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Abstract

The vinegar is a millenary food, appreciated by consumers worldwide. The rice bran is a rice-processing by-product produced ina
large scale, mainly employed in feed. This study describes a method for defatted rice bran (DRB) vinegar production by submerged
fermentation, with optimized aeration and stirring conditions, evaluating its physico-chemical properties and acceptance.
A 22 Full Factorial Design (FFD) was applied to evaluate the aeration (0.25-1.00 VVM) and stirring (100-500 rpm) effect on
the stoichiometric yield (SY), total concentration of ethanol and acetic acid yield (TCY), and acetic acid productivity (AAP).
SY ranged from 26.26 to 79.97%, TCY ranged from 78.04 to 100.50%, and AAP varied from 0.056 to 0.473 g L h™'. The stirring
had a positive effect in the SY and TCY, while both aeration and stirring had a positive effect in the AAP (p < 0.05). The FFD
allowed an acetic acid increase of = 750 times under aeration of 1.00 VVM and stirring of 500 rpm, which made it possible to
develop an industrially compatible method for vinegar production using DRB as substrate. Furthermore, DRB presents potential
for vinegar production, with functional characteristics - including antioxidant activity - and sensorially accepted.

Keywords: antioxidant activity; defatted rice bran; fermentation; full factorial design; phytic acid.

Practical Application: Vinegar production from rice bran by submerged fermentation.

1 Introduction

Vinegar is a millenary food, appreciated by its consumers
specially associated with salads, but also applied in a wide variety
of products (Ho et al., 2017). In Brazil, the vinegar consumption
reach 170 million L per year and 80% refers to ethanol vinegar.
According to National Association of Vinegar Industries, the
Brazilian consumption is 0.8 L per capita, while in Europe and
USA the consumption reach 1.8 L per capita (Associagdo Nacional
das Industrias de Vinagre, 2019). The vinegar production occurs
by two biochemical processes: the alcoholic fermentation of
sugars/starches by the action of yeasts, usually Saccharomyces
species, followed by acetic fermentation of ethanol by aerobic
acetic bacteria (Araujo et al., 2012; Marques et al., 2010).

Vinegar has been used medicinally in order to treat diseases
for long the centuries, including healing of wounds, poison ivy,
croup, stomachache, high fever, edema, infections, ulcerations,
and others (Ho et al., 2017). More recently, the presence of
bioactives in vinegar and its mechanisms of action in health have
been investigated. In this context, the regular consumption of
vinegar contributes to some beneficial effects in digestion, appetite
stimulation, antiobesity, antitumor, antioxidative, antimicrobial,
recovery from exhaustion, lipid content, cardiovascular disease,
regulating blood pressure, antidiabetic and therapeutic properties
(Budak et al., 2014; Chou et al., 2015; Ho et al., 2017).

Rice cultivation is essential for food and nutritional safe for
more than half the population worldwide, besides being part of

the food habit of the Brazilian population. Brazil is the largest
producer of rice (Oryza sativa) outside Asia and, the 2018/2019 rice
crop should reaches a productivity of 10653.8 thousand tons
(Companhia Nacional de Abastecimento, 2019). The preference
of Brazilian rice consumers involves the white rice (70%),
parboiled (25%), and whole grain (3-4%) (Companhia Nacional
de Abastecimento, 2015). For white rice obtaining, the whole
grain is subjected to the peeling process followed by polishing
and the by-product of polishing is the rice bran, composed by
pericarp, aleurone and germ (Canan et al., 2011). The rice bran
represents 8 to 11% of the total grain weight and, in Brazil, is
mainly employed in the animal feed (Gomes et al., 2012).

The rice bran present high content of carbohydrates (52%),
starch (15%), fat (21%), and protein (15%) (Amagliani et al.,
2017). The higher carbohydrate content justifying the use of rice
bran in fermentative processes as vinegar production; although,
the protein and lipid content may harm yeast’s performance on
ethanol production (Watanabe et al., 2009). The defatted rice bran
(DRB), with lower fat (< 2%) and higher carbohydrates (60%)
and starch (21%) content (Watanabe et al., 2019), if submitted
to hydrolysis, is a potential substrate for vinegar production.
In this context, the aim of this study was to propose a method
for DRB vinegar production by submerged fermentation.
The aeration and stirring conditions were evaluated by a full
factorial design (FFD) regarding the yield and productivity.
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Moreover, the vinegar produced was characterized regarding
physico-chemical parameters and acceptance.

