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Abstract The consumption of fiber-rich foods such as cereal
bran is highly recommended due to its beneficial health ef-
fects. Pre-fermentation of bran with lactic acid bacteria can be
used to improve the otherwise impaired flavor and textural
qualities of bran-rich products. These positive effects are at-
tributed to enzymatic modification of bran components and
the production of functional metabolites like organic acids and
exopolysaccharides such as dextrans. The aim of this study
was to investigate dextran production in wheat and rye bran by
fermentation with two Weissella confusa strains. Bran raw
materials were analyzed for their chemical compositions and
mineral content. Microbial growth and acidification kinetics
were determined from the fermentations. Both strains pro-
duced more dextran in rye bran in which the fermentation-
induced acidification was slower and the acidification lag
phase longer than in wheat bran. Higher dextran production
in rye bran is expected to be due to the longer period of opti-
mal pH for dextran synthesis during fermentation. The starch
content of wheat bran was higher, which may promote
isomaltooligosaccharide formation at the expense of dextran

production. W. confusa Cab3 produced slightly higher
amounts of dextran than W. confusa VTT E-90392 in all raw
materials. Fermentation withW. confusa Cab3 also resulted in
lower residual fructose content which has technological rele-
vance. The results indicate that wheat and particularly rye bran
are promising matrices for producing technologically significant
amounts of dextran, which facilitates the use of nutritionally
valuable raw bran in food applications.
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Introduction

The current consumer demand for healthy and high-quality
food products has evoked an increasing interest in the utiliza-
tion of nutritionally rich cereal ingredients such as cereal bran
or whole grain products in human nutrition. In the recent
years, especially wheat and rye bran have been in the focus
due to their nutritional properties (dietary fiber, good quality
proteins, source of minerals, vitamins, and other phytochem-
icals) and also due to technological challenges in the utiliza-
tion of bran (negative influences on dough rheology, texture,
and sensory quality) (Prinsen et al. 2014; Bakke and Vickers
2007; Poutanen et al. 2009). Wheat bran is the major side
stream generated in the milling of wheat grains with an esti-
mated annual global production of 90 million tons (Reisinger
et al. 2014). Currently, wheat bran has been used as a low-value
ingredient for both human consumption and animal feed, but
interest in its use in human diet is increasing (Coda et al.
2015; Katina et al. 2012; Swennen et al. 2006). Rye is often
used as whole grain flour in cereal products. Nonetheless, rye
bran is also a byproduct of conventional milling and is therefore
commercially available in large quantities and can be used as a
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nutritional value-enhancing ingredient (Nordlund et al. 2012).
Despite the increasing evidence on healthiness of whole grain
and fiber-rich cereal products, consumers tend to prefer cereal
products which are made from refined white flours. This is
mainly due to the favorable textural and flavor properties of
refined cereal products compared to the whole grain or bran-
enriched alternatives (Bakke and Vickers 2007). In bread bak-
ing, the negative technological effects of bran supplementa-
tion are derived from its influence on the starch-gluten matrix.
The bran decreases gluten hydration and subsequently dis-
rupts the gluten network formation, which negatively affects
the structure of the wheat dough (Laurikainen et al. 1998;
Rosell et al. 2006).

Sourdough utilization improves bread texture and prevents
staling and has therefore been a prominent part of traditional
whole grain baking. These positive effects are attributed to
enzymatic modification of the dough components during fer-
mentation and the production of functional metabolites such
as organic acids and exopolysaccharides (EPS) (Arendt et al.
2007). Together with other sourdough lactic acid bacteria
(LAB) species, food-derivedWeissella spp. have gained atten-
tion especially due to their ability to produce technologically
significant amounts of EPS, particularly dextran, which act as
a hydrocolloid in the cereal systems. They also acidify sour-
doughs to a lesser extent than conventional sourdough LAB
species providing wider usability than conventional strongly
acidifying LAB (Di Cagno et al. 2006; Katina et al. 2009;
Wolter et al. 2014; Shukla et al. 2014). Dextran-producing
LAB secrete dextransucrases (DSRs), which catalyze dextran
synthesis from sucrose and are classified as a part of the gly-
coside hydrolase family 70 (EC 2.4.1.5) (Leemhuis et al.
2013; Patel et al. 2011). DSRs are also capable of transferring
glucose residues from sucrose to other acceptors, such as oli-
gosaccharides or other hydroxylated molecules resulting in
oligosaccharides or glucoconjugates that may have physiolog-
ical functionality (Monsan et al. 2001; Korakli and Vogel
2006; Monsan et al. 2010). Weissella spp. produce dextran
comprising of mainly α-(1→6) linkages with a few α-(1→
3) branch linkages (ca. 3 %) which has been found suitable for
cereal applications (Fusco et al. 2015). Recently, we demon-
strated dextran production in wheat bran with heterologously
produced Weissella confusa DSR and that the obtained
bioprocessed wheat bran significantly improved the quality
of high-fiber wheat bread (Kajala et al. 2015).

The relationship between specific metabolic activities of
sourdough cultures and product quality has been well-
described in traditional wheat and rye sourdoughs. However,
using the bran fraction of kernel as a substrate for fermenta-
tion, and especially for dextran production during in situ fer-
mentation, has been less studied (Galle et al. 2010). In general,
EPS formation and DSR activity in growth media or in sour-
dough have been reported to be stimulated by several factors,
such as initial sucrose and glucose content, various mono- and

divalent metal ions, initial pH and dough yield (DY) (Shukla
and Goyal 2011; Shukla and Goyal 2012; Rühmkorf et al.
2012; Rühmkorf et al. 2013; Kaditzky et al. 2008). but few
studies have been performed with bran matrix (Kaditzky and
Vogel 2008; Kajala et al. 2015). Kaditzky and Vogel (2008)
indicated that fermentation with Lactobacillus reuteri in rye
bran with 10 % added sucrose (flour basis) is a promising
method to obtain high glucan formation within 8 h of
fermentation.

