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SUMMARY

Research background. Despite the great properties of bacterial cellulose, its manufac-
ture is still limited due to difficulties in large-scale production. These problems are main-
ly related to low production yields and high overall costs of the conventional culture me-
dia normally used. To surpass these problems, it is necessary to identify new cheap and
sustainable carbon sources. Thus, this work aims to isolate and select a high cellulose-pro-
ducing Komagataeibacter strain from vinegar industry, and study its potential for bacteri-
al cellulose synthesis in an industrial soybean co-product, known as soybean molasses,
used as fermentation medium.

Experimental approach. One isolated strain was able to produce high amount of cellu-
lose in the standard Hestrin-Schramm medium, so we tested its ability to produce this bi-
opolymer in a soybean molasses medium. The characteristics and properties of the pro-
duced bacterial cellulose membranes were analyzed by thermogravimetric analysis, X-ray
diffraction, infrared spectroscopy, water-holding capacity and rehydration ratio. Genetic
analysis of the selected strain served to determine its genus and species.

Results and conclusions. An isolated strain that produced the highest amount of cellu-
lose in Hestrin-Schramm medium (3.7 g/L) was genetically identified as Komagataeibacter
intermedius V-05. This strain produced 10.0 g/L of cellulose in soybean molasses medium.
Membranes from both substrates had similar chemical structure, crystallinity and thermal
degradation. Soybean molasses proved to be a suitable alternative medium for biosyn-
thesis of cellulose in comparison with the standard medium. In addition to providing high-
er production yield, the membranes showed great structural characteristics, similar to
those obtained from standard medium.

Novelty and scientific contribution. In this research, we have isolated and identified a
Komagataeibacter strain which exhibits a high capacity for cellulose production in soy-
bean molasses. The isolation and selection of strains with high capacity for microbial me-
tabolite production isimportant for decreasing bioprocess costs. Furthermore, as there is
a necessity today to find cheaper carbon sources to obtain microbial products at a lower
cost, soybean molasses represents an interesting alternative medium to produce bacte-
rial cellulose for its industrial application.

Key words: bacterial isolation, acetic fermentation, soybean co-product, microbial poly-
saccharide, physicochemical characterization

INTRODUCTION

Acetic acid bacteria (AAB) belong to the family Acetobacteraceae, which includes sev-
eral genera and species. They are strictly aerobic, Gram-negative or Gram-variable, cata-
lase-positive, ellipsoidal to rod-shaped cells that can occur as individuals, or in pairs or
chains. AAB are involved in the production of several products, such as vinegar, kombu-
cha, gluconicacid, sorbose and bacterial cellulose (BC). This group of bacteria is described
as nutritionally demanding microorganisms, and is difficult to isolate and cultivate in ar-
tificial media, particularly the strains isolated from environments with high concentrations
of acetic acid (7).
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Bacterial cellulose is an extracellular polysaccharide con-
sisting of a chain of 3-(1—4) linked p-glucose units, secreted
from various species of bacteria. The most common and at-
tractive strain is Komagataeibacter xylinus, a member of the
family Acetobacteraceae, due to its ability to produce large
amounts of cellulose and to consume a variety of sugars and
other compounds as carbon sources. In recent years, the mi-
crobiological production of cellulose has attracted interest
due to the unusual properties and characteristics of BC. Un-
like cellulose synthesized by plants, which normally contains
impurities, BC s free of lignin, hemicellulose, pectin and pro-
teins, is highly organized and crystalline, with a huge wa-
ter-absorbing and -holding capacities, and has interesting
physical properties, such as higher tensile strength and elas-
ticity. The excellent biocompatibility and biodegradability of
BC also plays an important role in its use as prosthetic tissue
(7,2).

High productivity in microbial processes typically de-
pends on the isolation and selection of highly producing mi-
croorganisms, and their cultivation in an efficient culture me-
dium. The nutrient source of a fermentation medium
influences the growth and metabolism of cells. Therefore, the
productivity of a fermentation process is strongly influenced
by the culture medium composition, including the carbon
and nitrogen sources, growth factors and inorganic salts (3).
Carbon and nitrogen sources are the highest cost compo-
nents of the medium for any fermentation process. As the
problems associated with bioprocesses are typically produc-
tivity and production cost, there is a need to develop and use
low-cost carbon sources, in order to produce microbial me-
tabolites at a lower cost and higher production yield for in-
dustrial applications (4,5). The Hestrin-Schramm (HS) is a com-
mon and effective medium for BC production, but is limited
in its ability to obtain high productivity in a large-scale pro-
duction system due to its high cost (6). Thus, many studies
have been dedicated to finding alternative substrates with
lower cost. Agricultural residues such as fruit and vegetal
peels (7,8), milk whey (4,9), and beet molasses (9) have been
shown to be promising alternative media.

Soybean molasses is an industrial co-product, generated
in the production of soy protein concentrate from defatted
soybean meal. It is obtained by ethanol precipitation of soy-
bean proteins, resulting in a brown syrup containing a high
percentage of carbohydrates (approx. 70 % soluble solids), as
well as lipids, proteins, fiber and minerals. A large quantity of
this by-product is used for animal feed or discarded (70). How-
ever, due to its composition, the soybean molasses can also
be used as a fermentation medium to obtain microbial me-
tabolites and products, such as bioethanol (77), vinegar (70)
and exopolysaccharides (72).

In this work, we aim to isolate strains of AAB from vinegar
industry, and evaluate the ability of BC synthesis using the
soybean molasses as a carbon and nitrogen sources, followed
by characterization of the BC produced in this substrate.

MATERIALS AND METHODS

Materials

Soybean molasses was supplied by Selecta soybean in-
dustry (Araguari, Brazil), in the concentrated form (approx. 70
°Bx). Strains of acetic acid bacteria (AAB) were isolated from
fruit vinegar broth obtained from the 'Tecnologia em Saude’
food industry (Assis, Brazil). Yeast extract, peptone and bac-
teriological agar were purchased from HiMedia (Mumbai, In-
dia). Other chemical reagents used for production of culture
media were purchased from Synth (Diadema, Brazil).

Isolation of the microorganisms

The culture media used for isolation were MYP (25 g/L
mannitol, 5 g/L yeast extract and 3 g/L peptone) and Hestrin-
-Schramm (HS; 20 g/L glucose, 5 g/L yeast extract, 5 g/L pep-
tone, 2.7 g/L Na,HPO, and 1.15 g/L citric acid). Aliquots of fer-
menters were transferred to flasks containing the media
described above, and incubated at (30£0.5) °C and 120 rpm
for 96 h. When turbidity occurred, 0.1 mL of each diluted me-
dium was transferred to Petri dishes containing a double lay-
er of mannitol yeast extract peptone (MYP) agar (addition of
a 0.5 % agar layer and a 1.0 % agar overlay) (73). Pure colonies
with similar morphological characteristics were obtained us-
ing the streak plate method. The selected colonies were re-
streaked several successive times until a pure culture was ob-
tained. After purification, the well-isolated colonies were
submitted for Gram staining to select Gram-negative and
rod-shaped bacteria.