2 Materials and methods

The DRB (lipid 1.88%; ash 12.72%; protein 16.75%;
carbohydrate 68.65%; phytic acid 6.65%) was provided
by the Riograndense Vegetable Oils Company (Pelotas,
Brazil). The enzymes protease (Alcalase 2.4L FG), a-amylase
(Termamyl 2X), and amyloglucosidase (AMG 300L) used in the
enzymatic hydrolysis were provided by the Latin American LNF
(Bento Gongalves, Brazil). Acetozyn®, a mixture of inorganic
salts, sugars, plant extracts, amino acids, and vitamins that
provide the nutrients for acetic bacteria, was provided by
Frings (Piracicaba, Brazil). Freeze-dried S. cerevisiae yeast
(Saf-instant®) was used in alcoholic fermentation. The acetic
fermentation was performed by acetic bacteria from undiluted
alcohol vinegar (= 8% acidity; w/v) from an earlier fermentation
(strong vinegar) provided by Chemim (Ponta Grossa, Brazil).
This inoculum was composed by Acetobacter, Gluconobacter
and Komagataeibacter, used in vinegar production due its
ability to oxidize ethanol to acetic acid and high resistance to
acetic acid released during fermentation (Gomes et al., 2018).

2.1 Vinegar production

Enzymatic Hydrolysis: DRB was ground (= 70 mesh) in
a knife mill (SL 31, Solab, Piracicaba, Brazil) and hydrolysed
as previously described by Siepmann et al. (2018) in order to
release fermentable sugars. The following enzymatic hydrolysis
was conducted in a DRB suspension (200 g L'): protease
(15uL g DRB) kept at 60 °C for 2 h; a-amylase (30 uL g DRB)
kept at 90-95 °C for 2 h; and amyloglucosidase (40 uL g"' DRB)
kept at 55-60 °C for 3 h. After hydrolysed, the DRB suspension
was centrifuged for 5 min at 3823 g (Rotina 420R, Hettich,
Spenge, Germany) and the supernatant were used for vinegar
elaboration.

Alcoholic Fermentation: the DRB hydrolysed (1.5 L;
pH 5.0) was inoculated with Saccharomyces cerevisiae in
the proportion of 5.0% (w/v). The alcoholic fermentation
was carried out in 3 L erlenmeyer disposed an incubator
(SL 221, Solab, Brazil) at 30 °C for 48 h at a stationary state.
Subsequently, the wine (alcoholic fermentation product) was
centrifuged for 3 min at 3823 g (yeast cells separation) to be
used in acetic fermentation.

Acetic Fermentation: the wine ethanol percentage
(3.6% (v/v)) was corrected to 5%, as recommended for
ethanol initial concentration in wine (Aquarone et al., 2001),
by the addition of commercial ethanol (70% v/v, Da Ilha,
Almirante Tamandaré, Brazil). The strong vinegar was initially
diluted in wine in the proportion of 10% (v/v) in order to
adapt the acetic bacteria in the medium. Further, the wine
(ethanol: 5.0 £ 0.23%; acidity: 0.9 £ 0.03%; v/v) was inoculated
with the diluted strong vinegar (ethanol: 2.1 + 0.15%; acidity:
8.9 + 0.04%; v/v) in the proportion of 1.5:1.0. Subsequently,
the syrup was added of 1 g L' of Acetozyn®. The final syrup
was submitted to the acetic fermentation in a benchtop
fermentor (Bioreactor Tec-Bio 7.5 L, Tecnal, Piracicaba,
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Brazil). The process conditions were set at 30 °C, 0.25 VVM
aeration (air volume x must volume™ x minute') and stirring at
300 rpm. The final of acetic fermentation was achieved when
ethanol reached levels between 1.0 and 0.5% (v/v) (Brasil,
2012); at this stage, 1/8 of the vinegar volume was removed
and the wine was added in the same ratio, characterizing a
semi-continuous process. Eleven fermentation cycles (syrup
exchanges) was performed to activate and stabilizer the acetic
bacteria for further FFD.

