cereal foods
with DF by including cereal bran, would improve the nutritional value
of these products. However, bran addition is associated with negative
eﬀects on extrudate expansion and texture due to reduction in starch
content, its eﬀect on water distribution by competing for water with the
starch matrix, reducing melt viscoelasticity and hindering bubble formation (Pai, Blake, Hamaker, & Campanella, 2009; Robin et al., 2012;
Yanniotis, Petraki, & Soumpasi, 2007). Especially the insoluble dietary
ﬁbre (IDF) component of the bran has a negative eﬀect on expansion.
Bran also contains a relatively high amount of protein (ca 17–25 g/
100 g Karppinen, Kiiliöinen, Liukkonen, Forssell, & Poutanen, 2001;
Nilsson et al., 1997). High protein content can aﬀect expansion of extrudates both negatively and positively depending on the protein
characteristics and concentration, e.g. by diluting the starch, aﬀecting

water availability for the starch gel, as well as taking part in various
reactions (Moraru & Kokini, 2003).
Several studies have investigated diﬀerent physical and bioprocessing methods to improve the behaviour of bran in extrusion. Processing
strategies such as ultraﬁne milling (Alam et al., 2014) and enzymatic
treatment (Santala, Kiran, Sozer, Poutanen, & Nordlund, 2014) improved expansion of high-DF bran-containing extrudates. In the former
study, the eﬀect was hypothesized to be due to DF reduction observed,
while in the latter solubilisation of DF was the main eﬀect. Lesser
particle size reduction than in Alam et al. (2014), of wheat bran
(317–224 µm) did not improve expansion of wheat bran extrudates
(Robin, Dubois, Pineau, Schuchmann, & Palzer, 2011b). As with enzymatic solubilisation, solubilisation of arabinoxylan with alkali treatment of corn bran increased the expansion of corn bran containing
extrudates, (Pai et al., 2009). Our previous study (Nikinmaa et al.,
2017) found that fermentation of rye bran with dextran-producing
Weissella confusa improved expansion of bran supplemented extrudates.
Addition of the same amount of dextran as produced in situ by W.
confusa did not improve expansion compared to the control. We
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2.3. Extrusion

hypothesized that in situ produced exopolysaccharides (EPS) coats the
bran particles, reducing their negative eﬀect in the starch matrix.
However, the eﬀect of acidiﬁcation or bran modiﬁcation by microbial
or endogenous enzymes was not eliminated. Acidiﬁcation of rye by
lactic acid bacteria activates endogenous enzymes, e.g. xylanases and
proteases, as well as possibly inducing mild acid hydrolysis (Boskov
Hansen et al., 2002). Xylanolytic and proteolytic enzymes are concentrated in the outer layers of rye, and therefore, present and activated
during lactic acid fermentation of rye bran (Brijs, Bleukx, & Delcour,
1999; Gys, Courtin, & Delcour, 2004).
The aim of this study was to investigate the bran modiﬁcation
mechanisms of bioprocessing, speciﬁcally elucidate the role of acidiﬁcation and EPS in high-DF extrusion. To achieve this, chemical
acidiﬁcation using lactic acid and in situ enzymatic dextran production
were examined and compared to fermentation with LAB in relation to
extrudate structure and texture.

Endosperm rye ﬂour was used as the starch base in extrusion. The
amount of bran added to each sample was 32 g/100 g by weight, which
corresponded to a DF content of ca 18 g/100 g. The samples were extruded using a twin-screw extruder (APV MPF 19/25, Baker Perkins
Group LTD, Peterborough, UK). The feed rate was 60 g/min whereas
the water feed varied between 3.5 and 4.5 g/min. The temperature
proﬁle was 120-110-95-80 °C (die to feed) and the screw speed was
constant at 350 rpm. Duplicate extrusion trials on separate days were
performed.
2.4. Macrostructural analysis
The physical dimensions of the extrudates were measured as described by Nikinmaa et al., 2017. The diameter of extrudates was
measured in three places for each replicate sample and each sample was
weighed. Expansion rate and density were calculated for the extruded
samples based on the measured values.