The aim of this work was to compare dextran production in
wheat and rye bran during fermentation with two W. confusa
strains isolated from two different raw materials and conti-
nents. The role of chemical composition of the bran and the
growth and acidification kinetics of the starters in dextran
production were established by using multivariate statistical
methods, partial least squares (PLS) analysis.

Materials and methods

Microbial strains and growth media

Two dextran-producing LAB strains, W. confusa VTT E-
90392 (E392, DSM 20194) and Cab3, isolated from carrot
mash and fermented cabbage, were obtained from VTT
Culture Collection and the Indian Institute of Technology
Guwahati (Prof. Arun Goyal), respectively. The strains were
routinely cultivated anaerobically in de Man-Rogosa-Sharpe
(MRS) growth media (Oxoid, Basingstoke, UK) or MRS-S
(MRS supplemented with 20 g/l sucrose) broth at 30 °C.

Raw materials

Brans were obtained from Fazer Group (Lahti, Finland). The
particle size of wheat bran was 750 μm. Starch in the rye bran
was reduced from 30 to 12% by air classification as described
by Nordlund et al. (2012) to obtain comparable dietary fiber
and starch content for both brans. The chemical composition
including total dietary fiber, insoluble and soluble fiber, total
and soluble arabinoxylans, starch, fructans, and ash content of
brans were measured as described by Nordlund et al. (2012).

Bran fermentations

Prior to bran fermentations, the strains were passaged twice in
MRS-S. Cells were recovered from an overnight culture by
centrifugation (3900×g, 20 min, 4 °C) and re-suspended in
sterile tap water. Cell suspensions were used to inoculate bran
fermentations at the density of 6.0 log colony-forming
unit (cfu)/g.

Bran fermentations were carried out in a total weight of
600 g with or without sucrose supplementation. The
fermented samples contained 480 g (80 % w/w) sterile tap
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water including the cell suspension and 120 g (20 % w/w)
wheat bran (WB) or rye bran (RB). To study dextran produc-
tion, 12 g of wheat bran and 6 g of rye bran in their respective
samples were replaced with sucrose (WB-S and RB-S). Lower
level of sucrose supplementation was selected for rye bran
because the raw material was known from previous studies
to contain more intrinsic sucrose. The exact sucrose amounts
in the samples were analyzed and are shown in Table 4. The
cell suspension, water, and sucrose were first mixed
together and then the mixture was combined with the
bran in a large beaker. The beaker was then covered
with aluminum foil and incubated at 25 °C for 20 h.
Samples for total titratable acidity (TTA), lactic and
acetic acid, dextran, and sugar quantification were col-
lected at 20 h, flash-frozen in liquid nitrogen, and
stored at −20 °C until analyzed. Samples for dextran
and sugar analysis were freeze-dried before analysis.
All fermentations were performed in duplicate.

Microbiological analysis and kinetics of growth
and acidification

Microbiological analysis of the samples was carried out at the
beginning and at the end of fermentation. In detail, bran sam-
ples (10 g) were homogenized with 90 ml of sterile saline in a
Stomacher 400 lab blender (Seward Medical, London). Serial
dilutions were made and the enumeration of LAB was carried
out by plating onMRS agar after incubation for 48 h at 30 ° C.
Aerobic heterotrophic bacteria were determined from plate
count agar (PCA, Difco Laboratories, Detroit, MI, USA). To
prevent fungal growth, 0.001 % cycloheximide was added to
the PCA plates. The growth of yeasts and molds was deter-
mined on yeast mold (YM) agar (Difco Laboratories).
Chloramphenicol and chlortetracycline were added at
0.01 % to YM agar to prevent bacterial growth, and 0.02 %
of Triton-X 100 was used to limit the spreading of fungal
colonies. The plates were incubated as follows: MRS and
MRS-S anaerobically at 30 °C for 2–3 days, and PCA and
YM plates aerobically at 25 °C for 3–5 days.

To assess the kinetics of growth and acidification for the
LAB, samples from fermenting bran were collected for viable
count analysis and pH measurement every 2 h throughout the
fermentation process. The kinetics were determined and
modeled in agreement with the Gompertz equation as modi-
fied by Zwietering et al. (1990):

y ¼ k þ A exp −exp μmaxor vmaxe=Að Þ l− tð Þ þ 1½ �f g ð1Þ
where y is the growth expressed as log cfu per gram per
hour or the acidification rate expressed as ΔpH/Δt
(units of pH/h) at the time t; k is the initial level of
the dependent variable to be modeled (log cfu/g or pH
units); A is the cell density or pH (units) variation

(between inoculation and the stationary phase); μmax or
vmax is the maximum growth rate expressed as Δlog
colony-forming unit per gram per hour or the maximum
acidification rate expressed as ΔpH/h, respectively; λ is
the length of the lag phase measured in hours. The
experimental data were modeled by the non-linear re-
gression procedure of the Statistica 8.0 software
(Statsoft, Tulsa, USA).

The values of pH from acidification kinetics were deter-
mined on-line by a pH meter (Model HI 99161, Hanna
Instruments, Woonsocket, RI, USA) with a food penetration
probe. Final pH and TTA was determined with automatic ti-
trator (EasyPlus Titrator, Mettler-Toledo, Schwerzenbach,
Switzerland). A suspension of 10 g of fermented bran in
100 ml of distilled water was titrated with 0.1 M NaOH to a
final pH of 8.5. TTA was expressed as the amount of NaOH
used (ml). Lactic and acetic acids were determined from
fermented bran with commercial enzymatic assay
(Megazyme, Wicklow, Ireland). All samples were analyzed
in duplicate.