Biochemical characterization

Oxidation of ethanol to acetic acid was investigated by
colony inoculation in Petri dishes containing Carr medium (30
g/L yeast extract, 20 g/L ethanol, 0.022 g/L bromocresol
green and 10 g/L agar). In this medium, the oxidation of eth-
anol generates acetic acid and changes the color from green
to yellow. Overoxidising capacity was measured by the return
of green color after extended incubation period (7). Oxida-
tion of lactate was observed in dextrose sorbitol mannitol
(DSM) agar (1 g/L glucose, 1 g/L sorbitol, 2 g/L mannitol, 3.3
g/L yeast extract, 10 g/L proteose peptone, 15 g/L calcium
lactate, 1 g/L KH,PO,, 0.02 g/L MnSO,-H,0, 0.03 g/L bromo-
cresol purple, 0.29 ug/L brilliant green and 15 g/L agar). This
medium changes the color from yellow to purple, as a result
of lactate utilisation, causing a pH increase (7). Production of
catalase was observed after the addition of 3 % (V/V) hydro-
gen peroxide (Anidrol, Diadema, Brazil) on bacterial colonies
grown in MYP agar. Bubble formation indicated the presence
of catalase. Production of indole from tryptophan was ob-
served after growth in tryptone-containing medium (10 g/L
tryptone) and addition of 0.1 mL Kovac's reagent (Probac, Sdo
Paulo, Brazil). Red color formed on the surface of the broth
indicated a positive result, while yellow color indicated a neg-
ative result. Ketogenic activity was detected by covering an
inoculated agar plate (30 g/L yeast extract, 30 mL/L glycerol
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and 20 g/L agar) with Fehling’s solution (Anidrol). Around
positive colonies, an orange-colored halo of CuO was formed.
Production of cellulose is described in a separate section be-
low. The strain exhibiting the highest cellulose productionin
this step was selected for further experiments, including ge-
netic characterization, biosynthesis of bacterial cellulose (BC)
in soybean molasses medium, and characterization of the
produced BC.

Extraction and amplification of DNA

For genetic characterization, DNA from an isolated strain
was extracted using the PureLink™ Genomic DNA Mini Kit
(Invitrogen, Thermo Fisher Scientific, Eugene, OR, USA). Ex-
tracted DNA was amplified using the Platinum™ PCR Super-
Mix kit (Invitrogen, Thermo Fisher Scientific), according to the
following conditions: 45 pL of each reaction containing PCR
SuperMix (Thermo Fisher Scientific, Waltham, USA), 1 uL of
each primer (10 nM) and 3 L of DNA template (approx. 50
ng). All products were analyzed by electrophoresis in a 2 %
agarose gel with Safer dye (Kasvi, Sdo José dos Pinhais, Brazil)
in 0.5X TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA;
Thermo Fisher Scientific), pH=8.4, and visualized under ultra-
violet light. Molecular size was estimated by comparison with
a 100 bp ladder.

Molecular typing of isolated strain

Amplification and sequencing of the 16S rRNA gene were
performed for the selected strain in a randomized manner
(14). The products of 16S rRNA gene amplification were puri-
fied with a PureLink™ Genomic DNA extraction kit (Invitro-
gen, Thermo Fisher Scientific), quantified using a Qubit™ 2.0
fluorometer (Invitrogen, Thermo Fisher Scientific), and se-
quenced on an ABI3500 genetic analyzer (Applied Biosys-
tems, Foster City, CA, USA) using primers fD1 (5'- CCGAAT-
TCGTCGACAACAGAGTTTGATCCTGGCTCAG-3') and rD1
(5'-CCCGGGATCCAAGCTTAAGGAGGTGATCCAGCC-3'). The
contigs were obtained by CAP3, and sequence quality was
analyzed visually in BioEdit software v. 7.2.5 (75). The identity
was compared with all sequences deposited in the non-re-
dundant database of GenBank using the BLAST program (16).
The alignment was created in the BioEdit program using the
ClustalW package (77). The phylogenetic tree was built using
the maximum likelihood method (78) and the MEGA v. 7.0.18
program (79).

Characterization of soybean molasses

Moisture content was determined by drying in an oven
(model EL 1.5; Odontobras, Ribeirdo Preto, Brazil) at 105 °C
until constant dry mass. Crude protein was quantified on the
basis of total nitrogen content (conversion factor equal to
6.25) by Kjeldahl method (Kjeltec 8400™; Foss, Hillerad, Den-
mark). Total ash was determined by heating at 550 °C in a
muffle furnace (model Q318M24; Quimis, Diadema, Brazil).
Lipid content was determined by the solvent extraction
method using chloroform/methanol/water 2:2:1.8 (Anidrol)

(20). The content and composition of carbohydrates were de-
termined by high performance liquid chromatography
(HPLQ), using a liquid chromatograph (model LC-10A; Shimad-
zu, Tokyo, Japan) coupled with a refractive index detector
(RID-10A; Shimadzu). The samples were diluted and filtered
through a 0.22 um poly(vinylidene fluoride (PVDF) mem-
brane (Millex®, Merck Millipore, Dublin, Ireland). The elution
was performed on Aminex HPX-87P HPLC column (300
mmx7.8 mm, 9.0 um i.d.; Bio-Rad, Hercules, CA, USA), in an
isocratic system using ultrapure water as mobile phase, at a
flow rate of 1.0 mL/min. Sugars were quantified by HPLC us-
ing known concentrations of standards of glucose, fructose,
galactose, sucrose, raffinose, stachyose and xylose (Sigma-
Aldrich, Merck, St. Louis, MO, USA). The content of fiber (in %)
was estimated by subtracting the content of carbohydrates,
proteins, lipids and ash from the total dry matter.

The concentrations of elements Mg, Co, Cr, Cu, B, Mn, Fe,
Zn and Mo were determined by inductively coupled plasma
mass spectrometry (ICP-MS, model 820-MS; Varian, Mulgrave,
Australia). Plasma was generated using Ar. The main flow rate
was 17 L/min and the nebulizer flow rate was 0.21 L/min. Con-
centration of Ca was determined using an atomic absorption
spectrophotometer (model AA-140; Varian), equipped with a
deuterium and a single element (Ca) cathode lamp, operat-
ing at a wavelength of 422 nm at 4 mA. Concentration of K
was determined using a flame photometer (model B462; Mi-
cronal, Sdo Paulo, Brazil). Concentration of P was determined
using a visible spectrophotometer (AJX-1600; Micronal) at a
wavelength of 660 nm via the phosphomolybdate complex
formation method.