2. Materials and methods
2.1. Production of dextransucrase

2.5. Instrumental textural analysis
The production of dextransucrase was essentially carried out as
described previously by Kajala et al. (2015). The Lactococcus lactis
strain harbouring the dextransucrase gene of W. confusa was cultivated
in 10 L of M17 medium, supplemented with 5 g/L glucose, for 18 h at
30 °C in the presence of 4 ng/mL of the nisin inducer, which was added
at an OD600 of ~0.1–0.3.
The supernatant was concentrated by ultraﬁltration to ~1 L (6 ft2,
Prep/Scale TFF, cut-oﬀ 10 kDa; Millipore) and 1 L of 10 mM Na-citrate
buﬀer, pH 5.4 was added. The concentration–dilution was repeated ﬁve
times and the ﬁnal sample was concentrated to ~500 ml.
Dextransucrase activity was measured using the Nelson-Somogyimethod (Nelson, 1944), as described by Kajala et al. (2015).

Texture of the extruded samples was measured by uniaxial compression using a TA.XT2i Texture Analyser (Stable Micro Systems Ltd.,
Godalming, UK) with a 30 kg load cell and a cylindrical 25 mm aluminium probe. Cross-sectional samples of 10 mm were cut using an
electric saw (Power ST- WBS800, Taiwan Sheng Tsai Industrial Co LTD,
Taiwan). The samples were deformed at 70% strain at 1 mm/s as described by Alam et al. (2014). Hardness, crispiness work (CW) and
crispiness index (CI) values were obtained from the force-deformation
curves. Hardness is deﬁned as the peak force value of the force-deformation curve.
Crispiness work is calculated with Eq. (1) (Van Hecke, Allaf, &
Bouvier, 1995)

2.2. Bran processing

CW (Nmm) =
Commercial rye bran (Fazer Mills, Finland) was milled with a pin
disc mill (Hosokawa-Alpine 100UPZ, Augsburg, Germany) at
17,800 rpm. The milled material was air classiﬁed (British Rema
Minisplit, Chesterﬁeld, UK) at 3000 rpm, 220 m3/h to reduce starch
content. The coarse fraction (50% of the total input) obtained was used
in the subsequent trials.
Brans were fermented with dextran-producing W. confusa VTT E143403 (VTT Culture Collection). Starter culture preparation was performed as described by Nikinmaa et al. (2017). To obtain samples with
diﬀerent dextran contents, 0 g/100 g, 5 g/100 g and 10 g/100 g of bran
was replaced by sucrose as substrate for dextran production in fermentations. Fermentations were incubated for 20 h at 25 °C at 20 g/
100 g dry matter content. Dextransucrase treatment was performed in
the same conditions for 6 h, with addition of 10 g/100 g sucrose and 0.8
U/g dextransucrase enzyme. Native bran, soaked bran, as well as a
chemically acidiﬁed bran were used as controls. Chemical acidiﬁcation
was carried out by addition of lactic acid in order to mimic acidiﬁcation
during fermentation. This sample was ﬁrst incubated at native pH for
10 h, followed by adjustment to pH 5.5 for 5 h. Finally, the pH was
adjusted to 4.3 for a further 5 h. During chemical acidiﬁcation, microbial growth was controlled by addition of 0.01 g/100 g chloramphenicol and cycloheximide. After treatment, all samples were
freeze dried (Parker Freeze Dry, Inc, Pulaski, WI, USA)
Following freeze drying, the material was pin disc milled at
17,800 rpm. The non-freeze dried native bran was also milled again
with the same parameters. Particle sizes were measured by laser diffraction using a Coulter LS230 (Beckman Coulter, Fullerton, USA).
Chemically acidiﬁed, W. confusa 0% sucrose, soaked and native brans
were milled again with a pin disc mill at 17,800 rpm to achieve similar
particle sizes for all bran samples.