Total and initial soluble mineral content

Bran total mineral contents were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES;
Thermo Scientific iCAP 6000 Series ICP Spectrometer, MA,
USA) method using a microwave system (CEM
MARSXpress 5. NC, USA) to digest the samples.

Dry samples (0.5 g) were weighed into a digestion tube;
after which, 5 ml concentrated HNO3 (Romil, SpA, Super
Purity Acid, Cambridge, Great Britain) and 2 ml 30 % hydro-
gen peroxide (Merck, Empurre Iso, Darmstadt, Germany)
were added. The samples were allowed to stand for 30 min
at room temperature and digested in a microwave sys-
tem at 1600 W power. The temperature was gradually
increased to 170 °C and then kept at this temperature
for 40 min. The tubes were then cooled overnight and
the samples were transferred into the 50-ml volumetric
flasks using fresh ultraclean water (Q-Pod Element,
Millipore Corporation, MA, USA).

The mineral elements were analyzed by inductively
coupled plasma optical emission spectrometer using two dif-
ferent wavelengths (Table S1). The operating conditions were
set according to Zand et al. (2011). All measurements were
performed in triplicate.

For quantitation, a multielement standard mixture
was used to obtain a five-point external standard
curve (0.5 –5 mg/l). The multielement standard was
prepared from single-element ICP grade standards 10,
000 mg/l (Romil PrimAg-plus cert. ref. material,
Cambridge, Great Britain [Ca, Cu, Fe, P, Zn];
AccuStandard USA [K, Mg, Mn, S]), 10 % HNO3

and ultraclean fresh water. Phosphorous and sulfur
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standards were prepared separately from the metals.
The accuracy and precision of the mineral element
determination were tested using NBS 1567a wheat
flour reference material and one in-house wheat flour
reference material in every analysis.

To determine the initial mineral solubilization and avail-
ability from raw materials, the wheat and rye bran samples
(20 g) were mixed with tap water (180 g) and vortexed. The
bran-water suspensions were then centrifuged (10,000 rpm for
10 min, Sorvall RC-5C, Rotor SLA-1500) and supernatants
collected and filtered through 0.45-μm hydrophilic PTFE
Millipore Millex-LCR filter (Merck). From each sample,
15 ml of filtrate was collected and used for mineral content
determination as described above except that dry sample
(0.5 g) was replaced with 15 ml of liquid sample. Milli-Q
water (Merck) was used as a negative control. From each bran
sample, the mineral content was determined in triplicates. The
solubility of the minerals was calculated with the following
equation:

Solubility ¼

c
mg

l

h i
*v l½ �

� �

Weighted sample g½ � *
20

100

0
@

1
A

Total mineral
mg

100
g

� � *100% ð2Þ

Enzyme-assisted method for dextran analysis

Dextran was measured from the duplicate bran fermentations
as described by Katina et al. (2009) with minor changes. The
glucose formed after enzyme hydrolysis was quantified with
high-performance anion-exchange chromatography coupled
with pulsed amperometric detector (HPAEC-PAD). The
amount of dextran was est imated as the sum of
anhydroglucose, corrected with a factor of 1.5 to take into
account the recovery of dextran in branmatrices. The recovery
factor (1.5) was determined with preliminary experiments (da-
ta not shown) as described by Katina et al. (2009). using
purified W. confusa E392 dextran and the bran raw materials
used in this study.

Dextran yields (DY) were calculated according to the fol-
lowing equation,

DY ¼ FD

IS−FSð Þ*0:4737ð Þ ð3Þ

All amounts are given as percentages of dry weight (%
d.w.). IS is the initial sucrose (sum of the added sucrose and
the endogenous sucrose in the raw material), FS is the final
sucrose after fermentation, and FD is the final dextran. The
amount of anhydroglucose in sucrose is calculated by multi-
plying with the molar mass ratio of anhydroglucose to sucrose
(0.4737).

HPAEC-PAD analysis of sugars

For the analysis of sugars (glucose, fructose, sucrose, malt-
ose), 100 mg of bran or freeze-dried fermented samples were
weighed into 10-ml centrifuge tubes, and 5 ml of 0.05 M
sodium citrate buffer, pH 5.5, was added to extract the sugars.
Then samples were vortexed and centrifuged (10,000 rpm for
15 min, Sorvall RC-5C, Rotor SLA-1500), and the superna-
tants were collected and placed in the boiling water bath for
10 min. From each boiled sample, 500 μl was transferred into
Amicon Ultra 0.5 ml, 10 K (Merck, MA, USA) centrifugal
filter units and centrifuged (13,000 rpm for 20 min). Four
hundred microliters of filtrate was collected and Milli-Q water
was added to dilute the sample to a final volume of 1 ml.
Samples were further diluted 1:2 with Milli-Q water before
analysis. A five-point standard curve was prepared for the
quantification of glucose, fructose, sucrose, and maltose
(Sigma-Aldrich, St. Louis, MO, USA). For both standards
and samples, deoxygalactose (Sigma-Aldrich) was used as
an internal standard. The standard and samples were measured
by HPAEC-PAD according to (Juvonen et al. 2015). All sam-
ples were analyzed in triplicates.

