Indian J Microbiol (July—Sept 2014) 54(3):268-273
DOI 10.1007/s12088-014-0450-3

ORIGINAL ARTICLE

Beneficial Effect of Acetic Acid on the Xylose Utilization
and Bacterial Cellulose Production by Gluconacetobacter xylinus

Xiao-Yan Yang - Chao Huang - Hai-Jun Guo -
Lian Xiong * Jun Luo - Bo Wang - Xue-Fang Chen -
Xiao-Qing Lin - Xin-De Chen

Received: 10 November 2013/ Accepted: 23 January 2014 /Published online: 7 February 2014

© Association of Microbiologists of India 2014

Abstract In this work, acetic acid was found as one
promising substrate to improve xylose utilization by Glu-
conacetobacter xylinus CHOO1. Also, with the help of adding
acetic acid into medium, the bacterial cellulose (BC) pro-
duction by G. xylinus was increased significantly. In the
medium containing 3 g 17! acetic acid, the optimal xylose
concentration for BC production was 20 g 17", In the med-
ium containing 20 g 17! xylose, the xylose utilization and
BC production by G. xylinus were stimulated by acetic acid
within certain concentration. The highest BC yield
(1.35 £ 0.06 g 17') was obtained in the medium containing
20 g 17! xylose and 3 g 17! acetic acid after 14 days. This
value was 6.17-fold higher than the yield (0.21 +
0.01 g 17") in the medium only containing 20 g 1~ xylose.
The results analyzed by FE-SEM, FTIR, and XRD showed
that acetic acid affected little on the microscopic morphol-
ogy and physicochemical characteristics of BC. Base on the
phenomenon observed, lignocellulosic acid hydrolysates
(xylose and acetic acid are main carbon sources present in it)
could be considered as one potential substrate for BC
production.
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Introduction

Bacterial cellulose (BC), synthesized by many bacteria, has
great potential in the application on many fields such as
materials, food, medicine, and etc. [1]. Among various
bacteria, Gluconacetobacter xylinus is the most common
one used for BC production [1]. Many factors would
influence the BC productivity and fermentation substrate
cost is a significant one. In order to reduce its production
cost, different substrates such as molasses [2], konjac
powder hydrolysate [3], various fruit juices [4] and etc.
have been utilized for BC production already.

To further reduce the cost of BC production, lignocel-
lulosic biomass seems to be a promising raw material
because of its highest availability and renewable charac-
teristics [5]. Simply hydrolyzed by diluted acid, lignocel-
lulosic biomass could be turned into the hydrolysate with
xylose as the dominant sugar present in it. Thus, the
capability of using xylose as carbon source for BC pro-
duction decides the possibility of using lignocellulosic acid
hydrolysates for BC production.

To evaluate the possibility of using lignocellulosic acid
hydrolysates as substrate for BC production, xylose had
been used as carbon source for BC production already [6].
However, it was shown that xylose might not be an optimal
carbon source for BC production when compared with
glucose in this work. Although adding p-xylulose into
medium could stimulate the xylose utilization, but this
effect was not obvious [6]. Base on this, it is critical to find
some simple ways to improve the capability of using
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xylose in order to make the bioconversion of lignocellu-
losic acid hydrolysates to BC possible.

Besides sugars, acetic acid is one common by-product
generated during the hydrolysis process [5]. Interestingly,
acetic acid was shown to be beneficial for BC production
within certain concentration [7]. Thus, if acetic acid could
stimulate the xylose utilization, it is possible that ligno-
cellulosic acid hydrolysates could be used as one promising
substrate for BC production. However, to our knowledge,
no work has studied the effect of acetic acid on the xylose
utilization and BC production by G. xylinus. In this work,
for the first time, the effect of acetic acid on the xylose
utilization and BC production by G. xylinus was evaluated.

Materials and Methods
Microorganism for BC Production

Gluconacetobacter xylinus CHOO1 (Laboratory of Energy
and Biochemical Engineering, Guangzhou Institute of
Energy Conversion, Chinese Academy of Sciences) was
used as the microorganism for BC production in this work.