The monitoring of acetic fermentation was performed by
acid and ethanol determination, removing aliquots from the
fermented syrup at 8-h intervals. The stoichiometric yield (SY)
was calculated according to Spinosa et al. (2015), considering that
1.0 g ethanol yield 1.304 g acetic acid. The total concentration of
ethanol and acetic acid yield (TCY) and the acetic acid productivity
(AAP) were calculated by Equation 1 (Spinosa et al., 2015) and
Equation 2 (Ferreyra et al., 2012), respectively.

_ Final etanhol concentration (%) + Final acidity concentration (%) )
Initial ethanol concentration (%) + Initial acidity concentration (%)

Acetic acid concentration on time,-Acetic acid concentration on time
AAP = 2 L (2)

time,- time;

From the 12 fermentation cycle to each new cycle was carried
out an experimental run of an FFD. The wine was adjusted to
6% (v/v) by the commercial alcohol addition, since the acidity
was decreasing excessively, which could cause the fermentation
medium contamination.

The FFD 27 evaluate the effects of variables aeration
(0.25-1.00 VVM) and stirring (300—-500 rpm) considering the
responses SY and TCY. The vinegar obtained was clarified with
bentonite (2%; w/v) for 48 h, vacuum filtrated and pasteurized
at 65 °C for 30 min. All runs were randomly conducted and the
results were analyzed using the Statistica 7.0 software (Statsoft
Inc., Tulsa, OK, USA). The models’ adequacy was evaluated by
Anova (p <0.05).

2.2 Vinegar characterization and acceptance

The vinegar produced using 0.25 VVM of aeration
and 100 rpm of stirring was characterized regarding alcohol
content (969.12, Association of Official Analytical Chemists,
2012), total acidity (930.35, Association of Official Analytical
Chemists, 2012), reduced dry extract, ash (Brasil, 2012), and
phytic acid content (Canan et al., 2011). The antioxidant
activity was determined by the electron donating capacity
of the vinegar to the stable free radical DPPH (Blois, 1958;
Sanchez-Moreno, 2002). The sensory analysis was approved
by the Ethics Committee of Universidade Tecnoldgica Federal
do Parana (CAAE: 35679914.6.0000.5547). The acceptance of
vinegar was evaluated by 112 assessors (consumers) in individual
booths with white lighting. The sample (= 10 mL) was served
at 25-30 °C in white plastic cup codified with 3 random digits
to poured over lettuce by the assessor. The attributes of color,
aroma, viscosity, flavor and overall impression were evaluated
thought 9-point hedonic scale (1 = disliked extremely, 5= neither
liked, nor disliked, 9 =like extremely).
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3 Results and discussion

The DRB hydrolysed presented 61.23 +0.03 g L' of reducing
sugars and the wine obtained yielded 3.62 + 0.23% (v/v) of ethanol.
These values was lower than that described by (Siepmann etal., 2018),
which optimized the DRB hydrolysis process and obtained
68.8 gL' of reducing sugar and 4.0% (v/v) of ethanol. The different
values of reducing sugar could be associated with the variations
in the raw material composition and it may affect the final
ethanol content. Thus, in order to initiate the acetic fermentation,
the wine’s alcohol content was corrected to 5.0% (v/v) with
commercial ethanol.

Table 1 shows the SY for the eleven fermentative cycles, with
a mean (23.7%) considered low because, in industrial terms,
the yield is economically viable if reaches = 76% (Aquarone
& Zancanaro, 1983). The highest SY (52.43%) and the lowest
fermentation time (29 h) was observed for cycle 2. The long-time
interval of cycle 1 could be explained by problems with oxygen
supply failure. The cycle during from 29 to 128 h presented a high
process variation; however, except cycle 1 and 11, time average
was 44.33 h. The cycle interval was greater than that described
in the literature (18-30 h) and intervals between each change
of syrup greater than 30 h might be related to cycles’ instability
(Macias et al., 1997). Furthermore, the inoculum from strong
alcohol vinegar may justify the low SY obtained, considering
that the bacteria was transferred to a substrate with different
characteristics, requiring longer adaptation time and presented
greater lag phase. Moreover, the acetic bacteria are strictly aerobic
and its metabolism was altered when transferred from a high

fermentation interval depends mainly on the initial ethanol
concentration, the aeration efficiency, and the bacterial lag
phase; however, the oxygen supply failure in the cycle 1 and
the conditions used in the study — aeration and stirring — must
be taken into account.