Statistical analysis and modeling

Statistical analysis was performed with IBM SPSS Statistics
22.0 (Armonk, NY, USA) by using one-way ANOVA and
Tukey’s test. A multivariate data analysis was performed with
partial least squares regression analysis (PLS, Simca 13.5,
MKS Umetrics AB, Malmö, Sweden). All raw material prop-
erties, fermentation final products (incl. pH and TTA), and
results from the growth and acidification kinetics were chosen
asX-variables, and final dextran amount (%) and dextran yield
were chosen as Y-variables.

Results

Chemical composition of raw materials

The chemical compositions of the rye and wheat brans are
shown in Table 1. The total dietary fiber and soluble fiber
contents were higher in rye bran (56.10 and 5.01 %, respec-
tively) than in wheat bran (48.01 and 3.11 %, respectively).
The contents of both total and soluble pentosans were higher
in rye bran, 30.87 and 1.31%, respectively, than in wheat bran
(20.00 and 0.41 %, respectively). Another distinct raw mate-
rial property was the content of starch, which was 15.40 % in
wheat bran and 11.72 % in rye bran.

The mineral compositions of wheat and rye bran also var-
ied (Table 1). In rye bran, the total mineral content was slightly
higher compared to that of wheat bran, 2667.62mg/100 g bran
and 2473.44 mg/100 g bran, respectively. In wheat bran,
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copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn),
and zinc (Zn) contents were higher than in rye bran while
calcium (Ca), potassium (K), phosphor (P), and sulfur (S)
contents were higher in rye bran than in wheat bran. Soluble
minerals were predominantly the same when solubilization
percentages (Eq. 2) were taken into account (Table 1).
Liberation percentages in wheat bran varied from 0.46 to
2.69 %, being the lowest for Mg and the highest for K. In
rye bran, the lowest mineral liberation percentage obtained
was for Zn (0.51 %) and the highest for K (2.99 %). The most
significant difference in mineral liberation occurred with Mg
(0.46 and 0.86 % from wheat and rye bran, respectively).

Microbiological analyses of bran fermentation

Before fermentation, heterotrophic aerobic bacteria cell
density varied from 4.3 to 5.0 log cfu/g in wheat bran
and less than 4.0 log cfu/g in rye bran, while cell
density of yeasts and molds was less than 2.90 log
cfu/g in both brans. After fermentation, cell densities
of heterotrophic bacteria or fungi were less than 3.0
log cfu/g in all the samples. Only uniform colonies of
dextran producing LABwere observed onMRS-S agar before
and after fermentation, which indicates the domination of the
starter culture.

Table 1 Chemical composition
of brans Wheat bran Rye bran

(g/100 g bran)

Dietary fiber 48.01±1.3a 56.10±1.9b

Insoluble DF 44.90±2.2a 43.20±1.8a

Soluble DF 3.11±0.16a 5.01±0.02b

Protein 18.70±0.8b 16.33±0.2a

Starch 15.40±0.3b 11.72±0.1a

Glucose 0.29±0.01b 0.25±0.01a

Fructose 0.56±0.03a 0.58±0.01a

Sucrose 2.06±0.13a 5.42±0.24b

Fructan 3.50±0.01a 7.84±0.05b

Total pentosans 20.0±0.90a 30.87±1.1b

Soluble pentosans 0.41±0.01a 1.31±0.0b

Ash 6.26±0.03a 6.38±0.01a

Mineral (mg/100 g bran)

Ca 56.51±1.71a 60.77±3.04b

Cu 1.21±0.15b 0.74±0.02a

Fe 10.95±0.13b 7.89±0.38a

K 984.84±46.90a 1122.34±47.74a

Mg 358.28±14.32a 336.65±14.89a

Mn 8.11±0.27b 4.32±0.18a

P 901.92±31.24a 955.97±38.97b

S 144.42±2.86a 174.29±6.64b

Zn 7.18±0.16b 4.66±0.28a

Total 2473.44 2667.62

Soluble mineral (mg/100 g bran) (% from total) (mg/100 g bran) (% from total)

Ca 0.60±0.02a 1.06 0.64±0.09a 1.05

Cu 0.03±0.00b 2.26 0.02±0.00a 2.80

Fe 0.03±0.00a 0.32 0.03±0.00a 0.35

K 26.46±0.55a 2.69 33.50±4.72a 2.99

Mg 1.66±0.04a 0.46 2.90±0.42b 0.86

Mn 0.07±0.00b 0.81 0.03±0.00a 0.74

P 9.07±0.22a 1.01 13.17±1.74b 1.38

S 2.62±0.02a 1.81 3.65±0.40b 2.09

Zn 0.03±0.00b 0.47 0.02±0.00a 0.51

Total 40.57 1.64 53.97 2.02

a,bValues in the same row with different superscript letters differ significantly (P<0.05)
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After 20 h of fermentation at 25 °C, the cell density of
W. confusa E392 and W. confusa Cab3 varied from 9.4 to
9.9 log cfu/g in both bran types. The increase in cell
density during fermentation was in the range of 3.4–3.7
log cycles (Table 2), except for W. confusa E392 in RB
(2.8 log cycles). With W. confusa E392, higher growth
rates (μmax) and longer lag phases (λ) were observed for
wheat bran fermentations in relation to rye bran fermen-
tations. When sucrose was added, the final cell density
of the LAB was 9.9 log cfu/g in all cases, with a growth
increase >3.6 log cycles. The addition of sucrose to bran
increased maximum growth rates and lengthened the lag
phase of W. confusa E392. The sucrose addition de-
creased the lag phase with W. confusa Cab3 in both
brans and increased the maximum growth rate in rye
bran (Table 2).

Acidification of bran fermentation

After 20 h of fermentation at 25 °C, similar pH drop was
observed for both strains in all raw materials (Table 2).
Differences in final pH values were not significant be-
tween different strains or raw materials (Table 3). TTA
values varied from 11.32 to 12.60 ml and did not differ
significantly.