Effect of Xylose Concentration on BC Production by G.
xylinus in the Medium with Acetic Acid

In the fermentation medium (g 17", peptone 3, yeast extract
5, Na,HPO, 2.7) with natural pH (7.30),3 g 17! acetic acid
and different concentration of xylose (g 171, 10, 15, 20, 25,
30) was added into, and then the pH was adjusted to
7.30 £ 0.04 by NaOH. Then, the medium was sterilized at
121 °C for 20 min.

The pre-culture was performed on the pre-cultivation
medium (g 17!, mannitol 25, peptone 5, yeast extract 3,
initial pH 6.60) at 28 °C and 150 rpm for 48 h. Then, 8 %
(v/v) seed culture was translated into the fermentation
medium. After that, the static fermentation was carried out
at 28 °C for 14 days.

Effect of Acetic Acid Concentration on Xylose
Utilization and BC Production by G. xylinus

In the fermentation medium (g 17!, xylose, 20, peptone 3,
yeast extract 5, Na,HPO, 2.7) with natural pH (7.47),
different concentration (g l_l, 1,3,5,7,9, 11) of acetic
acid was added into, and then the pH was adjusted to
7.47 £ 0.04 by NaOH. Then, the medium was sterilized at
121 °C for 20 min. To test the effect of acetic acid, an
experiment on the control medium without adding acetic
acid (pH 7.47) was also carried out.

The pre-culture was performed on the pre-cultivation
medium (g 17!, mannitol 25, peptone 5, yeast extract 3,

initial pH 6.60) at 28 °C and 150 rpm for 48 h. Then, 8 %
(v/v) seed culture was translated into the fermentation
medium with and without acetic acid. After that, the static
fermentation was carried out at 28 °C for 14 days.

Measurement of BC dry Weight, Sugar and Acetic Acid
Concentration

After fermentation, the fermentation broth and BC was
separated by vacuum filtration. Then, the BC was treated
with 1.5 % (w/v) NaOH at 80 °C for 2 h. After that, the BC
was repeatedly washed by distilled water. Finally, the BC
was dried to constant weight at 105 °C and weighed.
Sugar and acetic acid concentrations (p-glucose, D-
xylose, and L-arabinose) in the medium were analyzed by
HPLC (Waters 2685 systems, Waters Corp., USA), with a
RI detector (Waters 2414), and on Aminex HPX-87H
column (300 x 7.8 mm, Bio Rad Corp., USA) using 5 mM
H,SO, solution at a flow rate of 0.55 ml min~"' at 50 °C.
The xylose and acetic acid utilization (% w/w) was
defined as the ratio of xylose or acetic acid utilized (g 17"
to the initial concentration of xylose or acetic acid (g 17").

Analysis of the Physical and Chemical Structure of BC

Field Emission Scanning Electron Microscopy
(FE-SEM)

The morphologies of oven-dried BC samples were
observed by a Hitachi S-4800 high resolution Field Emis-
sion Scanning Electron Microscope (FE-SEM, Hitachi,
Japan) operated at 2.0 kV and 10 pA.

Fourier Transform Infrared Spectroscopy (FTIR)

BC samples were mixed with spectroscopic-grade potas-
sium bromide powder (1 % w/w) and Fourier Transform
Infrared Spectroscopy (FTIR) spectroscopy was carried out
in the range of 400-4,000 cm ™' wavelength with a Perkin-
Elmer Spectrum one FTIR Spectrometer (US). The kind of
crystallite allomorph was determined with shifting FTIR
bands related to specified groups and bonds [8].

X-ray Diffraction (XRD)

Structure, size, and percentage of crystals of BC samples
were analyzed by D/max-RA X-ray diffractometer (Riga-
ku, Japan) with Cu Ko radiation (A = 0.154 nm) operated
at 40 kV and 100 mA. Samples were scanned from 10° to
40° (20 range) at a scan speed of 0.008°/step. To determine
the sample crystallinity, profile analysis was carried out
with a peak fitting program using Gaussian line shapes. The
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Fig. 1 Effect of xylose and acetic acid concentration on BC
production by G. xylinus. A Fermentation on the medium containing
3¢g 17" acetic acid and different concentration of xylose. B Fermen-
tation on the medium containing 20 g 17" xylose and different
concentration of acetic acid

crystal size of cellulose was calculated using Debye-—
Scherrer’s equation [9]. Crystallinity index (CI) was cal-
culated from the related intensity data by the Segal method
(Eq. 1) [10].