A
N

(1)

where A is the area under the force-defomation curve (Nmm) and N is
the number of peaks
Crispiness index is calculated according to Eq. (2) (Heidenreich,
Jaros, Rohm, & Ziems, 2004).

CI =

LN
AxFmean

(2)

Where LN is the normalised curve length, A is the area under the force
deformation curve and Fmean is the sum of force values divided by the
number of data points.
2.6. Chemical analysis
Total DF and SDF content of extrudates was analysed using AOAC
method 991.43 (AOAC, 1995). Ash content was measured gravimetrically after combustion at 550 °C.
Dextran content of brans was analysed essentially as described by
Katina et al. (2009). 100 mg of bran sample was washed three times
with 50 vol-% ethanol to remove sugars and oligosaccharides and
centrifuged at 10,000g for 10 min. The supernatant was discarded and
the pellet was resuspended in 4.5 ml 50 mM pH 5.5 sodium citrate
buﬀer to dissolve dextran. Next, transglucosidase and dextranase enzymes were added to hydrolyze dextran to glucose. After enzyme addition, samples were incubated for 48 h at 30 °C. After thorough mixing
1 ml samples were taken. Enzymes were inactivated by keeping the
tubes in 100 °C for 10 min. Samples were centrifuged and glucose
content was measured spectrophotometrically with a glucose oxidase
peroxidase kit (D-Glucose Assay Kit - GOPOD Format, Megazyme, Bray,
County Wicklow, Ireland). Samples were compared with a bran control
2
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Table 1
Pasting properties of bran-ﬂour mixtures as analysed by Rapid ViscoAnalyzer. Results are the mean of 3 samples, letters a-d indicate signiﬁcant diﬀerences.
Sample
Native
Soaked
W. confusa 0% sucrose
W. confusa 5% sucrose
W. confusa 10% sucrose
Chemical acidiﬁcation
Dextransucrase treated

Peak viscosity
1574
1508
1284
1314
1369
1131
1482

±
±
±
±
±
±
±

d

59
10 cd
27b
12b
25b
21a
34c

Hold viscosity
539
507
556
594
643
456
583

±
±
±
±
±
±
±

bc

30
12ab
18bc
11 cd
28d
36a
12 cd

Breakdown

Final viscosity
d

1036 ± 30
1001 ± 14d
728 ± 10b
721 ± 2ab
726 ± 10b
675 ± 15a
899 ± 27c

1231
1143
1251
1314
1430
1012
1352

±
±
±
±
±
±
±

bc

78
33ab
45bc
15 cd
71d
77a
17 cd

Setback viscosity
693
636
695
720
787
556
769

±
±
±
±
±
±
±

bc

48
22ab
28bc
13bcd
44d
41a
7 cd

Pasting temperature
65
66
66
67
66
67
65

±
±
±
±
±
±
±

1a
1a
0a
1a
1a
1a
0a

amylose component of starch blue and amylopectin brown. The stained
sections were examined with a Zeiss AxioImager M.2 microscope (Carl
Zeiss GmbH, Göttingen, Germany). Micrographs were obtained using a
Zeiss Axiocam 506 CCD colour camera (Zeiss) and the Zen imaging
software (Zeiss). Representative images were selected for publication

without dextranase as well as a pure 5 mg/ml W. confusa dextran
control.
pH and TTA of rye extrudates and brans were measured by weighing
5 g of sample and adding 50 g of water. TTA of samples was measured
by titrating to pH 8.5 with 0.1 M NaOH using an automatic titrator
(T50, Mettler Toledo, Columbus, Ohio, USA).
In order to investigate the eﬀect of the treatments on the state of
protein in the bran, soluble protein analysis of brans was performed
using a DC Protein assay kit (Bio-rad Laboratories Inc., USA). Bran was
diluted 1:10 in water, mixed carefully, and then centrifuged. The supernatant was recovered and analysed spectrophotometrically at
750 nm using the reagents provided in the kit.
Water binding of brans was measured by a centrifuge-based method
as described by (Silventoinen, Sipponen, Holopainen-Mantila,
Poutanen, & Sozer, 2018) with an addition of determining the dry
matter content of the supernatant.