The TCY and AAP for the eleven fermentative cycles
ranged from 74.21 to 97.60% and from 0.031 to 0.097 g L' h™!
(with an average value of 0.063 + 0.02 g L* h''), respectively
(Table 1). In comparison, Spinosa et al. (2015) reported TCY
from 80.6 to 105.9% for rice vinegar, representing, in general,
slightly higher values than the present study. The same authors
also reported a higher AAP, from 0.140 to 0.881 L' h'. Similarly,
the productivity for other substrates were higher than the
present study; Silva et al. (2007) obtained an AAP of 0.55 gL' h!
for cashew vinegar, Bortolini et al. (2001), comparing the
submerged and generator processes, obtained an AAP of
0.29 and 1.73 g L' h'!, respectively.

3.1 Optimization of acetic fermentation stage

The responses for DRB vinegar yields and productivity of
FFD were present in Table 2. The SY ranged from 26.26 to 79.97%
and the TCY ranged from 78.04 to 100.50%. For both responses,
the curvature and stirring shows a negative and positive effect,
respectively (p < 0.05) (Table 3). Thus, at the higher stirring
condition (500 rpm) an increase in SY and TCY was observed.
The non-significant effect of x, and x by x, was incorporated
into the residue of the model, and a valid linear model was

oxygen medium to a little-dissolved oxygen. Summarizing, the ~ obtained for SY (F__  :13.69;F_  :6.94; p-value: 0.016;
Table 1. Parameters of wines from the eleven fermentative cycles.
Cyele Time Ethanol Acetic acid Thz‘c’zfitfal sY TC TCY AAP
(h) (%3 v/v) (%; w/v) acid (%; wiv) (%) (%) (%) (gL'h™)
1 0 1.87 +0.03 5.42 +0.03 - - 7.29 -
128 0.54 = 0.06 5.82 +0.00 1.73 23.13+2.75 6.36 87.25+1.05  0.031 +0.003
2 0 1.17£0.05 4.54 +0.03 - - 5.71 -
29 0.73 £ 0.06 4.82+0.03 0.57 5243 +7.73 5.01 97.60 £ 0.67  0.097 £ 0.016
3 0 1.69 +0.10 3.78 £ 0.06 - - 547 -
42 0.53 +£0.03 4.06 +0.03 1.51 18.51 +3.87 4.59 84.01 £2.39  0.067 £0.011
4 0 1.46 £ 0.08 3.50 £0.03 - - 4.96 -
48 0.47 £ 0.04 3.74+0.03 1.29 18.92 +2.93 4.21 84.85+4.00  0.050 +0.000
5 0 1.65 +0.21 3.20+£0.03 - - 4.85 -
59 0.45£0.10 3.56 £0.03 1.56 23.14+2.17 4.01 82.72+1.45  0.061 £ 0.000
6 0 1.44+0.13 3.24+0.00 - - 4.68 -
58 0.56 £0.10 3.42 +0.00 1.14 15.78 £ 0.90 3.98 85.11+0.84  0.031 £0.000
7 0 1.91+0.10 2.96 +0.03 - - 4.87 -
51 0.55 %+ 0.06 3.30 £ 0.00 1.77 19.24 +2.63 3.85 79.08 £1.47  0.067 +0.007
8 0 1.67 £ 0.08 2.82 +0.00 - - 4.49 -
37 0.53+0.10 3.12 +0.00 1.49 20.29 £1.77 3.65 81.25+257  0.081 +0.000
9 0 1.65 +0.08 2.58 £ 0.00 - - 4.23 -
34 0.68 £0.13 2.90 £ 0.03 1.26 25.49 +£2.59 3.58 84.76 £+ 1.46  0.094 + 0.010
10 0 1.22 £ 0.08 2.58 £0.00 - - 3.80 -
41 0.54 +£0.03 2.78 £0.03 0.89 20.18 £ 1.55 3.32 87.23+£2.00  0.049 +0.008
11 0 2.10 £ 0.08 2.54+0.03 - - 4.64 -
88 0.35+0.07 3.10 £ 0.03 2.29 24.45 + 1.44 3.45 74.21+196  0.064 £ 0.004

SY: stoichiometric yield; TC: total concentration; TCY: total concentration yield; AAP: acetic acid productivity.
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Table 2. FFD matrix with codified and real variables and responses.