Production of cellulose in Hestrin-Schramm
and soybean molasses media

Using the isolated and selected cellulose-producing
strain, colonies were transferred to flasks containing sterile
Hestrin-Schramm (HS) medium and incubated in a bacterio-
logical incubator (BOD TE-391; Tecnal, Piracicaba, Brazil) for
approx. 10 days at (30+0.5) °C. From this inoculum, 10 mL
were transferred into a 500-mL Erlenmeyer flask, containing
90 mL sterile soybean molasses diluted at 20 °Bx (molasses
70 °Bx/water ratio=1:2.5) and 2 % ethanol. The flasks were in-
cubated in a bacteriological incubator (BOD TE-391; Tecnal)
under static conditions for 14 days at (30+0.5) °C. Cellulose
was produced in standard HS medium using a similar meth-
od, by transferring 10 % of inoculum into a 500-mL Erlenmey-
er flask containing sterile HS broth, and incubating for 14 days
at (30+0.5) °C under static conditions in a bacteriological in-
cubator (BOD TE-391; Tecnal). The cellulose produced on the
surface of each medium was collected and heated in 1 M
NaOH solution (Synth) at 80 °C for 30 min in water bath (mod-
el Q215M2; Quimis), then washed with distilled water until
reaching neutral pH. The bacterial cellulose membranes ob-
tained after the treatment were dried at 105 °C in a drying
oven (model EL 1.5; Odontobras) until achieving constant
mass, to determine their yields expressed as dry mass.
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Determination of sugar content in soybean molasses
during fermentation

Sugar content at the beginning and end of soybean mo-
lasses fermentation was measured by HPLC (model LC-10A;
Shimadzu) under the same conditions as described in the sec-
tion Characterization of soybean molasses. Then, the parame-
ters of production yield and substrate conversion rate were
determined as described below.

Bacterial cellulose production rate and production yield

The efficiency of K. intermedius V-05 bacterial cellulose
(BC) production was evaluated after 336 h of cultivation. Its
production rate r (in g/(L-h)), production yield Y (in %) and
substrate conversion ratio w (in %) were calculated, respec-
tively, as follows (27):

r(BC)=mgc/(V-t) 1/
Y(BC)=((mg/V)/(5;-5¢))-100 12/
w(substrate conversion)=((5-5;)/S,)-100 /3/

where S, is the initial substrate concentration (g/L), S; is the
residual substrate concentration (g/L), mgcis the mass of pro-
duced BC (g), Vis the reaction volume (L) and t is time of fer-
mentation (h).

Thermogravimetric analysis

Thermal stability of the bacterial cellulose membranes
was determined by thermogravimetric analysis (TGA) using
athermal analyzer (model TGA-50; Shimadzu). The scans were
ramped from 0 to 600 °C at a heating rate of 10 °C/min, under
nitrogen atmosphere (50 mL/min). Derivative form of TGA
(differential thermogravimetry; DTG) was obtained using the
differential of TGA values. The TGA and DTG curves represent-
ed the mass variation as a function of temperature.

X-ray diffraction

The X-ray diffraction (XRD) patterns of the BC membranes
were obtained using an X-ray diffractometer (Panalytical
X'Pert Pro MPD; Malvern, Almelo, Netherlands) and Cu Ka ra-
diation (A=1.5418 A) at 40 kV and 30 mA. All assays were per-
formed with scan speed of 1 /min, analyzing the range of
5-40° (20). The degree of crystallinity was determined as de-
scribed previously (22).

Fourier-transform infrared spectroscopy

Infrared spectra were recorded using a spectrometer
(model MB100; ABB Bomem Inc., Quebec, Canada) over the
4000-400 cm™" range to determine the main bands that char-
acterize the bacterial cellulose polymer. A total of 8 scans
were taken for each sample produced in soybean molasses
and HS medium. The spectra were collected in transmission
mode, with a resolution of 1 cm™.

Water-holding capacity and rehydration ratio

For determination of water-holding capacity (WHC), wet
BC samples were shaken quickly and weighed after removal
from the storage recipient (m,,,). The samples were then
dried at 60 °C for 48 h in order to completely remove water,
and weighed again (my,,). WHC of BC samples was calculated
as follows (23):
14/

The dried BC membranes (mg,,) were immersed in dis-
tilled water until the mass of the rehydrated sample (m,,,.,) no
longerincreased (approx. 24 h). The rehydration ratio (RR) was
calculated as follows (24):

WHC=(my oMy )/ Mgy,

RR:((mrwet_rndry)/(rnwet_rndry))"I 00 /5/

Statistical analysis

Results of maximum BC production, WHC and rehydra-
tion ratio of the BC samples were compared between both
soybean molasses and HS media using the statistical software
R (25). Data were expressed as mean values of triplicate ex-
perimentststandard deviation (S.D.).

RESULTS AND DISCUSSION

Biochemical and genetic characterization of bacteria
isolated from vinegar industry

Table 1 shows the biochemical characteristics of the iso-
lated microorganisms. After the isolation step and biochem-
ical tests, seven strains belonging to the family Acetobacter-
aceae (1) were obtained from industrial vinegar fermentation
broth using the isolation technique of double-layer agar. The
cultivation on this agar plate, by adding 0.5 % agar and coat-
ing with a 1 % agar layer, is considered the most efficient

Table 1. Biochemical characterization of the strains isolated from vinegar samples

Characteristic S

V01 V02 Vo3 Vo4 V05 V06 Vo7
Gram-negative rods + + + + + + +
Oxidation of ethanol to acetic acid + + + + + + +
Oxidation of acetic acid to CO, and H,0 + + + + + + +
Oxidation of lactate to CO, and H,0 + + + + + + +
Catalase reaction + + + + + + +
Gluconic acid production from glucose + + + + + + +
Ketogenesis (dihydroxyacetone) from glycerol - - + - - + +
Indole production from tryptophan - - - - - - _
y(cellulose)/(g/L) 2.2 1.9 2.4 1.9 3.7 0.0 0.0
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Fig. 1. Phylogenetic tree of the strain V-05, representing its relative position in the genus Komagataeibacter based on 16S sequences. The max-
imum likelihood method was used for phylogenetic inference, and reliability of the nodes was estimated using 1000 bootstrap replicates. Evo-
lutionary distances were computed using the Tamura-Nei method (79). The sequence obtained through sequencing was deposited in GenBank

under the accession number MN263075.1

isolation technique, as it provides a wet environment for the
formation of acidifying bacterial colonies (73). After biochem-
ical tests, the strains were revealed to be Gram-negative bac-
teria that were able to oxidize ethanol to acetic acid and cause
further oxidation to CO, and H,0, as well as oxidation of lac-
tate and production of gluconic acid from glucose. All strains
were able to produce catalase, while only five and three of
them were able to produce cellulose and dihydroxyacetone
from glycerol, respectively.

One strain preliminarily identified as V-05 showed the
highest production of cellulose and was selected for genetic
identification, and then for testing of BC production in soy-
bean molasses medium. For this strain, the evolutionary his-
tory in the phylogenetic tree was inferred by using the max-
imum likelihood method (78), based on the Tamura-Nei
model (79). According to Fig. 1, after genetic analysis of the
amplified and sequenced 16S rRNA gene, the phylogenetic
position of the selected strain V-05 was most closely related
to the strain Komagataeibacter intermedius (GenBank acces-
sion no. MN263075.1). Through genetic and phylogenetic
analysis, the strain V-05 was classified into the genus Komaga-
taeibacter belonging to the species intermedius, an AAB first
isolated and identified from vinegar samples and kombucha
tea (26).