2.9. Statistical analysis
IBM SPSS Statistics 22 (IBM Corporation, Somers, NY, USA) was
used for statistical analysis. One-way ANOVA with Tukey HSD (signiﬁcance level of 0.05) was used to assess the signiﬁcance of the differences between samples, with treatments as independent variables
and measurement results as dependent variables
3. Results and discussion
The dextransucrase activities were determined as 1.5 U (cultivation
A) and 12 U (cultivation B). The values are only approximate, since the
Nelson-Somogyi method used is not speciﬁc for the fructose released in
the reaction, but the by-products of the reaction and other carbohydrates present in the sample gave a positive signal as well (Kajala et al.,
2015).

2.7. RVA analysis
Pasting properties and viscous properties of ﬂour mixtures for extrusion were analysed using a Rapid Visco Analyzer (RVA Super4,
Newport Scientiﬁc, Australia). 3.5 g of ﬂour (DM basis) was weighed in
aluminium cups and 25 g of water was added. The suspension was
heated to 50 °C, and held at this temperature while stirring at 160 rpm,
followed by heating to 95 °C in 3 min 42 s. The temperature was held at
95 °C for 2 min 30 s and then cooled to 50 °C in 3 min 48 s, after which
the sample was held at 50 °C for 2 min. Peak viscosity, ﬁnal viscosity,
setback viscosity, breakdown viscosity and pasting temperature were
determined from the pasting curve using Thermocline v. 2.2 software

3.1. Particle size adjustment and extrusion processing.
Particle sizes of the brans diﬀerred from each other after freeze
drying and milling. Chemically acidiﬁed bran and control brans had
larger particle size (D50: 300–400 µm) than the dextran containing
samples (D50: ca 180 µm). In order to exclude the eﬀect of particle size
on extrusion, an attempt was made to bring particle sizes of rye brans to
a similar D50 range of ca 160–180 µm for all samples by milling the
samples again as needed. The D50 of the native, as well as the soaked
bran remained slightly larger than the acidiﬁed and fermented samples
(216 µm and 291 µm respectively, compared to 160–180 µm for fermented and acidiﬁed samples). This indicates that the acidiﬁcation
made the material more brittle, as all the acidiﬁed materials achieved
smaller particle size than the soaked bran. The reason for the particle
size adjustment was that large diﬀerences in particle size might aﬀect
the extrusion performance, as observed by Alam et al. (2014) and
Santala et al. (2014). The diﬀerences after adjustment were in the same
range as Robin et al. (2011b) or as between the medium and large
particle sizes in Alam et al. (2014), who observed no diﬀerence in expansion between these particle sizes.
During extrusion, small diﬀerences in torque and water distribution
were evident, as with acidiﬁed samples lower water addition was
possible without burning. Torque values of up to 75–90% corresponding to a speciﬁc mechanical energy (SME) of 291–350 kW/kg was
observed with the native and soaked brans, while generally lower
torque (70–85%) and SME (272–330 kW/kg) was observed with the
fermented and treated brans despite lower water addition. Pai et al.
(2009) and Robin, Bovet, Pineau, Schuchmann, and Palzer (2011a)
observed increase in melt viscosity with addition of bran to corn and
wheat extrudates, respectively. The equal or lower torque, despite
lower water content, observed in fermented or acidiﬁed bran