More lactic and especially acetic acid was produced in
wheat bran than in rye bran during fermentation. The
addition of sucrose increased lactic acid formation with
W. confusa Cab3 but did not affect acetic acid produc-
tion in any of the samples. Thus, the ratio of lactic to
acetic acid (fermentation quotient) was higher in rye
bran than in wheat bran in all fermentations. When

comparing the microbial strains, W. confusa Cab3 pro-
duced more lactic and acetic acid in all fermentations
than W. confusa E392.

Clear differences could be seen in the acidification kinetics
between the raw materials (Table 2). A much longer λ, over
7 h on average, was observed in rye bran compared to wheat
bran (5 h on average). The addition of sucrose to the brans
caused a decrease in λ with both strains, with the effect being
more pronounced with W. confusa Cab3. The maximum
acidification rates were in the range of 0.16–0.20 ΔpH/
h except for RB-S fermented with W. confusa E392
(0.26 ΔpH/h).

Dextran formation and utilization of sucrose

Wheat bran fermentation with W. confusa E392 without and
with sucrose supplementation resulted in dextran contents of
0.11 and 1.94 % (dry weight), respectively (Fig. 1). Dextran
contents after wheat bran fermentation with W. confusa Cab3
were 0.18 % without added sucrose and 2.12 % with sucrose
supplementation. Dextran contents in rye bran were higher
than in wheat bran. Fermentation of rye bran by W. confusa
E392 produced 0.87 % dextran without added sucrose and
2.57 % when sucrose was added. With W. confusa Cab3, the
dextran contents in rye bran were higher, 0.98 and 3.07 %
without and with sucrose supplementation, respectively.

Dextran yields, taking into account the initially available
and residual glucose from sucrose, were significantly higher
in fermented rye bran with both strains. Yields in WB-S were
35 and 38%with fermentation byW. confusa E392 and Cab3,
respectively. Similarly, in RB-S, dextran yields were 54 and
66 %. Dextran yields were significantly lower in samples

Table 2 Parameters of kinetics of
growth and acidification for W.
confusa E392 and W. confusa
Cab3 in wheat and rye brans with
or without sucrose
supplementation

Matrix E392 Cab3

Kinetics of growth

Δlog μmax λ Δlog μmax λ

WB 3.7±0.0 0.48±0.01 1.20±0.31 3.5±0.1 0.60±0.05 2.35±0.41

WB-S 3.6±0.1 0.67±0.01 2.9±0.01 3.7±0.1 0.53±0.02 0.90±0.08

RB 2.8±0.1 0.29±0.00 0.85±0.07 3.4±0.1 0.36±0.01 1.92±0.01

RB-S 3.6±0.1 0.47±0.01 1.22±0.01 3.7±0.2 0.55±0.01 1.27±0.02

Kinetics of acidification

ΔpH vmax λ ΔpH vmax λ

WB 2.4±0.0 0.17±0.01 5.86±0.50 2.4±0.2 0.17±0.0 5.61±0.30

WB-S 2.5±0.0 0.17±0.01 4.66±0.3 2.6±0.1 0.18±0.02 3.79±0.08

RB 2.1±0.1 0.17±0.0 7.80±0.07 2.1±0.1 0.20±0.01 9.20±0.70

RB-S 2.1±0.1 0.26±0.01 7.69±0.10 2.2±0.1 0.16±0.01 4.59±0.11

Δlog difference in log cfu per gram between the initial value (t0) and the value reached after 20 h (t20), μmax
maximum growth rate (Δlog cfu per gram per hour), λ length of the lag phase (h), ΔpH difference in pH units
between the initial value (t0) and the value reached after 20 h (t20), vmaxmaximum acidification rate (ΔpH/h),WB
wheat bran, WB-S wheat bran with sucrose supplementation, RB rye bran, RB-S rye bran with sucrose
supplementation
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without added sucrose and slightly higher in samples
fermented with W. confusa Cab3 than with W. confusa E392
in the respective samples.

As shown in Table 4, sucrose was almost completely uti-
lized after 20 h in all the samples. A tendency towards slightly

higher residual sucrose was observed in W. confusa Cab3-
fermented brans. As expected, residual fructose amounts were
higher in WB-S and RB-S samples than in samples without
added sucrose. Fermentation withW. confusa E392 resulted in
a higher amount of residual fructose in both brans.

Table 3 Acidification of bran matrix after fermentation. The table shows pH, total titratable acidity (TTA, given as ml of 0.1 NaOH), lactic, and acetic
acid concentrations together with their ratio (fermentation quotient) after 20 h of fermentation with W. confusa E392 orW. confusa Cab3 at 25 °C

Sample pH TTA Lactic acid Acetic acid Lac/Ace
(ml) (mmol/kg fermented bran)

WB E392 4.48±0.12b,c 11.21±0.41a 60.73±7.75a,b 8.83±0.75c,d 6.88

WB Cab3 4.56±0.01c,d 11.52±0.00a 72.80±6.20a,b 9.18±0.48d 7.93

WB-S E392 4.43±0.00a,b 11.76±0.14a 71.42±8.88a,b 7.16±1.15b,c 9.97

WB-S Cab3 4.37±0.02a 11.79±0.23a 96.13±8.16c 9.86±0.74d 9.75

RB E392 4.59±0.02c,d 12.22±0.14a 57.82±3.08a,b 3.48±0.22a 16.61

RB Cab3 4.60±0.04d,e 12.32±0.26a 66.68±8.12a,b 6.27±0.26b 10.63

RB-S E392 4.70±0.01e 11.32±0.13a 56.71±5.65a 3.52±0.21a 16.11

RB-S Cab3 4.44±0.02a,b 12.34±0.05a 78.11±10.89b,c 6.27±0.68b 12.46

WB wheat bran, WB-S wheat bran with sucrose supplementation, RB rye bran, RB-S rye bran with sucrose supplementation
a,b,c,d,e Values in the same column with different superscript letters differ significantly (P<0.05)

