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Abstract

The effect of different carbon sources on bacterial cellulose production by
Gluconacetobacter xylinus (PTCC 1734) and two newly isolated strains (from
vinegar) under static culture conditions was studied. The production of bacterial
cellulose was examined in modified Hestrin-Shramm medium by replacing D-
glucose with other carbon sources. The results showed that the yield and
characteristics of bacterial cellulose were influenced by the type of carbon
source. Glycerol gave the highest yield in all of the studied strains (6%, 9.7%
and 3.8% for S, A, strain and Gluconacetobacter xylinus (PTCC 1734),
respectively). The maximum dry bacterial cellulose weight in the glycerol
containing medium is due to A, strain (1.9 g I") in comparison to
Gluconacetobacter xylinus as reference strain (0.76 g I™"). Although all of the
studied strains were in Gluconacetobacter family, each used different sugars for
maximum production after glycerol (mannitol and fructose for two newly
isolated strains and glucose for Gluconacetobacter xylinus). The maximum
moisture content was observed when sucrose and food-grade sucrose were used
as carbon source. Contrary to expectations, while the maximum thickness of
bacterial cellulose membrane was attained when glycerol was used, bacterial
cellulose from glycerol had less moisture content than the others. The oxidized
cellulose showed antibacterial activities, which makes it as a good candidate for
food-preservatives.
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1. Introduction

In food science, polymers can improve food
quality and safety. Bacterial cellulose (BC), produced
by Gluconacetobacter (G.) xylinus, is a promising
polymer that has been widely accepted as one of the
stiffest multifunctional biomaterials in food industry
[1]. BC contains sets of parallel glucan chains linked
with highly regular intra- and inter-molecular
hydrogen bonds [2]. The unique ultrafine reticulated
structure of BC offers interesting chemical and
physical properties such as biocompatibility, high
water holding capacity, high tensile strength, high
crystaline structure, high purity, high degree of
polymerization, elasticity, durability, stability, non-
toxicity, hydrophilicity, good sorption ability for
liquids, non-allergenicity, biodegradability, and
rheological properties. Recently, BC is receiving
great attention, and being widely investigated as a
new type of polymeric material [3, 4]. BC and its de-
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rivatives have a multitude of applications in food
industry [5-8]. In food applications, BC is used as an
additive, emulsifier, dietary fiber, edible preservative
and as a barrier against bacterial growth [9]. Further-
more, it has potential application as thickening,
gelling, stabilizing and water-binding [6]. BC is
traditionally used to make Nata de coco, an indigenous
dietary fiber of South-East Asia that is served as
gelatinous cube with chewy like textural properties.
Mesomya et al. (2006) reported that Nata de coco has
the ability to reduce the consumer’s blood lipid level
[10]. Processing of BC with sugar alcohol could
change the texture of the gelatinous gel. It has been
shown that the texture of BC, when processed with
sugar alcohols, is comparable to grape, making it
suitable for salads, low calorie desserts and other food
items [11]. Despite its enormous potential in various
applications [5-10], the low yield and the high cost of


mailto:emtiazi@sci.ui.ac.ir

Bacterial Cellulose Production

BC production are the main drawbacks that hinder its
industrial implementation [7].

With screening of high-yield strains, optimization of
medium composition, and selection of suitable
cultivation methods, we can enhance the yield of BC
production. Since, the carbon source is one of the most
important parameters involved in the BC production;
various research have been conducted on carbon
sources to increase BC production. Depending on
bacterial strain, the best reported carbon sources are
different [1].

In this study, effectively production of BC for
forthcoming uses, the effect of various carbon sources
on the BC production of native strains was
investigated.

2. Materials and Methods
2.1. Microorganism and stock culture

Three strains were exploited for the production of
cellulose in this work. G. xylinus (strain number 1734)
was obtained from the Persian Type Culture
Collection. The two other strains (A, and S) were
recently isolated from the traditionally fermented
vinegars in Iran, and according to 16 S rRNA
sequencing, these wild type isolates belong to the
Gluconacetobacter sp. The microorganisms were
maintained in the test tubes containing D-glucose (100
g I'"), yeast extract (10 g I™Y), peptone (5 g I'), CaCO4
(20 g I'"), and agar (25 g I'™). The stock cultures were
stored at 5°C to slow down growth and cellulose
production.