CI = (I00 — Iam)/Ta00 (1)

where Lo is the maximum intensity of crystalline region at
20 (about 22.8°), I, is the intensity of the amorphous
region of the wide-angle X-ray diffraction curves at 26
(about 18°).

Results and Discussion

Different from other fermentation, BC production is usu-
ally a bioconversion process could not tolerate high sugar
concentration. Namely, substrate inhibition is easy to
happen during BC fermentation. Thus, we initially mea-
sured the effect of different xylose concentration on BC
production in the medium containing 3 g 1™" acetic acid.
As shown in Fig. 1A, the highest BC yield was obtained on
the medium with initial xylose concentration of 20 g 17"

@ Springer

Also, the xylose utilization (41.6 %) was highest in the
medium containing 20 g 17! xylose. Base on this, 20 g 17!
concentration was chosen for further study in this work.

Then, the effect of acetic acid on BC production was
systematically carried out on the medium containing
20 g 17! xylose. As shown in Fig. 1B, without adding
acetic acid, it is difficult for G. xylinus to utilize xylose for
BC production. In fact, in the medium without acetic acid,
no obvious BC pellicle could be observed in the flask.
Also, the BC yield on the medium without acetic acid was
merely about 0.2 g 17!, which was much lower than that in
the medium containing acetic acid. This again showed that
xylose might not be a suitable carbon source for BC pro-
duction by G. xylinus in medium without adding acetic acid
[6]. Surprisingly, when adding acetic acid into the xylose-
containing medium, the situation was completely changed.
Even small concentration of acetic acid (1 g 1_1) could
stimulate the xylose utilization and BC production. Com-
pared with the control medium (without adding acetic
acid), in the medium containing 1 g 17! acetic acid, the BC
yield increased from 0.20 g 17" to about 0.66 g 17", this
value continued to increase with higher acetic acid con-
centration. The BC yield maintained at about 1.1-1.2 g 17!
when the acetic acid concentration ranged from 5 to
Mgl

As shown in Fig. 1B, in the medium without acetic acid,
the xylose utilization ratio was merely about 21.8 % (the
xylose utilization was 4.4 g 17'), indicating that xylose
might not be a suitable carbon source for the metabolism of
G. xylinus. However, when certain concentrations of acetic
acid were added into the medium, the xylose utilization
became much better. When the acetic acid was 1 g 174, the
xylose utilization ratio increased to about 30 % (the xylose
utilization was about 6.0 g 17'). This value continued to
increase to about 40 % when 3-5 g 17" acetic acid was
added. However, with more than 7 g 17! acetic acid, this
value decreased. This indicates that the optimal acetic acid
concentration for the xylose utilization of G. xylinus was
about 3-5 g 17",

Besides xylose utilization, the situation of acetic acid
utilization by G. xylinus in the medium containing different
concentration of acetic acid was further measured. When the
acetic acid concentration was 1-3 g 174, all the acetic acid
was exhausted by G. xylinus, namely, the acetic acid utili-
zation could reach 100 % in these mediums. However, when
the acetic acid concentration increased to 5 g 17", it could
not be completely utilized by G. xylinus and its utilization
ratio became lower as the acetic acid concentration to be
higher. When the acetic acid concentrationis 11 g 17!, there
was still about 9 g 17! acetic acid presented in the medium
after fermentation by G. xylinus that the acetic acid utiliza-
tion was merely about 15 % (Fig. 1B). As a result of this
study, significant improvements in xylose utilization and BC
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Fig. 2 Morphologies of BC samples produced from different carbon source: A xylose; B xylose mixed with 3 g 17! of acetic acid; C xylose

mixed with 5 g 17! of acetic acid; D acetic acid

dry weight were developed. In the medium containing
20 g 17! xylose and 3 g 1" acetic acid, the BC dry weight
reached its highest point (1.35 + 0.06 g 17') after 14 days’
fermentation, which was apparently higher than that (about
0.1 g 17") on the medium containing p-xylose and without
acetic acid in the literature [6]. Also, this value was 6.17-fold
higher than the BC yield in the medium containing only
20 g 17! xylose and without acetic acid (control medium).
Overall, in this medium, the amount of xylose and acetic acid
utilization were 8.19 and 3.00 g 17!, respectively, namely
the utilization ratio of xylose and acetic acid were 40.95 and
100.00 %, respectively.