Physicochemical characteristics of soybean molasses

Table 2 shows the results of soybean molasses physico-
chemical composition analysis, expressed on dry mass basis.

Table 2. Physicochemical composition of soybean molasses on dry
mass basis

Component w(component)/(g/100 g)
Total carbohydrate 70.4+4.4
Sucrose 30.5+1.7
Raffinose 14.2+1.3
Stachyose 19.0£1.1
Glucose 1.5+0.0
Fructose 1.8+0.1
Galactose 0.5+0.0
Xylose 2.9+0.1
Protein 10.7+£0.1
Lipid 7.7+0.1
Ash 6.8£0.1
Fiber 4.4+0.0
w(mineral)/(g/kg)
Potassium 36.5+4.2
Calcium 0.70+0.04
Phosphorus 0.30+0.02
Magnesium 0.27+0.01
w(mineral)/(mg/kg)
Iron 0.31+£0.06
Boron 0.03+0.00
Manganese 0.02+0.00
Chromium 0.01£0.00
Cobalt n.d.
Copper n.d.
Zinc n.d.
Molybdenum n.d.

n.d.=not detected

Carbohydrates are the major components (approx. 70 % m/m)
of soybean molasses, mainly sucrose and smaller amounts of
oligosaccharides (raffinose and stachyose), as well as mono-
saccharides (glucose, fructose, xylose and galactose). The
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most abundant sugars in soybean molasses, nearly 90 %
(m/m), are sucrose, raffinose and stachyose. However, among
these sugars, only sucrose is naturally fermentable. As in soy-
beans, K, Ca, P and Mg are the main minerals present in soy-
bean molasses (27). The high mass fraction of carbohydrates
and other constituents, such as protein, lipids and minerals,
makes soybean molasses an attractive substrate for use in
fermentative processes. The source of carbon and nitrogen
in the cultivation media usually plays animportant role in fer-
mentation productivity, as these nutrients are directly linked
with the microbial biomass composition and the metabolic
product formation (28). In addition, the microorganisms re-
quire various metals in ionic form, which are required in var-
ying amounts for their growth. These ions play a biological
role — for example, they act as enzyme activators (cofactors),
regulate osmotic pressure, and participate in cellular respira-
tion. The significant mass fraction of minerals in soybean mo-
lasses also contribute to the development of microorganisms
involved in the fermentation. Mohite et al. (29) reported that
the concentration of metal ions in the culture medium is an
important factor for the production of BC, and also suggest-
ed that Mg and Ca have a positive effect on cellulose produc-
tion.

Production of bacterial cellulose

Strain V-05 showed high production rate and production
yield when soybean molasses was used as fermentation sub-
strate for BC production. The yield obtained in soybean
molasses containing ethanol was approx. 3 times higher
(10.0 g/L) than in standard HS medium (3.7 g/L), showing that

soybean molasses is a potent substrate for BC biosynthesis.
The maximum production of BC by K. intermedius V-05 in soy-
bean molasses medium reached in this study was similar to
that obtained by Vazquez et al. (30) using glycerol remaining
from biodiesel production and corn steep liquor. Previously
published results of BC obtained from complex medium and
HS are compared to those from this work in Table 3 (2,7-
9,23,30-40). Mean BC production rate and BC production
yield were 0.0298 g/(L-h) and 34.25 %, respectively. In prelim-
inary tests, BC production by K. intermedius V-05 in soybean
molasses without ethanol addition was much inferior (<1.0
g/L) to the production in the medium containing ethanol. It
is known that the addition of ethanol at low volume fractions
increases the production of cellulose. Li et al. (42) found that
the production increased after the addition of ethanol to the
used culture medium. Ethanol functions as an additional en-
ergy source for adenosine triphosphate generation at the ear-
ly stage of fermentation by acting as a precursor for the
growth of bacteria, and by allowing glucose to be used only
for BC synthesis. Ethanol also functions as an electron donor
(42). In this work, ethanol addition improved the production
of BCin soybean molasses medium.

As shown in Fig. 2, the reducing sugars fructose and glu-
cose were the main sugars consumed during fermentation,
with 55 and 70 % of the initial mass consumed per volume
of medium, respectively. Raffinose and stachyose oligosac-
charides are not used as a carbon source by AAB, as they do
not produce a-galactosidase. An increase in the mass frac-
tion of fermentable sugars and production yield may be
achieved by enzymatic hydrolysis of the a-(1—6)-galactosidic
bonds present in soybean molasses oligosaccharides, using

Table 3. Comparison of bacterial cellulose (BC) production from diverse complex media, by-products and agroindustrial wastes reported in

literature

Complex medium Strain t/day Y((:/CL))/ V(B%gl;]l_l)-'s)/ Source
Carob and haricot bean Gluconacetobacter xylinus ATCC 700178 10 3.2 - (31
Cashew apple juice and soybean molasses Gluconacetobacter xylinus ATCC 53582 7 4.5 4.0 (2)
Cheese whey Gluconacetobacter xylinus PTCC 1734 14 3.5 3.3 (9)
Citrus peel and pomace Komagataeibacter xylinus CICC No. 10529 8 5.7 3.9 (7)
Cotton cloth hydrolysate Gluconacetobacter xylinus ATCC 23770 14 10.8 5.9 (32)
Date syrup Acetobacter xylinum 0416 10 5.8 ~3.0 (23)
Grape bagasse and corn steep liquor Gluconacetobacter xylinus NRRL B-42 14 8.0 ~2.0 (30)
Orange juice Acetobacter xylinum NBRC 13693 14 5.9 - (33)
Overripe banana Komagataeibacter medellinensis NBRC 3288 12 4.0 - (34)
Pecan nutshell Gluconacetobacter entanii 28 2.8 - (35)
Pineapple peel juice Gluconacetobacter swingsii sp. 13 2.8 2.1 (36)
Potato peel wastes Gluconacetobacter xylinum ATCC 10245 6 47 1.2 (8)
Soybean molasses and ethanol Komagataeibacter intermedius V-05 14 10.0 37 This work
Sugar beet molasses Gluconacetobacter xylinus PTCC 1734 14 4.6 3.3 (9)
Waste beer yeast Gluconacetobacter hansenii CGMCC 3917 14 7.0 - (37)
Waste durian shell hydrolysate Gluconacetobacter xylinus 10 2.7 2.5 (38)
Waste water from rice wine distillery Gluconacetobacter xylinus BCRC 12334 7 6.3 ~3.0 (39
Waste glycerol and corn steep liquor Gluconacetobacter xylinus NRRL B-42 14 10.0 ~2.0 (30)
Waste water of candied jujube Gluconacetobacter xylinum CGMCC No. 2955 6 2.2 - (40)

HS=Hestrin-Schramm medium
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a-galactosidase prior to fermentation (77). Low consumption
of xylose is also observed in the fermentation for BC biosyn-
thesis, attributed to the complexity in metabolizing this car-
bohydrate (47).