2.8. Light microscopy
Light microscopy was performed for 4 bran samples, soaked bran,
chemically acidiﬁed bran, W. confusa 0% sucrose bran and W. confusa
10% sucrose bran, and 3 extrudates (soaked bran, chemically acidiﬁed
bran, W. confusa 10% sucrose bran). To enable their handling, samples
were ﬁrst embedded in 2% (w/v) agar and then ﬁxed in 1% (v/v)
glutaraldehyde in 0.1 M Na-K phosphate buﬀer (pH 7.0), dehydrated in
a graded ethanol series, and embedded in hydroxyethyl methylacrylate
resin as recommended by the manufacturer (Leica Historesin embedding kit, Leica Microsystems, Heidelberg, Germany). Polymerized
samples were sectioned (2 µm sections) in a rotary microtome HM 355S
(Microm Laborgeräte GmbH, Walldorf, Germany) using a tungsten
carbide knife. The sections were transferred onto glass slides and
stained.
Protein and beta-glucan were visualised with 0.1 g/100 ml Acid
Fuchsin 0.01 g/100 ml Calcoﬂuor White as described by Hemery et al.
(2011). In exciting light (excitation, 390–420 nm; emission, > 450 nm),
intact cell walls stained with Calcoﬂuor appear blue and proteins
stained with Acid Fuchsin appear red. Starch is unstained and appears
black. Protein and starch were, in turn, visualised with 0.1 g/100 ml
Light Green SF and starch with 1:10 diluted Lugol’s iodine solution
according to Andersson et al. (2011). When imaged in brightﬁeld,
protein stained with Light Green appears green. Iodine stains the
3
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Fig. 1. Macrostructural properties of extrudates. Letters indicate statistical sameness of samples. Sample acronyms: N = Native bran, S = Soaked bran, W0W10 = W. confusa fermented samples with 0–10% sucrose, CA = Chemically acidiﬁed, E = dextransucrase enzyme treated.

containing extrudates, suggests that these treatments reduced the melt
viscosity compared to untreated bran-containing extrudates.

compared to 9.8 for native bran. Chemically acidiﬁed bran had similar
pH (4.39) and TTA (29.7) to the fermented samples. W. confusa 10%
sucrose had lower TTA, despite the pH also being lower. This may be
because part of the bran was replaced by sucrose, and thus, there was
less buﬀering capacity in the sample. Compared to Nikinmaa et al.,
2017, pH was slightly higher for W. confusa fermented samples (4.3
compared to 4.1) and TTA is lower if adjusted to the same bran

3.2. Chemical composition and acidity of brans and extrudates
Fermentations lowered the pH of the brans from 6.3 to ca 4.3
(Table 1). Correspondingly, TTA rose to ca 30–35 ml 0.1 M NaOH,
4
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Fig. 2. Instrumental texture analysis results of extrudates. Letters indicate statistical sameness of samples. Sample acronyms: N = Native bran, S = Soaked bran, W0W10 = W. confusa fermented samples with 0–10% sucrose, CA = Chemically acidiﬁed, E = dextransucrase enzyme treated.

concentration in analysis (6.6–7.5 ml compared to 8.7 and 9.7 ml).
Reduction in total DF content and increase in the proportion of SDF
was observed in extrudates with fermented and acidiﬁed brans,

compared to the controls (Table 1). The W. confusa 10% sucrose extrudate had the highest content of SDF (7.2 g/100 g) compared to the
soaked bran extrudate (5.3 g/100 g) which is due to the dextran
5
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Fig. 3. Light microscopy of rye bran samples at two diﬀerent magniﬁcations with acid fuchsin and calcoﬂuor staining. A = Soaked bran (control), B = Bran treated
with W. confusa (with 0% Sucrose), C = Chemically acidifed bran, D = Bran treated with W. confusa (with 10% sucrose).