2.2. Production of BC and culture condition

All chemicals were of analytical grade from Merck
Co., Germany. BC was produced statically in Hestrin-
Schramm (HS) medium (30 ml) composed of D-
glucose (20 g I'*), peptone (5 g I'"), yeast extract (5g I
Y, Na,HPO, (2.7 g I'") and citric acid (1.15 g I'Y) (pH
6.0) at 28°C for 20 days. D-glucose was replaced by
other carbon sources in modified HS media. The
prepared 30 mL culture media in 100 mL Erlenmeyer
flasks were sterilized by autoclaving and were
inoculated at 3% v v' concentration. In all
experiments, triplicate flasks were prepared for each
treatment. Primary inocula were prepared by
transferring five colonies from the HS medium
working culture plate into 30 mL of HS media.

Incubations were performed at 28°C for 3 days under
static conditions. After incubation, the broths were
shaken vigorously to (partially) release attached cells
from the cellulose pellicles. The resulting cell
suspensions were used as inocula in subsequent
experiments. Cellulose formation was monitored by
the appearance of a white pellicle on the surface of the
culture broth. However, the pellicles produced by
acetic acid bacteria were not essentially cellulose;
thus, an additional purification treatment was required
for confirmation of cellulose structure.

The pH of the remaining medium was measured
after the cellulose sheets were harvested.
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2.3. Purification of BC

The obtained gel-like BC pellicles were purified
by washing three times with distilled water. Then
they were boiled in a 0.5 M aqueous solution of
NaOH for 15 min. Cellulose is resistant to this
treatment, and thus the remaining material was
accepted as cellulose free from microbial cells and
medium components. The obtained BC thin sheets
were washed several times with deionized water until
the pH of water became neutral. Next, they were
afterward stored in deionized water at room
temperature prior to use

2.4. Evaluation of BC production
2.4.1. Thickness of BC

Thickness of each dried bacterial cellulose
membrane obtained from different carbon sources
was measured at 10 different positions by a digital
outside micrometer (Accud, China, code: 311-001-
01Q), and the values were averaged.

2.4.2. Determination of wet weight /dry weight of
cellulose

The wet weight and dry weight of the purified
microbial cellulose were recorded. BC production
was recorded as dry weight of BC within the volume
of medium (g I'"). To determine the dry weight of the
cellulose sheets, they were dried at room temperature
for three days until their weights became constant.

2.4.3. Yield of BC.

The vyield of the biosynthesis process was
calculated by Eq. 1:
Yield (%) = (m /c) x 100 Eq. 1
Where, m is the dry weight of BC (g) and C is the
weight of carbon source (g) used in the production
medium.

2.4.4. Moisture content of BC

The moisture content (%w/w) of bacterial
cellulose was determined based on the weight loss of
BC when dried.

Moisture content % = [(wet weight-dry weight)/ wet
weight] x 100

2.5. Assay of antimicrobial activity

BC sheet was oxidized by hydrogen peroxide for
6 h to obtain hydrogen-peroxide-oxidized BC. Then
it was rinsed with deionized water several times. The
antimicrobial activity of the oxidized BC was
investigated against Escherichia coli as the model
Gram-negative bacterium, which was pre-cultured at
37°C to reach a concentration of about 0.5
McFarland standard. BC sheet was cut into discs (1
cm*1 cm) for use. The zone of inhibition test was
adopted to evaluate the antimicrobial activity. The
test sample was placed on the E. coli growth agar
plate and incubated at 37°C for 24 h. The inhibition
zone was calculated by measuring the diameter of the
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nearest whole millimeter of the inhibited growth
around the sample disk.

3. Results and discussion
3.1. Effect of carbon sources on BC production

In this study, the effect of various carbon
sources, i.e. monosaccharaides (glucose and fruct-
ose), disaccharides (sucrose and food-grade sucrose),
sugar alcohols (glycerol and mannitol), whey, and
food-grade starch on the dry weight, yield and pH of
BC production in three native strains was
investigated. As shown in Figure 1, BC productivity
of all strains was increased in the presence of
glycerol as the sole carbon source. These findings are
in agreement with those obtained by others [12-18].

The glycerol led to increased BC yield,
approximately 2.2, 8.9 and 1.5 times more than those
produced using glucose medium for S strain, A,
strain and G. xylinus PTTC 1734, respectively
(Figure 2). The BC yields from whey and food-grade
starch were low. Although BCs consisted of
repeating units of glucose, but the best carbon source
patterns for BC production were different among
these strains. In S and A,, mannitol and fructose were
in the next position after glycerol while in G. xylinus,
glucose was the second one. Many researchers have
found that mannitol gives the highest productivity for
cellulose production [19-21].
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Figure 1. Bacterial cellulose production from various
carbon sources

All these results show that the synthesis process
of cellulose in bacteria is complex and is affected by
many factors. The enhanced BC production could
depend on effective utilization of carbon source.
Since different bacteria have diverse enzymes and
metabolic differences, they can utilize various types
of carbon for growth and BC production at different
efficiency. Carbon source is key precursor required
for glucose synthesis by entering into two main
pathways: the pentose phosphate cycle and the Krebs
cycle [16].