Fig. 1 Dextran contents and yields of wheat and rye brans fermented by
W. confusa strains E392 and Cab3. Rye bran samples had both higher
dextran contents and yields than the corresponding wheat bran samples.
The only significant difference between the strains was observed in rye
bran supplemented with sucrose where Cab3 produced more dextran than
E392. Dextran content is presented as percentage of the freeze-dried

sample’s dry weight (% d.w.); E392 (dark bars) and Cab3 (light bars).
Dextran yields are calculated according to Eq. (3) presented in BMaterials
and methods^;W. confusaE392 (triangle) andW. confusaCab3 (square);
WB wheat bran,WB-S wheat bran with sucrose supplementation, RB rye
bran, RB-S rye bran with sucrose supplementation. Values with different
superscript letters under x-axis (a, b, c, d) differ significantly (P<0.05)
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Impact of chemical composition and final metabolic
products on dextran production

PLS modeling showed how each individual raw material
property and final metabolite product correlated with dextran
production and yields (Fig. 2). The principle component (PC)
1 was mainly explaining the model (0.77), and PC 2 has very
small role in the model (0.085). In general, those raw material
properties which were higher in rye bran correlate positively
with the final dextran amounts and yields, and those raw ma-
terial properties which were dominant in wheat bran correlat-
ed negatively with resulted dextran amounts and yields. Other
emerging features were variables related to acidification and
growth, which were either highly positively or negatively cor-
related with the final dextran amounts and yields.
Acidification (diamonds)-related variables and growth
(triangles)-related variables correlated negatively with dex-
tran amount and yield.

Discussion

In this study, wheat and rye bran fermented with two strains of
W. confusa (E392 and Cab3) were compared as a medium for
dextran production with and without sucrose supplementa-
tion. Rye bran was found to enhance dextran production com-
pared to wheat bran. EPS formation has been extensively in-
vestigated in wheat and rye sourdoughs (Katina et al. 2009;
Tieking et al. 2005; Di Cagno et al. 2006). and only one study

reports the use of rye bran as a medium for dextran production
(Kaditzky and Vogel 2008). We have previously demonstrated
enzymatic production of dextran in autoclaved wheat bran
(Kajala et al. 2015). but this is the first study to use non-heated,
enzymatically active wheat bran as dextran production matrix.

Chemical composition

The comparison of bran chemical compositions showed that
rye bran contained less starch but had higher concentrations of
fructans and soluble pentosans, which contributes to its higher
soluble dietary fiber content. The rye bran contained more
intrinsic sucrose (5.42 % d.w.) than wheat bran (2.06 %).
The total mineral content of the brans was similar which
corresponded also to similar ash content. On the whole, the
total mineral content was in agreement with the values reported
by Kamal-Eldin et al. (2009). With respect to single minerals,
rye bran had higher concentrations of Ca, K, P, and S and lower
concentrations of Cu, Fe, Mg, Mn, and Zn. Initial soluble min-
eral contents showed a trend similar to the total mineral con-
tent, rye bran having slightly higher overall solubility and sol-
uble mineral content. The initial mineral solubility was low for
both types of bran (0.3–3 %), possibly due to the presence of
phytic acid and dietary fibers. Lioger et al. (2007) reported the
initial solubility of 15 and 5 % for wheat bran Mg and Ca,
respectively, which is higher than found in this study.

Starter culture growth

The LAB starters dominated in both bran matrices after 20 h
of fermentation, reaching final cell density above 9 log cfu/g,
even with a relatively low initial inoculum. Similar final pH
was observed in both fermented brans, although some differ-
ences in the interaction between the raw material and meta-
bolic activity of the strains could be observed. The strains had
a higher μmax in wheat bran than in rye bran. As the native
brans had limited amounts of fermentable sugars (Table 1), it
can be hypothesized that the effect on microbial growth could
be due to a different release of fermentable sugars by the
endogenous cereal enzymes. Both rye and wheat grains are
known to have α-amylases, as well as xylanolytic and proteo-
lytic enzymes which are known to affect the fermentation
kinetics (Gys et al. 2004; Cleemput et al. 1997; Hansen et al.
2002; Gänzle 2014). Higher growth rates in wheat bran could
indicate that nutrients are more efficiently released by intrinsic
wheat bran enzymes. Themaximum growth rates were mainly
enhanced by sucrose addition.

Acidification of the bran matrix

The interaction between the enzymatic activities of the bran
and themetabolism of the two strains were also reflected in the
acidification kinetics. Whereas the growth lag phase was

Table 4 Raw material sucrose and fructose contents together with
residual sucrose and fructose amounts together with lactic acid content
(as dry weight) after 20 h fermentation with W. confusa E392 or W.
confusa Cab3 in 25 °C

Matrix Sucrose Fructose Lactic acid
(% dry weight)