N w B a (2] ~
o o o o o o
1 1 1 1 1 ]

Substrate conversion ratio (w(carbohydrate)/%)
S
1

o
]

Sucrose Glucose Fructose Xylose Total

Carbohydrates

Fig. 2. Consumption of sugars in soybean molasses after a 14 day-fer-
mentation period

Characterization of bacterial cellulose

Thermal decomposition curves and the respective DTG
curves of the bacterial cellulose membranes are shown in Fig.
3. From the obtained curves, showing mass percentage as a
function of temperature, the parameters of initial thermal de-
composition temperature (t,,..,), temperature where 10 % of
mass was lost (t;4,), and mass loss at 600 °C were calculated.
The membranes produced in HS medium exhibited higher
parameters of t, ..., tos and Mass loss at 600 °C (t,,,...=307 °C
and t,4,,=300 °C) than in soybean molasses medium (t,...=
299 °C and t,,,,=285 °C). This fact may be correlated with the
higher uniplanar properties and higher crystallinity index of

®
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Fig. 3. Thermogravimetric (TGA) and derivative thermogravimet-
ric (DTG) curves of bacterial cellulose membranes produced by
K. intermedius V-05 in soybean molasses (SM) and standard Hes-
trin-Schramm (HS) media

these membranes, which require higher energy for their deg-
radation. The membranes produced in HS medium also had
higher mass loss at 600 °C (81 %) than those from soybean
molasses medium (79 %).

Degradation curves of the BC membranes produced in
soybean molasses medium presented similar and typical pro-
files, compared to when HS medium was used (Fig. 3). The
downward peaks in DTG curves were consistent with the
maximum mass loss of thermogravimetric curves. The maxi-
mum rate of mass loss was around 350 °C, similar to the re-
ports in an earlier study (34). The thermal decomposition
curves of the membranes indicated three distinct mass loss
steps characteristic of BC process showing that it was stable
up to 250 °C. The first mass loss was observed from room tem-
perature (approx. 30 °C) to approx. 150 °C, and is attributed
to mass loss due to evaporation of residual water resulting
from drying. The second mass loss was observed in the tem-
perature range from 250 to 400 °C and is attributed to deg-
radation of cellulose (dehydration and decomposition of the
glycosidic units). The third and final mass-loss extends up to
500 °C, corresponding to the thermo-oxidative degradation
of cellulose (43). Earlier studies have reported a similar ther-
mal stability and degradation temperature of bacterial cellu-
lose as observed in this work (2).

As shown in Fig. 4, the XRD data demonstrated that the
culture medium did not influence the crystal organization of
the membranes. The membranes produced in both standard
HS and soybean molasses with ethanol media showed similar
crystalline profiles. The samples had two major peaks at 15
and 22.5° assigned to the characteristic interplanar distances
of cellulose laand IB phases (100la, 11013 and 010IB planes at
15°and 110la and 200If at 22.5°) (44). The observed peaks in
this work demonstrate that both BC samples possess typical
crystalline forms of cellulose I. The samples produced in soy-
bean molasses medium showed slightly higher (71.2 %) crys-
tallinity index than those from HS medium (69.0 %). The val-
ues of crystallinity index observed in this work for the
membranes produced in both media were similar to those
reported by other authors in an earlier study (45).
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Fig. 4. X-ray diffraction pattern of the cellulose membranes produced
by K. intermedius V-05

438 FTB|Food Technology & Biotechnology

October-December 2021 | Vol. 59 | No. 4



Food Technol. Biotechnol. 59 (4) 432-442 (2021)

Determination of functional groups of the BC samples
was made by analyzing the spectra obtained at wavelengths
from 400 to 4000 cm™ by FTIR analysis. As shown in Fig. 5, the
functional groups of the samples obtained from both fer-
mentation media were almost the same. The FTIR spectra of
both membranes displayed the main attributes that charac-
terize the cellulose polymer, such as strong transmission of
OH stretching vibrations at 3500 cm™, alkane CH stretching
and CH, asymmetric stretching vibration at 2900 cm™, CH,
symmetric stretching vibration at 2700 cm™', OH deformation
vibration at 1600 cm™, CH, deformation vibration at 1400 cm™,
CH, deformation vibration at 1370 cm™, OH deformation vi-
bration at 1340 cm™, and CO deformation vibration in the
range of 1320-1030 cm™ (46). Bands observed at 1640 cm™
(6s HOH) and 3500 cm™' (v OH) were attributed to water ab-
sorption by the composites, and the bands observed at 750
and 710 cm™ correspond to phases la and 1B, respectively, of
the BC samples (47). The results of FTIR analysis are in agree-
ment with studies carried out previously (47), indicating that
the produced substance is chemically pure bacterial cellu-
lose.

Transmittance/%

—

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm’

— SM —HS

Fig. 5. Fourier-transform infrared spectra of the cellulose membranes
produced by K. intermedius V-05 in soybean molasses (SM) and stan-
dard Hestrin-Schramm (HS) media

In relation to hydrophilic properties, BC membranes pro-
duced in soybean molasses medium exhibited lower WHC
(approx. 57 times per dry mass) than those produced in HS
medium (162 times per dry mass). Conversely, the soybean
molasses with ethanol provided membranes with higher re-
hydration ratio than HS medium (4.4 and 1.2 %, respectively).
The WHC represents the water mass retained per unit of cel-
lulose dry mass. This parameter is directly involved in bio-
medical applications of cellulose as a dressing material. Ap-
propriate moisture content accelerates the wound healing
process and protects against contamination. In addition, it
facilitates the penetration of active substances into the
wound, allowing more facile regeneration without damaging
the newly formed skin (48). Several factors interfere with the
hydrophilic properties of the BC membranes, such as the

increase in the number of polar groups (49), and the drying
method used, which can induce structural modifications, in-
cluding roughness, shrinkage or collapse of some capillary
structures (50). This affects the porosity and surface area,
which can increase or reduce empty spaces among the BC fi-
brils, and thus, more or less water could penetrate and adsorb
onto the material (48). WHC is a parameter related to wet sam-
ple of BC while rehydration ratio represents the degree to
which removed water was recovered by the samples. Drying
improves the storage and sell-life of BC, but poor rehydration
capacity reduces the utility of the dried BC (24). In this work,
it was observed that reduction of crystallinity caused an in-
crease in WHC. This fact can be attributed to the larger num-
ber of amorphous regions in the structure, promoting water
permeation into the cellulose network (24). Conversely, BC
membranes produced in soybean molasses with ethanol ex-
hibited higher rehydration ratio, which shows a higher recov-
ery of the water removed during drying. Considering that this
sample was thicker than those produced in HS medium, the
increase of OH hydrophilic groups in the structure may have
increased the water adsorption capacity, both on the surface
and inside the cellulose matrix.