Glucose was easily transported through the cell
membrane and incorporated into the cellulose
biosynthetic pathway; however, it was indicated that
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Figure 2. Bacterial cellulose yield (%).

the majority of glucose was converted into the
byproduct gluconic acid, which will decrease the pH
of the culture, and will ultimately cause lower BC
production. In contrast, glycerol switched the
pathway from the pentose cycle to the Krebs cycle,
which further produced BC without the formation of
gluconic acid [16]. This could explain the increased
efficiency in BC production and smaller pH fluctu-
ation in our strains when glycerol was used as the
sole carbon source compared to glucose. Jung et al.
(2010) reported that when glycerol and fructose were
as carbon sources, the acidic compounds in the
growth medium were utilized through TCA cycle to
generate energy and promote cell growth and BC
production [18]. Like glycerol, Fructose was able to
enter the pentose phosphate pathway or glucone-
ogenesis pathway, and could easily generate the
intermediate (UDP-glucose) for cellulose synthesis
[16].

The cellulose synthase enzymes’ cascade has
different catalytic active sites with different domains,
thus different sub species utilize various sugars to
produce maximum BC. Figure 3 shows the graphical
image of cellulose synthase domains in Komagataei-
bacter (K.) xylinus E25. Four protein domain families
are seen: CESA_CelA _like domain (Locat-ion: 146 —
378) (putative catalytic subunit of cellul-ose synthase)
belongs to the family of proteins that are involved in
the elongation of the glucan chain of cellulose. DXD
motif in the catalytic site could be in binding with the
metal ion that is used to coordinate the phosphates of
the NDP-sugar in the active site. BcsB or bacterial
cellulose synthase subunit (Location: 814 — 1421) is
of the family that includes bacterial proteins involved
in cellulose synthesis. This family encodes a subunit
or a regulatory domain that is thought to bind the
allosteric activator cyclic di-GMP. This subunit is
found in several different bacterial cellulose synthase
enzymes. PilZ domain (Location: 569 — 668) is a c-
di-GMP binding domain. CelA is cellulose synthase
catalytic subunit (UDP-forming) (Location: 41709)
[25].
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Figure 3. Schematic graphical image of cellulose synthase
domains in Komagataeibacter xylinus E25 with four protein
domain families (CESA_CelA_like, BcsB, Pilz, CelA
domains) [25].

Table 1 shows the percentage of similarity in
cellulose synthase enzymes with different bacterial
sources. The cellulose synthase of K. xylinus E25 has
100%, 67%, 68%, and 62% similarity to cellulose
synthase from K. hansenii, K. europaeus, K. xylinus
NBRC 13693, respectively [25].

Distinct behavior in response to different carbon
sources in different cellulose producing bacteria can
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be due to slight dissimilarity in their cellulose
synthase enzymes. However, sucrose and food-grade
sucrose also have a positive effect in bacterial
cellulose synthesis but they have lower yield. Sucrose
needs to be hydrolyzed to glucose and fructose in the
periplasm. Perhaps, the relatively low BC production
by G. xylinus PTCC 1734 was due to the inability of
the organism to transport sucrose through the cell
membrane.

Mikkelsen et al. (2009) reported that relatively low
concentrations of BC were produced by G. xylinus
ATC 53524 when sucrose was used as the sole carbon
source [22].

Finally, since carbon source price plays a key role
on the costs of industrial production, low-price ones
such as glycerol (obtained as byproduct of biodiesel
production) can be promising and abundant carbon
source for industrial BC production by these strains.
Biodiesel production from animal fats and vegetable
oils generates about 10% (w/w) glycerol as the main
by-product which can generate many environmental
problems [23], whereas glycerol bioconversion to
valuable chemicals such as bacterial cellulose could be
valuable.

Figure 4 illustrates the thickness of BC with
respect to carbon sources. The thickness of BC sheets
was 6 to 34 micrometers. In all strains, the maximum
thickness of BC was observed in glycerol medium
when compared with other substrates (Figure 4). BCs
with different thicknesses have distinct application
potential. Thus, the control of this parameter can be
important for choosing their application, and it is
achieved simply by replacing carbon sources. It seems
that there is not a direct relationship between the
weight and thickness of BCs. For example, in S strain,
the thickness of BC obtained from fructose and
mannitol medium was 27 and 18 micrometers
respectively, but BCs from mannitol medium had
more dry weight in compare with fructose (Figure 1
and Figure 3). It can probably be related to the distinct
structure of BCs produced in different carbon media.
The moisture content (%w/w) of BCs produced in
different carbon sources was in the range of 90 - 97.6
% (Figure 5).