WB Raw material 2.06±0.13 0.56±0.03
WB-S Raw material 11.85±0.13 0.56±0.03

WB E392 0.14±0.01a 1.81±0.07a 2.74±0.35a,b

WB Cab3 0.30±0.02b 1.87±0.11a 3.28±0.28a,b

WB-S E392 0.08±0.06a 7.08±0.18e 3.22±0.40a,b

WB-S Cab3 0.14±0.02a 5.18±0.07d 4.33±0.37c

RB Raw material 5.42±0.24 0.58±0.01
RB-S Raw material 10.15±0.24 0.58±0.01

RB E392 0.08±0.01a 2.09±0.02a 2.60±0.14a,b

RB Cab3 0.29±0.01b 1.78±0.01a 3.00±0.37a,b

RB-S E392 0.09±0.01a 4.23±0.3c 2.55±0.25a

RB-S Cab3 0.34±0.02b 2.90±0.2b 3.52±0.49b,c

WB wheat bran,WB-S wheat bran with sucrose supplementation, RB rye
bran, RB-S rye bran with sucrose supplementation
a,b,c,d,e Values in the same column with different superscript letters differ
significantly (P<0.05)
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typically shorter in rye bran, the acidification was delayed in
rye bran in all cases compared to wheat bran. The addition of
sucrose mostly affected the lag phase but showed little or no
effect on ΔpH or TTA.

Final lactic acid content did not differ between wheat or rye
bran fermentations which was also reflected in similar pH and
TTA values of both raw materials. Acidity levels were com-
parable to those of wheat flour fermented with W. confusa
E392 (Katina et al. 2009). but significantly higher compared
to EPS-producing fermentations earlier reported for rye bran
(Kaditzky and Vogel 2008) or for sorghum and quinoa sour-
doughs (Wolter et al. 2014). The amount of acetic acid was
low throughout the study but was significantly higher in wheat
than in rye bran. It was shown that some Weissella strains
produce very little acetic acid when grown on glucose but
produce significantly higher amounts when grown on
xylose or xylooligosaccharides (Patel et al. 2013).
Therefore, a different activity of the endogenous non-
starch polysaccharide-hydrolyzing enzymes releasing
pentoses or short fermentable pentosans from wheat
and rye (Hansen et al. 2002) can be hypothesized. W.
confusa Cab3 produced 19–38 % more organic acids
than W. confusa E392 in all the fermentations but this
was not reflected in pH and TTA values.

Utilization of sucrose

Essentially, all sucrose was depleted during the fermentations.
However, there were significant differences in residual fruc-
tose levels between fermented bran samples. In wheat bran,
residual fructose was rather well in line with the theoretical
amount of fructose originating from native bran and the
amount released from added sucrose, assuming it was
completely consumed for dextran synthesis during
fermentation, thus liberating fructose. In rye bran, residual
fructose levels were lower than the theoretical maximal
amounts of liberated fructose in all the cases. Fermentation
with W. confusa Cab3 resulted in lower residual fructose
amounts than fermentation with W. confusa E392. A study by
Galle et al. (2010) showed that Weissella strains ferment fruc-
tose but do not reduce it to mannitol in the presence of maltose
and glucose, which contributes to low acetic acid production of
these strains. In this study, sucrose addition did not affect acetic
acid production in any of the samples which means that theW.
confusa strains fermented fructose to lactic acid through glycol-
ysis, if they utilized it all. An increase in lactic acid was
observed upon sucrose addition in bran fermented with W.
confusa Cab3, which indicates fermentation of fructose liberat-
ed from dextransucrase reaction. It is possible that carbon

Fig. 2 PLS biplot for different bran samples with varying
chemical compositions, acidification kinetics, and dextran production.
The abbreviations of sample and attribute codes are (circle) iDF
insoluble dietary fiber, Pro protein, Sta starch, Glc1 initial glucose, DF
dietary fiber, SDF soluble DF, Fru1 initial fructose, Frn fructan, Tpe total
pentoses, sPe sol. pentoses, TMi total mineral, sMi sol. minerals, S/TM
sol./tot. minerals, Fru2 final fructose, Suc1 initial sucrose, Suc2 final
sucrose; (diamonds) Ace acetic acid, Lac lactic acid, vmax maximal

acedification rate, LpH λpH (length of the aceidification lag phase), FpH
final pH, Lac/Ace lac to ace ratio, ΔpH pH change during fermentation;
(triangle) cfu/g: final LAB count,μmaxmaximal growth rate, Lgr λgrowth
(length of the growth lag phase), Δlog10 logarithmic growth during
fermentation; (square) Dex final dextran, DexY dextran yield; (hexagon)
WBwheat bran, RB rye bran, 1 non sucrose, 2 sucrose supplementation,E
fermented with E392, C fermented with Cab3 ssoluble
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sources more preferable to the strains than fructose become
available during wheat bran fermentation and fructose remains
largely untouched, but in rye bran, fructose is more essential for
the energy metabolism of the cells and is partly consumed.
Sucrose supplementation had a different effect on growth kinet-
ics of the strains; in particular, in both brans, an increase in
growth lag phase for W. confusa E392 fermentation was ob-
served, whereas a decrease was shown for W. confusa Cab3.
This could indicate either more efficient use of sucrose or fruc-
tose, liberated from sucrose by DSR, for energy metabolism by
W. confusa Cab3 compared to W. confusa E392.

The effect of bran matrix and starter growth
characteristics on dextran production

Rye bran was found to be a more suitable matrix for dextran
production with both strains. In the native raw materials, very
little dextran was detected after 20 h in wheat bran whereas
1 % (d.w.) of dextran was produced in rye bran. With sucrose
supplementation, up to 2–3 % (20–30 g/kg) of dextran was
produced in rye bran by fermentation with W. confusa E392
and Cab3. This is the highest reported amount of dextran
produced in sourdough fermentations (Galle and Arendt
2014) advocating bran, and especially rye bran, suitability
for EPS production. Dextrans as hydrocolloids in bread are
effective dough improvers when used at a concentration of
0.3 % (Armero and Collar 1998). The formation of dextran
in situ at concentration of 2–3 d.w.%, as reported in this study,
is a promising technology for substituting the addition of
hydrocolloids.