Run x,— aeration (VVM) X, — stirring (rpm) SY (%) TCY (%) AAP (gL'h")
1 -1(0.25) -1(100) 26.41 £ 1.89 85.04 £ 1.75 0.056 £+ 0.005
2 +1 (1.00) -1 (100) 38.81 + 2.64 88.62 + 2.68 0.326 + 0.018
3 -1(0.25) +1 (500) 64.98 + 3.87 96.02 £ 1.42 0.455 £ 0.031
4 +1 (1.00) +1 (500) 79.97 £ 7.97 100.50 + 1.27 0.473 £0.031
5 0(0.63) 0 (300) 26.74 £ 3.28 84.15+2.01 0.144 £+ 0.000
6 0 (0.63) 0 (300) 26.26 £ 1.02 78.04 + 0.80 0.142 £0.014
7 0 (0.63) 0 (300) 41.66 + 2.08 87.59 + 1.64 0.177 + 0.010
SY: stoichiometric yield; TCY: total concentration yield; AAP: acetic acid productivity.
Table 3. Effects of FFD variables aeration and stirring on responses.
SD t(2) p -value Effect SD t(2) p —-value  Effect SD t(2) p —value
SY (%) TCY (%) AAP (gL'h")
Average 4.63 11.36 0.000* 92.55 1.99 46.55 0.000% 0.33 0.01 33.32 0.001*
C 14.14 -2.97 0.041* -18.57 6.07 -3.06 0.038* -0.35 0.03 -11.54 0.007*
X, - - - - - - - 0.14 0.02 7.33 0.018*
X, 9.25 4.31 0.013* 11.43 3.98 2.87 0.045* 0.27 0.02 13.89 0.005*
X, by x, - - - - - - - - -0.13 002  -641  0.023*

SD: standard deviation; SY: stoichiometric yield; TCY: total concentration yield; AAP: acetic acid productivity; C: curvature (C = 1 on central point, for x, and x, = 0; C = 0 on the other

points); x, aeration (VVM); x, stirring (rpm); *p < 0.05.

SY =52.54 - 20.99C + 19.93x,

R XOL

TCY =95.55-9.29C + 5.72x%,

AAP=10.33-0.17C + 0.07x; + 0.14x, — 0.06x,x»

Figure 1. Surface response of stoichiometric yield (SY), total concentration yield (TCY) and acetic acid productivity (AAP).

R?:0.87; Adjusted R 0.81) and TCY (Feutaed: 8-81 F oy et 6:9%5
p—value: 0.034; R%: 0.81; Adjusted R* 0.72) and the surface
response was presented in Figure 1. In the present study, the
highest values of SY and TCY (run 3 and 4) coincided with
higher stirring rate. According to Doran (1998), an increase
in stirring improves the volumetric oxygen transfer coefficient
(kLa) value under typical fermenter conditions, whereas an
increase in aeration does not cause a similar effect on this
coeflicient. Moreover, acetic bacteria are a strictly aerobic
microorganism, thus a constant oxygen supply is required
throughout the process. On the other hand, an oversupply
of oxygen could affect volatile components in the substrate,
such ethanol, and may reduce the quality and yield of the final
product (Tesfaye et al., 2003).