It is worth noting that the pH value after fermentation by
G. xylinus would increase on the medium containing dif-
ferent concentration of acetic acid. In the control medium
without acetic acid, the pH value after fermentation was
about 4.2. However, this value would increase to 5.8 when
the initial acetic acid concentration was 1 g 17'. And this
value increased when initial acetic acid concentration
increased. This phenomenon was also observed in our pre-
vious work with other fermentation in lignocellulosic acid
hydrolysates (acetic acid was present in it) [11, 12]. The
initial pH value of the medium containing acetic acid was

adjusted to around 7.5 by NaOH before fermentation. Thus,
the utilization of acetic acid during fermentation by G. xy-
linus might lead to increasing pH value due to the existence
of NaOH in the medium. Based on the above discussion, it
could be concluded that acetic acid was not only a buffer
component, but also worked as a carbon source.

Finally, the morphology and structure of BC samples
produced using individual xylose, xylose mixed with 3 and
5 g 17! of acetic acid and individual acetic acid as carbon
source were characterized by FE-SEM, FTIR and XRD
(Figs. 2, 3). It could be seen in Fig. 2 that the BC produced
from xylose showed a porous network structure constructed
by a large number of microfibril ribbons, macro-charac-
teristically exhibiting a layer of transparent gel film. When
xylose mixing with 3 g 17! of acetic acid was used as
carbon resources, the morphology was not influenced. With
the addition of acetic acid reached up to 5 g 17" and even
individual acetic acid as carbon source, some rice-like
particles deposited on the surface of microfibril ribbons
that might be the alkali not completely washed off from the
BC membrane, but the BC still kept a porous network
structure, indicating that acetic acid did not affect the main
morphology of BC from xylose.
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Fig. 3 Full-range FTIR spectra (A) and XRD patterns (B) of BC
samples produced from different carbon source: (a) xylose; (b) xylose
mixed with 3 g 17" of acetic acid; (c) xylose mixed with 5 g 17! of
acetic acid; (d) acetic acid

According to the FTIR results in Fig. 3A, a weak and
broad band centered at 898.54 cm™' and a strong band
centered at 1,428.55 cm ™! (CHj, scissoring) were present in
the spectra of all the BC samples, defining them as cellu-
lose I [13]. XRD analysis could be used for qualitative
determination of the crystal structure and quantitative
determination of the crystalline contents in composite
samples. From Fig. 3B, it could be seen that these BC
samples produced from different carbon source showed
similar characteristic diffraction profiles of cellulose I, with
peaks at 20 angles of 14.5°, 16.7° and 22.6° corresponding
to the (110), (110) and (200) crystallographic planes,
respectively. Crystallinity, CI, and size of crystals of BC
samples were calculated by the characteristic peaks inten-
sities, and showed in Table 1. The BC sample using xylose
mixed with 5 g 17" of acetic acid as carbon source showed
the highest crystallinity and CI, and the lowest crystallite
size of crystal planes. Previous research [14] have shown
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Table 1 Crystallinity, CI, and size of crystals of BC samples pro-
duced from different carbon source

Carbon source Crystallinity ~ Size of crystals @A) a

(%) Z
(110) (110) (200)
plane plane plane
Xylose 79.46 81.3 1507 774 99.2
Xylose mixed with 94.02 71.6 1797 67.1 99.2
3 g 17" of acetic acid
Xylose mixed with 99.81 70.5 1337 663 995
5 g 17! of acetic acid
Acetic acid 96.33 77.8 139.8 725 98.6

that the peak corresponding to the (200) lattice plane
showed the highest intensity in the diffraction patterns of
native BC. The phenomenon is similar to our produced BC,
indicating that the hydrogen band role during crystalliza-
tion promoted the preferred orientation growth to (200)
crystal plane and resulted in higher crystallinity and
smaller crystallite size. Therefore, xylose mixed with
5 g 17" of acetic acid could be used as an ideal carbon
source for BC production by G. xylinus.

In spite that xylose might not be a suitable carbon source
for BC production by G. xylinus, acetic acid was found that
could significantly improve xylose utilization and BC
production by G. xylinus. This undoubtedly offers the
possibility for using lignocellulosic acid hydrolysate for
BC production since xylose and acetic acid are two main
carbon sources present in it.
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