To depict the efficiency of the conversion of sucrose to
dextran in the different fermentations, dextran yield was cal-
culated from initial and final sucrose concentrations and final
dextran content. Dextran yield describes the amount of su-
crose converted to polymeric dextran during fermentation.
Dextran yields were significantly (P<0.05) higher in rye bran
with and without sucrose supplementation and with both
the strains.

The main reason for superior dextran production in rye
bran appears to be due to the differences in raw material com-
position and overall acidification rate in twomatrixes. Overall,
PLS model indicates that individual raw material properties
had an impact in dextran production. Raw material properties
of rye bran, such as higher dietary fiber content, higher content
of soluble fibers, lower content of starch, and differences in
mineral composition correlated positively with high dextran
production and yield, while those of wheat bran correlate neg-
atively. Rye bran had significantly higher content of calcium
and phosphorus, which correlated positively with dextran pro-
duction. On the other hand, rye bran had lower content of Fe,
Cu, Zn, and Mg in comparison to wheat bran. Especially Ca is
known to affect DSR activity (Miller and Robyt 1986). even
though contrasting results have been reported for W. confusa

DSRs (Amari et al. 2013; Shukla et al. 2014). Ca was present
in both brans but the initial solubility was very low and, at
least in wheat bran, the solubility may remain low during
fermentation (Lioger et al. 2007). Other ions have also been
studied for their effect on DSR activity. For example, K and
Mg have a positive impact on dextran production (Rühmkorf
et al. 2013). and it is noteworthy that these ionswere present in
higher level in soluble form in rye bran. On the other hand Cu
and Fe, present in higher levels in wheat bran, have been
reported to have negative impact (Rühmkorf et al. 2013;
Shukla et al. 2014;Miller and Robyt 1986). It should be noted,
though, that when enzyme activities are studied, the enzymes
are usually produced in rich growth medium from where the
essential ions might already be incorporated to the enzymes,
which is not the case here.

Both W. confusa strains grew relatively well in the two
studied matrices, but the growth-related variables negatively
correlated with produced dextran and dextran yields. This
seems to indicate that a faster growth and high final cell den-
sity in wheat bran do not support higher dextran production,
because in wheat bran, bacterial strains produce more acids in
shorter time during their growth affecting the acidification and
thus the performance of the DSR. Acidification-related vari-
ables were evenly distributed in the PLS model. Higher pH
change and amount of acetic acid negatively correlated with
produced dextran, while vmax, λpH, and the ratio of lactic/
acetic acid appeared to have a positive influence, and espe-
cially the last two were different in wheat and rye and bran. In
rye bran fermentations, λpH is longer and the pH value after
fermentation is higher compared to wheat bran, thus providing
conditions close to optimal for the DSR activity for a longer
time. In previous studies, the DSR enzymes of the strains used
here were characterized using a recombinant enzyme in the
case of W. confusa E392 (Kajala et al. 2015) and the crude
extract and purified native enzyme for W. confusa Cab3
(Shukla and Goyal 2011; Shukla et al. 2014). The optimum
pH for both the enzymes is 5.4, which corresponds to the pH
observed during the fermentation in this study. The positive
effects of pH maintenance at its optimum on EPS production
during dough fermentation were also observed in previous
works, in pH controlled experiments (Kaditzky and Vogel
2008; Kaditzky et al. 2008). In rye bran, the delay in acidifi-
cation as expressed by a long lag phase might be beneficial for
dextran production as the bacteria reach higher cell numbers
and thus may produce more DSR before the optimum pH is
reached. Thus, higher dextran yields could be explained by
higher total DSR activity in rye bran.

Other possible explanation for higher dextran yields in rye
bran could be lower concentrations of maltose and
maltooligosaccharides, which act as acceptors for DSR and
would thus result in the formation of isomaltooligosaccharides
at the expense of dextran production (Katina et al. 2009).
Maltose could not be quantified from the samples after 20 h
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of fermentation, but in some replicates, trace amounts were
detected (data not shown). Maltose is, however, released from
the bran matrix during fermentation, which was confirmed by
incubating wheat and rye bran in antibiotic solution for 20 h
with two-step pH adjustment at 10 and 15 h imitating pH drop
during fermentation (Figure S1). Maltose released from raw
material is expected as starch degradation is the predominant
source of fermentable carbohydrates during sourdough fer-
mentation (Gänzle 2014). As no residual maltose was quanti-
fied in the fermentations, it appears to be released from the
matrix slower than it is consumed by the bacteria or is used as
substrate for isomaltooligosaccharide formation. If more malt-
ose was to be released from wheat than rye bran, due to, for
instance, higher α-amylase activity and or its higher starch
content, it would contribute to higher maximum growth rates
observed in WB than RB as well as lower dextran yields in
wheat bran. Higher isomaltooligosaccharide production in
wheat bran than in rye bran is also supported by higher resid-
ual fructose contents and lower dextran yieds in wheat bran.
As dextran yield depicts the conversion efficiency of sucrose
to dextran, free fructose in wheat bran samples suggests the
presence of isomaltooligosaccharide reaction rather than su-
crose transport inside the cell for fermentation.

This study demonstrated rye bran to be a superior
substrate for in situ dextran production in comparison
to wheat bran. Endogenous differences in chemical
composition of bran induced different acidification be-
havior of the two W. confusa strains in which resulted
in more advantageous conditions for dextran production
in rye bran compared to wheat bran. Further studies are
in progress to establish technological functionality of
dextran-enriched rye bran in food applications.
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