CONCLUSIONS

In this work, a new cellulose-producing strain named
Komagataeibacter intermedius V-05 was isolated from vinegar
industry. Besides that, an alternative culture medium com-
posed of soybean molasses supplemented with ethanol
showed to be an attractive culture medium for the biosyn-
thesis of bacterial cellulose (BC) by this strain. This complex
medium provided higher production yield than the standard
Hestrin-Schramm (HS) medium, the most commonly used
medium for BC production. The bacterial cellulose mem-
branes produced in soybean molasses with ethanol also pre-
sented the same crystallinity usually observed for BC, lower
water-holding capacity and higher rehydration ratio than
those produced in HS medium, demonstrating that the type
of substrate used has an effect on the characteristics of the
obtained cellulose.

ACKNOWLEDGEMENTS

All authors thank the State University of Londrina, Brazil
for its support and assistance in all performed analyses, and
the 'Tecnologia em Saude’ food industry for providing the
vinegar samples used in the study.

FUNDING

This work was supported by the Brazilian Agricultural Re-
search Corporation/Embrapa Agroindustria Tropical (grant
number: 02.14.03.012.00.00). R.J.G. and W.A.S. acknowledge
the Conselho Nacional de Desenvolvimento Cientifico e Tec-
nolégico (CNPq) for providing scholarship during the study
(grant number 130925/2015-2) and research fellowship (grant
number: 307846/2020-2), respectively.

FTB|Food Technology & Biotechnology

October-December 2021 |Vol. 59 | No. 4 439



R.J. GOMES et al.: Bacterial Cellulose Production from Soybean Molasses

CONFLICT OF INTEREST

The authors declare that they have no conflicts of inter-
est.

AUTHORS’ CONTRIBUTION

W.A. Spinosa supervised the work and the experiments.
R.J. Gomes, P.C.S. Faria-Tischer, L.V. Constantino and R.T. Chi-
deroli conducted the laboratory experiments, the analyses
and interpretation of the results. R.J. Gomes wrote the man-
uscript. C.A. Tischer, M.F. Rosa and U.P. Pereira assisted in con-
ducting the research, providing essential laboratories and
equipment, and revising the manuscript.

ORCID ID

R.J. Gomes © https://orcid.org/0000-0002-5150-0262

P.C.S. Faria-Tischer © https://orcid.org/0000-0001-6876-4232
C.A. Tischer ® https://orcid.org/0000-0002-6583-7958

L.V. Constantino ® https://orcid.org/0000-0001-6254-8328
M.F. Rosa @® https://orcid.org/0000-0002-5224-9778

R.T. Chideroli ® https://orcid.org/0000-0002-0271-9612

U.P. Pereira @ https://orcid.org/0000-0003-4868-4459

W.A. Spinosa ® https://orcid.org/0000-0001-9532-0135

REFERENCES

1. Gomes RJ, Borges MF, Rosa MF, Castro-Gémez RJH, Spino-
sa WA. Acetic acid bacteria in the food industry: Systemat-
ics, characteristics and applications. Food Technol Biotech-
nol. 2018;56(2):139-51.

https://doi.org/10.17113/ftb.56.02.18.5593

2. Souza EF, Furtado MR, Carvalho CWP, Freitas-Silva O, Got-
tschalk LMF. Production and characterization of Gluconace-
tobacter xylinus bacterial cellulose using cashew apple
juice and soybean molasses. Int J Biol Macromol. 2020;146:
285-9.
https://doi.org/10.1016/j.ijbiomac.2019.12.180

3. Sperotto G, Stasiak LG, Godoi JPMG, Gabiatti NC, Souza SS.
A review of culture media for bacterial cellulose produc-
tion: Complex, chemically defined and minimal media
modaulations. Cellulose. 2021;28:2649-73.
https://doi.org/10.1007/s10570-021-03754-5

4. Jozala AF, Pértile RAN, Santos CA, Santos-Ebinuma VC, Se-
ckler MM, Gama, FM, Pessoa Jr. A. Bacterial cellulose pro-
duction by Gluconacetobacter xylinus by employing alter-
native culture media. Appl Microbiol Biotechnol. 2015;99:
1181-90.
https://doi.org/10.1007/s00253-014-6232-3

5. Sharmila G, Muthukumaran C, Nayan G, Nidhi B. Extracel-
lular biopolymer production by Aureobasidium pullulans
MTCC 2195 using jackfruit seed powder. J Polym Environ.
2013;21:487-94.

https://doi.org/10.1007/s10924-012-0459-9

10.

11.

12.

13.

14.

15.

16.

17.

. Yim SM, Song JE, Kim HR. Production and characterization

of bacterial cellulose fabrics by nitrogen sources of teaand
carbon sources of sugar. Process Biochem. 2017;59:26-36.
https://doi.org/10.1016/j.procbio.2016.07.001

Fan X, GaoY,He W, Hu H, Tian M, Wang K, Pan S. Production
of nano bacterial cellulose from beverage industrial waste
of citrus peel and pomace using Komagataeibacter xyli-
nus. Carbohydr Polym. 2016;151:1068-72.

https://doi.org/10.1016/j.carbpol.2016.06.062

. Abdelraof M, Hasanin MS, El-Saied H. Ecofriendly green

conversion of potato peel wastes to high productivity bac-
terial cellulose. Carbohydr Polym. 2019;211:75-83.

https://doi.org/10.1016/j.carbpol.2019.01.095

. Salari M, Khiabani MS, Mokarram RR, Ghanbarzadeh B, Ka-

fil HS. Preparation and characterization of cellulose nano-
crystals from bacterial cellulose produced in sugar beet
molasses and cheese whey media. Int J Biol Macromol.
2019;122:280-8.
https://doi.org/10.1016/j.ijbiomac.2018.10.136

Miranda LCR, Gomes RJ, Mandarino JMG, Ida El, Spinosa
WA. Acetic acid fermentation of soybean molasses and
characterisation of the produced vinegar. Food Technol Bi-
otechnol. 2020;58(1):84-90.

https://doi.org/10.17113/ftb.58.01.20.6292

Roméo BB, da Silva FB, Resende MM, Cardoso VL. Ethanol
production from hydrolyzed soybean molasses. Energy
Fuels. 2012;26(4):2310-6.
https://doi.org/10.1021/ef201908j

Chimilovski JS, Habu S, Teixeira RFB, Thomaz-Soccol V, No
seda MD, Medeiros ABP, et al. Antitumour activity of Grifo-
la frondosa exopolysaccharides produced by submerged
fermentation using sugar cane and soy molasses as carbon
sources. Food Technol Biotechnol. 2011;49(3):359-63.
Entani E, Ohmori S, Masai H, Susuki KI. Acetobacter polyox-
ogenes sp. nov., a new species of an acetic acid bacterium
useful for producing vinegar with high acidity. J Gen Appl
Microbiol. 1985;31(5):475-90.
https://doi.org/10.2323/jgam.31.475

Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S Riboso-
mal DNA amplification for phylogenetic study. J Bacteriol.
1991;173(2):697-703.
https://doi.org/10.1128/jb.173.2.697-703.1991

Hall T. BioEdit: An important software for molecular biolo-
gy. GERF Bull Biosci. 2011;2(1):60-1. Available from: https://
bioedit.software.informer.com/7.2/.