Food Sci. Technol, Campinas, 40(3): 608-613, July-Sep. 2020

For AAP, values from 0.051 to 0.473 g L h! were observed for
FFD runs (Table 2). The aeration and stirring had a positive effect in
AAP (p<0.05), while the curvature and x, by x, had a negative effect in
the same response (p < 0.05). Thus, at the higher aeration (1.00 VVM)
and stirring condition (500 rpm) an increase in AAP was observed.
Avalid linear model was obtained for AAR(F__ -105.1%F -
19.25; p—value: 0.009; R%: 0.99; Adjusted R* 0.99) and the surface
response was presented in Figure 1. Comparing the productivity
ofrun4 (0.473 gL' h') with the eleven fermentation cycles mean
(0.063 gL' h'), the experimental design may improve the AAP by
= 750 times, emphasizing the relevance of fermentative substrate
aeration and stirring. In his context, run 4 was considered the best
condition in order to improve the DRB acetic acid production by
alcoholic fermentation.
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3.2 Vinegar characterization and acceptance

The total acidity (5.82 + 0.00 g 100 mL") and reduced dry
extract (35.66 + 3.81 g L'!) obtained was in accordance with the
Brazilian legislation parameter of a minimum of 4 g 100 mL "' and
minimum of 7.00 g L, respectively (Brasil, 2012). In contrast,
the vinegar produced surpassed (7.55 = 0.37 g L) the ash
level required by legislation (1.00 to 4.00 g L) (Brasil, 2012).
It is important to emphasize that rice bran is a by-product of
the rice industry, characterized by a high ash content since it
is composed by the pericarp, aleurone and germ (Canan et al.
2011). The DRB ash content of 12.72% implies in the higher ash
content of vinegar. However, the legislation parameter of vinegar
from cereal do not consider specific substrates which may be a
mineral source as rice bran, with mineral content between 7.76 and
7.63%; the main mineral present in rice bran are P, K and Mg
and, to a lesser extent, Ca, Mn, Fe, and Zn (Lacerda et al., 2010).
Regarding acidity, Marques et al., (2010) noted that orange-honey
(5.14 g L"), orange (3.65 g L), tangerine-corn (3.46 g L'!), and
rice (3.75 g L") vinegars presented higher ash contents when
compared to sugar cane (0.82 gL!), sugar cane-corn (0.99 g L),
red and white wine conventional vinegars (1.49 and 0.72 g L'").
Thus, the substrate presents a greater influence in the vinegar
ash content.

The phytic acid content of vinegar produced was
2.29+0.02 g L. The DRB was considered a source of phytic acid
with 6.65 g 100 g, thus a 1/3 part of DRB phytic acid remained
in the vinegar after acetic fermentation. Phytic acid is a natural
antioxidant found in plants; its antioxidant activity has already
been reported in several studies (Kim & Lim 2016; Rodrigues et al.
2019). According to the DPPH analysis, DRB vinegar presented
10.62 + 1.02 uyg mL" EC, , a satisfactory result when compared
with kurosu (1710 ug mL" EC_)) — a wholegrain rice vinegar
containing rice bran — and polished rice vinegar (3340 ygmL* EC, )
(Shimoji et al., 2002). Nishidai et al. (2000) evaluated kurosu,
rice, grain, apple, and grape vinegar regarding DPPH antioxidant
activity; kurosu and apple vinegar extract presented the best
radical antioxidant activity, 154 and 288 ug mL" EC, , respectively,
while the results for rice and grape vinegar were higher than
500 ug mL" EC, , showing low antioxidant activity.

The sensory test indicated the acceptance of vinegar
produced. The attributes of color, aroma, viscosity, flavor and
overall impression had sensory means of 6.34 + 1.93,6.81 £ 1.57,
5.41+2.24,5.30 £ 2.36 and 5.74 + 2.21, respectively. Aratjo et al.
(2012) reported sensory means for color (6.36 to 6.68) and aroma
(6.24 to 6.60) acceptance of lime orange vinegar near the values
obtained in the present study, using the 9-point hedonic scale.

4 Conclusions

It was possible to develop a method for vinegar production
using DRB as substrate by submerged fermentation. Optimized
aeration (1.00 VVM) and stirring (500 rpm) conditions were
achieved during the fermentation process, for maximum yield
and productivity. The method developed are compatible with
industrial manufacturing processes of vinegar production, do not
imply industrial plants modifications and avoiding extra costs.
Furthermore, the DRB is a by-product with great potential for
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vinegar production, generating a final product with functional
characteristics, including antioxidant activity, and sensorially
accepted.
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