endogenous β-xylosidase removing monomeric xylose from the end of
the xylan backbone (Boskov Hansen et al., 2002; Rasmussen, Boskov
Hansen, Hansen, & Melchior Larsen, 2001). Both fermentation and
dextransucrase treatment were successful for dextran production
(Table 1). Rye bran contains some sucrose, which means that even the
W0 bran contained some dextran (0.8 g/100 g). W5 and W10 brans
correspondingly had a higher dextran content (2.4 g/100 g and 4.7 g/
100 g respectively). Dextransucrase treatment produced 4.3 g/100 g

produced (i.e. SDF). In all samples with sucrose addition, part of the DF
reduction was due to replacement of bran with sucrose, as only the
glucose is converted into dextran. As observed by Boskov Hansen et al.
(2002) the content of SDF did not increase in samples without dextran
production, while the total DF decreased. As endogenous xylanolytic
enzymes exhibit activity speciﬁcally at the pH levels observed in this
study, in all likelihood their eﬃcient action caused the reduction in IDF
content. Further, the reduction in total DF may be caused by
6
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Fig. 4. Microscopy images of extrudates, with acid fuchsin and calcoﬂuor staining (Above) and Lugol’s Iodine + light green staining (below). A = Extrudate with
32 g/100 g soaked bran (control), B = Extrudate with g/100 g rye bran treated with W. confusa (10 g/100 g Sucrose), C = Extrudate with g/100 g (dm) chemically
acidifed rye bran. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

content of 8.2 g/100 g. As with DF degrading enzymes, proteolytic
enzymes also show increased activity at low pH - whereas at native pH
no protease activity is present (Brijs et al., 1999).
Fermentation or chemical acidiﬁcation did not reduce the water
holding capacity of the brans compared to the control, despite this
being commonly observed during enzymatic hydrolysis of e.g. arabinoxylan (Santala, Nordlund, & Poutanen, 2013). Probably, the water
binding of the starch still present in the bran (ca. 20 g/100 g) increased

dextran.
Analogous to DF hydrolysis, the amount of soluble protein signiﬁcantly increased (P > 0.05) in fermented and acidiﬁed bran samples compared to the control. The highest soluble protein content was
found in the W. confusa 10% bran (11.0 g/100 g DW), followed by the
5% sucrose (10.8 g/100 g), 0% sucrose (10.6 g/100 g) and chemically
acidiﬁed brans (10.3 g/100 g), although the diﬀerence between these
samples were not signiﬁcant. The soaked control had a soluble protein
7
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shown a positive eﬀect on extrudate textures compared to bran
(Brennan, Monro, & Brennan, 2008; Yanniotis et al., 2007). Paula and
Conti-Silva (2014) analysed the texture of three commercial cylindrical
extrudates and found the compression force to be between 21.6 N and
34.2 N. Although the results are not absolutely comparable due to some
methodological diﬀerences, the hardness values of the extrudates tested
in this study were on a comparable level.

during the acidiﬁcation, which has been observed in e.g. sourdough
baking (Hammes and Gänzle, 1997). The water binding of all dextran
containing bran samples decreased, which is most likely because of the
replacement of a part of the bran with a mixture of dextran and fructose
which is extracted into the supernatant.