The maximum moisture content was observed when
sucrose and food-grade sucrose were used as carbon
sources. Contrary to expectations, while the maximum
thickness of BC membrane was attained when
glycerol was used, BCs from glycerol had less
moisture content than others. It seems that BC
membrane had the lower porosity when glycerol was
used as the sole carbon source. When sucrose was
used as the sole carbon source, the growth of bacteria
and the yield of production were limited as compared
to other carbon sources (Figure 2). Because sucrose is
a disaccharide and needs more enzymes and more
complex process to utilize, thus less microfibriles
were produced; this can be the explanation of the
lowest dried BC thickness with highest porosity, and
thus the highest water content of BCs was obtained
from the sucrose medium.

Appl Food Biotechnol, Vol. 3, No. 1 (2016)
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Table 1. Similarity comparison of cellulose synthase enzymes

Max  Total Query E Ident  Accession
score score  cover  value (NCBI Reference
Sequence)

Cellulose synthase 2 [K*.hansenii] 3242 3242 100% 0.0 100% WP_003621570.1
Cellulose synthase [K. europaeus] 2103 2103 96% 0.0 67% WP_053322718.1
Cellulose synthase [K. europaeus] 2102 2102 96% 0.0 68% WP_019090488.1
Cellulose synthase catalytic subunit AB[K. xylinus 1996 1996 97% 0.0 62% GAO000603.1
NBRC 13693]
Cellulose synthase [K. oboediens] 1994 1994 97% 0.0 63% WP_029329219.1
Cellulose synthase [G**. sp. SXCC-1] 1928 1928  98% 0.0 60%  WP_039999744.1
Putative cellulose synthase 2 [G. sp. SXCC-1] 1927 1927 98% 0.0 60% EGG75332.1

* Komagataeibacter, **Gluconacetobacter

In contrast, glycerol that can be used via two

metabolic pathways develops the bacterial growth and 100
produces a denser reticulated structure with decreased
porosity. These results are in good agreement with the 98
literature-cited publications [18, 21, 24]. Al-Shamary g .
et al. (2013) showed that when sucrose was used as a £ 9% % -
source of carbon, the porosity (80%) of BC membrane £ w Q ]
was higher than that of glucose, fructose and glycerol, o 9 E %
which gave lower percentage of porosity 70%, 66% = “‘ Eg
and 65%, respectively [3]. z % Q %
= 90 % :::

3.3. Antimicrobial activity of oxidized BC . %‘ §§

Regarding the assay by zone of inhibition, the :g %
oxidized BC exhibited an obvious inhibition zone 86 3
against the model bacteria, while no inhibition zone s A2 G.xylinus
was observed for the pure bacterial cellulose. This & glucose « fructose £ mannitol
demonstrates that the antimicrobial activity existed Qsucrose B sugar u glycerol

only due to oxidization of BC, and not due to BC
itself. Figure 6 shows the inhibition zone of oxidized
BC against E. coli. The antibacterial activity of the Figure 5. Moisture content of BC
oxidized cellulose makes it a good candidate for food

preservation
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Figure 6. Photograph images of the inhibition zone of
oxidized BC against E. coli.
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Figure 4. Bacterial cellulose thickness with respect to 4. Conclusion

different carbon sources In this study, the production of BC using different
native BC producing strains from five categories of
carbon sources, i.e. monosaccharaides (glucose and
fructose), disaccharides (sucrose and food-grade
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sucrose), sugar alcohols (glycerol, and mannitol),
whey, and food-grade starch was examined. Glycerol
gave the highest relative yield (around 9 fold due to A,
strain) compared to the glucose medium, in all of the
strains, followed by mannitol and fructose for two
newly isolated strains and glucose for G. xylinus
(PTCC 1734). No significant differences were
between sucrose (Merck) and sucrose in BC
production.

Whey and food-grade starch were not suitable
carbon sources. Enhanced productivity is associated
with a decrease in gluconic acid concentration that
was produced during the BC production from glucose
as carbon source. This work indicated the possibility
of getting the required porosity and thickness by
varying the type of carbon source.

It can be concluded that there is no similar pattern
of bacterial behavior due to carbon source utilization
in BC producing strains. This can help us to select the
most appropriate carbon source for BC production;
and it is necessary to detect the best carbon source for
individual strain. This might be caused by the
differences in the metabolic abilities of distinct strains.
However, it is necessary to understand the metabolic
network and relate it to the production of BC in these
strains in order to find a precise answer to the
question: “Why various carbon sources lead to
differences in BC productivity and physical properties
of cellulose?”
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