Mount DW. Using the basic local alignment search tool
(BLAST). Cold Spring Harb Protoc. 2007;2007(7):pdb.top17.
https://doi.org/10.1101/pdb.top17

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: Improv-
ing the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap

440 FTB|Food Technology & Biotechnology

October-December 2021 | Vol. 59 | No. 4


https://orcid.org/0000-0002-5150-0262
https://orcid.org/0000-0002-5150-0262
https://orcid.org/0000-0001-6876-4232
https://orcid.org/0000-0001-6876-4232
https://orcid.org/0000-0002-6583-7958
https://orcid.org/0000-0002-6583-7958
https://orcid.org/0000-0001-6254-8328
https://orcid.org/0000-0001-6254-8328
https://orcid.org/0000-0002-5224-9778
https://orcid.org/0000-0002-5224-9778
https://orcid.org/0000-0002-0271-9612
https://orcid.org/0000-0002-0271-9612
https://orcid.org/0000-0003-4868-4459
https://orcid.org/0000-0003-4868-4459
https://orcid.org/0000-0001-9532-0135
https://orcid.org/0000-0001-9532-0135
https://doi.org/10.17113/ftb.56.02.18.5593
https://doi.org/10.1016/j.ijbiomac.2019.12.180
https://doi.org/10.1007/s10570-021-03754-5
https://doi.org/10.1007/s00253-014-6232-3
https://doi.org/10.1007/s10924-012-0459-9
https://doi.org/10.1016/j.procbio.2016.07.001
https://doi.org/10.1016/j.carbpol.2016.06.062
https://doi.org/10.1016/j.carbpol.2019.01.095
https://doi.org/10.1016/j.ijbiomac.2018.10.136
https://doi.org/10.17113/ftb.58.01.20.6292
https://doi.org/10.1021/ef201908j
https://doi.org/10.2323/jgam.31.475
https://doi.org/10.1128/jb.173.2.697-703.1991
https://bioedit.software.informer.com/7.2/
https://bioedit.software.informer.com/7.2/
https://doi.org/10.1101/pdb.top17

Food Technol. Biotechnol. 59 (4) 432-442 (2021)

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

penalties and weight matrix choice. Nucleic Acids Res.
1994;22(22):4673-80.
https://doi.org/10.1093/nar/22.22.4673

. Hasegawa M, Kishino H, Yano T. Dating the human-ape split

by a molecular clock of mitochondrial DNA. J Mol Evol.
1985;22:160-74.

https://doi.org/10.1007/BF02101694

. MEGA - Molecular Evolutionary Genetics Analysis, v. 7.0.18,

MEGA Software, State College, PA, USA; 2016. Available
from: https://www.megasoftware.net/.

Bligh EG, Dyer WJ. A rapid method of total lipid extraction
and purification. Can J Biochem Phys. 1959;37(8):911-7.
https://doi.org/10.1139/059-099

Gomes FP, Silva NHCS, Trovatti E, Serafim LS, Duarte MF,
Silvestre AJD, et al. Production of bacterial cellulose by Glu-
conacetobacter sacchari using dry olive mill residue. Bio-
mass Bioenergy. 2013;55:205-11.
https://doi.org/10.1016/j.biombioe.2013.02.004

Segal L, Creely JJ, Martin AE, Conrad CM. An empirical
method for estimating the degree of crystallinity of native
cellulose using the x-ray diffractometer. Text Res J. 1959;
29(10):786-94.
https://doi.org/10.1177/004051755902901003

Lotfiman S, Biak ADR, Ti TB, Kamarudin S, Nikbin S. Influ-
ence of date syrup as a carbon source on bacterial cellulose
production by Acetobacter xylinum 0416. Adv Polym Tech-
nol. 2018;37(4):1085-91.

https://doi.org/10.1002/adv.21759

Huang HC, Chen LG, Lin SB, Hsu CP, Chen HH. In situ mod-
ification of bacterial cellulose network structure by adding
interfering substances during fermentation. Bioresour
Technol. 2010;101(15):6084-91.
https://doi.org/10.1016/j.biortech.2010.03.031

R Statistica Software, v. 3.6.3, The R Foundation, Vienna,
Austria; 2020. Available from: https://www.r-project.org/.
Boesch C, Tréek J, Sievers M, Teuber M. Acetobacter interme-
dius, sp. nov. System Appl Microbiol. 1998;21(2):220-9.
https://doi.org/10.1016/S0723-2020(98)80026-X

Ozcan MM, Juhaimi FA. Effect of sprouting and roasting
processes on some physico-chemical properties and min-
eral contents of soybean seed and oils. Food Chem. 2014;
154:337-42.
https://doi.org/10.1016/j.foodchem.2013.12.077

Luthra U, Singh N, Tripathi A, Vora S, Bhosle V. Media opti-
mization for lovastatin production by statistical approach
using Aspergillus terreus by submerged fermentation. J
Med Sci Clin Res. 2015;3(2):4520-8.

Mohite BV, Salunke BK, Patil SV. Enhanced production of
bacterial cellulose by using Gluconacetobacter hansenii
NCIM 2529 strain under shaking conditions. Appl Biochem
Biotechnol. 2013;169:1497-511.
https://doi.org/10.1007/s12010-013-0092-7

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

Vazquez A, Foresti ML, Cerrutti P, Galvagno M. Bacterial cel-
lulose from simple and low cost production media by Glu-
conacetobacter xylinus. J Polym Environ. 2013;21:545-54.
https://doi.org/10.1007/510924-012-0541-3

Bilgi E, Bayir E, Sendemir-Urkmez A, Hames EE. Optimiza-
tion of bacterial cellulose production by Gluconacetobacter
xylinus using carob and haricot bean. Int J Biol Macromol.
2016;90:2-10.
https://doi.org/10.1016/j.ijbiomac.2016.02.052

Hong F, Guo X, Zhang S, Han SF, Yang G, Jonsson LJ. Bacte-
rial cellulose production from cotton-based waste textiles:
Enzymatic saccharification enhanced by ionic liquid pre-
treatment. Bioresour Technol. 2012;104:503-8.

https://doi.org/10.1016/j.biortech.2011.11.028

Kurosumi A, Sasaki C, Yamashita Y, Nakamura Y. Utilization
of various fruit juices as carbon source for production of
bacterial cellulose by Acetobacter xylinum NBRC 13693. Car-
bohydr Polym. 2009;76(2):333-5.
https://doi.org/10.1016/j.carbpol.2008.11.009

Molina-Ramirez C, Cafas-Gutiérrez A, Castro C, Zuluaga R,
Ganan P.Effect of production process scale-up on the char-
acteristics and properties of bacterial nanocellulose ob-
tained from overripe banana culture medium. Carbohydr
Polym. 2020;240:116341.
https://doi.org/10.1016/j.carbpol.2020.116341