3.3. Macrostructure and instrumental texture analysis of extruded samples
3.4. Bran and extrudate microscopy

Both fermentation and chemical acidiﬁcation of rye bran increased
the expansion and decreased the density of extruded samples (Fig. 2).
The highest radial expansion was observed in the pH treated (493%
expansion) and W confusa 10% sucrose treated bran sample (489%),
compared to the soaked control (422%). Signiﬁcant increase in the
expansion was also observed between the W. confusa 5% and 0% sucrose samples (455 and 435%, respectively). Densities of all acidiﬁed
samples (87–146 kg/m3), Fig. 1) were signiﬁcantly lower than the
soaked control (166 kg/m3), the largest decrease evident in the chemically acidiﬁed and W. confusa 10% samples. Soaking of bran also
increased expansion compared to the non-treated native bran, possibly
because freeze-drying transforming the bran into a more porous and
fragile state. Dextransucrase treatment of bran did not signiﬁcantly
(P > 0.05) aﬀect the radial expansion or density of bran-enriched
extrudates when compared to the soaked control bran. Thus, neither
added dextran, as shown in our previous study (Nikinmaa et al., 2017),
nor in situ enzymatically produced dextran alone appear to improve
expansion or density of extruded samples.
Chemical acidiﬁcation was most eﬀective at reducing extrudate
hardness (14.0 N) and crispiness work (0.40 Nmm) while increasing the
CI (0.07), compared to the soaked control (hardness: 39.2 N, crispiness
work: 1.19 Nmm, CI: 0.008). The hardness of the extrudates made with
W. confusa 10% sucrose, W. Confusa 5% sucrose and W. confusa 0%
sucrose bran samples was measured as 15.6 N, 15.5 N and 20.9 N respectively, while the crispiness work was 0.43 Nmm, 0.44 Nmm and
0.53 Nmm respectively. CI values for the extrudates made with fermented bran samples were 0.06, 0.06 and 0.04, respectively. Therefore,
the dextran containing fermented samples resulted in signiﬁcantly
better extrudate texture than the fermented sample without dextran,
which corresponds with the diﬀerences in expansion and density between the samples. In addition, statistically signiﬁcant improvement
compared to the soaked control was also found in the enzyme treated
sample (hardness: 25.7 N, crispiness work: 0.64 Nmm and CI: 0.02).
Thus, dextransucrase treatment also had an eﬀect on the texture of the
extrudates, however, the eﬀect could be because some IDF was replaced
by SDF and sugar, and not speciﬁcally induced by dextran, as SDF has

Microstructure of brans (Fig. 3) and extrudates (Fig. 4) with different magniﬁcations were analysed to further understand how the
treatments aﬀected the diﬀerent bran components. When bran samples
were compared, greater disruption of cell walls was observed in acidiﬁed and fermented samples compared to the control (Fig. 3). This was
also evident in the extrudates where there were smaller bran fragments
present in the fermented/acidiﬁed samples than the soaked control
(Fig. 4). In addition, in extruded samples stained with Lugol’s iodine
and light green, larger protein particles were observed in the soaked
control than in the fermented or chemically acidiﬁed extrudates
(Fig. 4), which was in line with a higher amount of soluble protein in
the acidiﬁed samples. These results, although not entirely quantitative
because of the microscopy method, indicate that acidiﬁed bran particles
were more fragile than the soaked control bran both during milling and
extrusion and thus perhaps cause less physical interference during extrusion (see Fig. 5).
3.5. RVA results
RVA-analysis was undertaken in order to obtain information about
the eﬀect of the bran treatment on pasting properties of bran-ﬂour
mixes, and thus give indications on the viscosity of the mixes in extrusion. Acidiﬁcation appeared to lower the peak viscosity (Table 2) of
the bran-ﬂour mixture, as all the fermented samples and the pH treated
sample had lower peak viscosities than the native (1574 cP) and the
soaked (1508 cP), whereas dextransucrase enzyme treatment did not
result in a signiﬁcant eﬀect on the peak viscosity (1482 cP). The chemically acidifed sample had the lowest peak viscosity (1131 cP), followed by W0 (1284 cP), W5 (1314 cP) and W10 (1369) cP). On the
other hand, dextran production increased hold viscosity and ﬁnal
viscosity of the samples, as the dextran containing fermented samples
and the dextransucrase treated sample exhibited higher values for these
parameters than the control brans. Increase in viscosity with increasing
EPS content has previously been observed in sourdoughs (Abedfar,
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0.06c

NA
8.2 ± 0.3a
10.6 ± 0.2b
10.8 ± 0.2b
11 ± 0.3b
10.3 ± 0.1b
NA
NA
N/A
0.8 ±
2.4 ±
4.7 ±
NA
4.3 ±

0.02a
0.06b
0.20d

Soluble protein (g/100 g)
Dextran content (g/100 g)

NA
1.8
6.4
6.3
5.7
5.4
NA

±
±
±
±
±

0.06a
0.20c
0.51c
0.13b
0.02b

Acidiﬁcation of rye bran improved structure and texture in a similar
way to fermentation with dextran producing W. confusa, while dextran
production alone had a minor eﬀect. This indicates that during LAB
fermentation of rye bran the major eﬀects relevant in extrusion are pH
related. These eﬀects include activation of proteolytic and xylanolytic
enzymes, as well as possibly mild acid hydrolysis.
Most likely the cause of improvement of the characteristics of the
bran in extrusion cannot be isolated to one single change, but is due to a
multitude of eﬀects. The hydrolysis of DF and protein is likely to have
reduced the water binding of these components, making more water
available for the starch. Plausibly acid production can also induce hydrolysis of the starch during extrusion, which may aﬀect starch gelatinization. In addition, the more soluble protein can have a foam stabilising eﬀect as rye bran protein has high foam capacity and stability
even after heating. Possibly, the increased water binding of the starch
caused by the acidiﬁcation could also improve the behaviour in extrusion.
Based on this study, LAB fermentation is a potential method to
improve the structure of bran enriched high DF extrudates. Assuming a
serving size of 30 g, the extrudates in this study would provide over
20% of the recommended 25 g DF intake, while retaining a crispy expanded structure.

NA
6.5
4.4
4.3
4.3
4.3
NA
NA
0.6
2.1
2.1
2.1
2.0
NA
NA
6.4
4.7
4.7
4.5
4.7
NA

±
±
±
±
±

0.07b
0.14a
0.14a
0.14a
0.08a

±
±
±
±
±

0.07a
0.04c
0.00c
0.01c
0.02b

TTA (% lactic acid equivalents)

pH

±
±
±
±
±

0.07c
0.03ab
0.03ab
0.03a
0.00b

TTA (% lactic acid equivalents

Hosseininezhad, & Rafe, 2020; Katina et al., 2009). The eﬀects observed
are probably a combined eﬀect of amylase activity during the initial
stages of fermentation as well as solubilisation of bran components
during acidiﬁcation. Acid hydrolysis of starch could also play a role in
the viscosity reduction of the starch, as hypothesized by Sriburi and Hill
(2000), in both RVA and during extrusion processing. Because only a
minor part of the starch in the ﬂour-bran mixture had undergone
treatment, the major eﬀect in RVA was because of the eﬀects on the
non-starch components. Previously, Park, Fuerst, and Baik (2019) have
observed viscosity reduction due to enzymatic arabinoxylan and cellulose hydrolysis, when SDF content remained constant compared to a
non-treated control and IDF was reduced. RVA is a higher moisture
system than extrusion, but reduced viscosities in RVA might suggest
that the melt viscosity was lower for fermented and acidiﬁed samples
than the soaked control.

4. Conclusions

pH

Bran Samples

5.2
5.3
5.7
5.9
7.2
5.5
NA
12.8
13.4
11.6
11.4
11.1
11.7
NA

0.03
0.58
0.57
0.08
0.43
0.31

SDF (g/100 g)
IDF (g/100 g)
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18.0
18.7
17.3
17.4
18.3
17.2
NA
Native
Soaked
W. confusa 0% sucrose
W. confusa 5% sucrose
W. confusa 10% sucrose
Chemical acidiﬁcation
Dextransucrase treated

±
±
±
±
±
±

Total DF (g/100 g)
Treatment

Extrudate samples

Table 2
Chemical analysis results for extrudates and corresponding bran samples. Total dietary ﬁbre is the sum of insoluble dietry ﬁbre (IDF) and soluble dietary ﬁbre (SDF). Soluble protein measurement was performed in
duplicates. The pH, titratable acid (TTA) and dextran are the average of three replicate measurements (letters indicate statistical diﬀerence). NA = not analysed.
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