Dérame-Miranda RF, Gdmez-Meza N, Medina-Juarez LA,
Ezquerra-Brauer JM, Ovando-Martinez M, Lizardi-Mendo-
za J. Bacterial cellulose production by Gluconacetobacter
entanii using pecan nutshell as carbon source and its
chemical functionalization. Carbohydr Polym. 2019;207:91-
9.

https://doi.org/10.1016/j.carbpol.2018.11.067

Castro C, Zuluaga R, Putaux JL, Caro G, Mondragon |, Gaian
P. Structural characterization of bacterial cellulose pro-
duced by Gluconacetobacter swingsii sp. from Colombian
agroindustrial wastes. Carbohydr Polym. 2011;84(1):96-102.
https://doi.org/10.1016/j.carbpol.2010.10.072

Lin D, Lopez-Sanchez P, Li R, Li Z. Production of bacterial
cellulose by Gluconacetobacter hansenii CGMCC 3917 using
only waste beer yeast as nutrient source. Bioresour Tech-
nol. 2014;151:113-9.
https://doi.org/10.1016/j.biortech.2013.10.052

Luo MT, Zhao C, Huang C, Chen XF, Huang QL, Qi GX, et al.
Efficient using durian shell hydrolysate as low-cost sub-
strate for bacterial cellulose production by Gluconaceto-
bacter xylinus. Indian J Microbiol. 2017:57(4):393-9.
https://doi.org/10.1007/512088-017-0681-1

Wu JM, Liu RH. Cost-effective production of bacterial cel-
lulose in static cultures using distillery wastewater. J Biosci
Bioeng. 2013;115(3):284-90.
https://doi.org/10.1016/j.jbiosc.2012.09.014

FTB| Food Technology & Biotechnology

October-December 2021 | Vol. 59 | No. 4 441


https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1007/BF02101694
https://www.megasoftware.net/
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/j.biombioe.2013.02.004
https://doi.org/10.1177/004051755902901003
https://doi.org/10.1002/adv.21759
https://doi.org/10.1016/j.biortech.2010.03.031
https://www.r-project.org/
https://doi.org/10.1016/S0723-2020(98)80026-X
https://doi.org/10.1016/j.foodchem.2013.12.077
https://doi.org/10.1007/s12010-013-0092-7
https://doi.org/10.1007/s10924-012-0541-3
https://doi.org/10.1016/j.ijbiomac.2016.02.052
https://doi.org/10.1016/j.biortech.2011.11.028
https://doi.org/10.1016/j.carbpol.2008.11.009
https://doi.org/10.1016/j.carbpol.2020.116341
https://doi.org/10.1016/j.carbpol.2018.11.067
https://doi.org/10.1016/j.carbpol.2010.10.072
https://doi.org/10.1016/j.biortech.2013.10.052
https://doi.org/10.1007/s12088-017-0681-1
https://doi.org/10.1016/j.jbiosc.2012.09.014

R.J. GOMES et al.: Bacterial Cellulose Production from Soybean Molasses

40. LiZ,WangL,Hual, Jia S, Zhang J, Liu H. Production of nano
bacterial cellulose from waste water of candied jujube-pro-
cessing industry using Acetobacter xylinum. Carbohy-
dr Polym. 2015;120:115-9.
https://doi.org/10.1016/j.carbpol.2014.11.061

41. Ishihara M, Matsunaga M, Hayashi N, Tisler V. Utilization of
D-xylose as carbon source for production of bacterial cel-
lulose. Enzym Microb Technol. 2002;31(7):986-91.
https://doi.org/10.1016/S0141-0229(02)00215-6

42. LiY, Tian C, Tian H, Zhang J, He X, Ping W, Lei H. Improve-
ment of bacterial cellulose production by manipulating the
metabolic pathways in which ethanol and sodium citrate
involved. Appl Microbiol Biotechnol. 2012;96:1479-87.
https://doi.org/10.1007/s00253-012-4242-6

43. Vasconcelos NF, Feitosa JPA, da Gama FMP, Morais JPS, An-
drade FK, Souza MDSM, Rosa MF. Bacterial cellulose nano-
crystals produced under different hydrolysis conditions:
Properties and morphological features. Carbohydr Polym.
155;425-31.
https://doi.org/10.1016/j.carbpol.2016.08.090

44. Mohite BV, Patil SV. Physical, structural, mechanical and
thermal characterization of bacterial cellulose by G. hanse-
nii NCIM 2529. Carbohydr Polym. 2014;106:132-41.
https://doi.org/10.1016/j.carbpol.2014.02.012

45. Chen G, Wu G, Chen L, Wang W, Hong FF, Jonsson LJ. Per-
formance of nanocellulose-producing bacterial strains in

4e.

47.

48.

49.

50.

static and agitated cultures with different starting pH. Car-
bohydr Polym. 2019;215:280-8.
https://doi.org/10.1016/j.carbpol.2019.03.080

Kacurdkova M, Smith AC, Gidley MJ, Wilson RH. Molecular
interactions in bacterial cellulose composites studied by
1D FT-IR and dynamic 2D FT-IR spectroscopy. Carbohydr
Res. 2002;337(12):1145-53.

https://doi.org/10.1016/S0008-6215(02)00102-7
Pogorelova N, Rogachev E, Digel |, Chernigova S, Nardin D.

Bacterial cellulose nanocomposites: Morphology and me-
chanical properties. Materials. 2020;13(12):2849.
https://doi.org/10.3390/ma13122849

Ul-Islam M, Khan T, Park JK. Water holding and release
properties of bacterial cellulose obtained by in situ and ex
situ modification. Carbohydr Polym. 2012;88(2):596-603.
https://doi.org/10.1016/j.carbpol.2012.01.006

Bhumkar DR, Pokharkar VB. Studies on effect of pH on
cross-linking of chitosan with sodium tripolyphosphate: A
technical note. AAPS PharmSciTech. 2006;7(2):E50.
https://doi.org/10.1208/pt070250

Amin MCIM, Abadi AG, Katas H. Purification, characteriza-
tion and comparative studies of spray-dried bacterial cel-
lulose microparticles. Carbohydr Polym. 2014;99:180-9.
https://doi.org/10.1016/j.carbpol.2013.08.041

442 FTB|food Technology & Biotechnology

October-December 2021 | Vol. 59 | No. 4


https://doi.org/10.1016/j.carbpol.2014.11.061
https://doi.org/10.1016/S0141-0229(02)00215-6
https://doi.org/10.1007/s00253-012-4242-6
https://doi.org/10.1016/j.carbpol.2016.08.090
https://doi.org/10.1016/j.carbpol.2014.02.012
https://doi.org/10.1016/j.carbpol.2019.03.080
https://doi.org/10.1016/S0008-6215(02)00102-7
https://doi.org/10.3390/ma13122849
https://doi.org/10.1016/j.carbpol.2012.01.006
https://doi.org/10.1208/pt070250
https://doi.org/10.1016/j.carbpol.2013.08.041

	_Hlk89462333
	bbib14

