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Abstract A major by-product of biodiesel produc-

tion is waste glycerol, which has numerous potential

applications. In this study, we isolated a novel

bacterium capable of producing cellulose from waste

glycerol, and identified it as a novel strain (named

NEDO-01) of Gluconacetobacter intermedius. Scan-

ning electron microscopy revealed that the morphol-

ogy of the pellicle produced by NEDO-01 was similar

to that of cellulose produced by Gluconacetobacter

hansenii ATCC23769. Furthermore, X-ray diffraction

and solid-state nuclear magnetic resonance spectro-

scopic analyses suggested that cellulose produced by

NEDO-01 had molecular and crystalline structures

similar to those of cellulose produced by ATCC23769.

After the optimization of cultivation conditions,

NEDO-01 mediated the one-step production of nano-

fibrillated bacterial cellulose (NFBC) from waste

glycerol in a medium supplemented with carboxy-

methyl cellulose. Transmission electron microscopic

analysis revealed that the NFBC was composed of

relatively uniform fibers with diameters of approxi-

mately 20 nm. NFBC was produced as uniform water

suspensions, the yield of which was 3.4 g/L from

cultivation in 7.5 L medium in a 10-L jar fermenter.

The bioconversion of waste glycerol to NFBC, which

has superior fluidity, moldability, and miscibility, has

a wide variety of applications, including potential uses

in the medical and materials engineering fields.
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Introduction

Biodiesel fuel (BDF) has attracted recent attention as

an alternative diesel fuel, and is generated via an ester

exchange reaction between lipids and methanol. By-

products constitute approximately 10 % of the total

BDF produced (Chi et al. 2007), and include high

concentrations of glycerol (termed waste glycerol). To
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date, the production of several materials via biocon-

version of waste glycerol has been reported, including

1,3-propanediol, dihydroxyacetone, ethanol, and suc-

cinate (da Silva et al. 2009). Waste glycerol contains

various impurities in addition to glycerol; therefore,

the selection of bacteria suitable for cultivation using

waste glycerol as a carbon source is of considerable

importance for materials production.

Cellulose, a naturally abundant linear homopolymer

of D-glucopyranose linked by b-1,4-glycosidic bonds,

is one material that could potentially be generated from

waste glycerol. Cellulose is produced by many differ-

ent organisms, including vascular plants, algae, certain

types of bacteria, and even some animals (Saxena and

Brown 2005; Ross et al. 1991; Doblin et al. 2002;

Kimura and Kondo 2002; Taylor 2008). The bacterial

cellulose (BC) produced by Gram-negative obligate

aerobe Gluconacetobacter species is a pure cellulose

nanofiber with a diameter of approximately 50 nm

(Haigler et al. 1982). BC has exceptional physico-

chemical properties, such as an ultrafine reticulated

structure, high crystallinity, high tensile strength, high

hydrophilicity, and biocompatibility, although its

chemical structure is similar to the cellulose produced

by plants and algae (Ross et al. 1991; Yamanaka et al.

1989; Yoshinaga et al. 1997). Under static culture

conditions, cellulose nanofibers form a 3D network

structure to generate a gel-like membrane, termed the

pellicle, which has been used for various applications

(Czaja et al. 2006; Nogi and Yano 2008). However, the

pellicle has low fluidity, moldability, and miscibility

because of its strong 3D network structure, and this

property imposes a limitation on the range of applica-

tions of BC. Therefore, the production of nanofibril-

lated BC (NFBC), which is dispersed in water and thus

does not form a strong 3D network structure, could

significantly expand the potential applications of BC.

Recently, nanofibrillated cellulose (NFC) has

attracted attention as a new cellulose material (Abdul

Khalil et al. 2012). Generally, NFC is produced by the

physical and/or chemical treatment of cellulose microf-

ibers from plants (i.e., a top-down process) (Abe and

Yano 2009; Saito et al. 2006), and is obtained as uniform

water suspensions. In contrast, since BC naturally has a

nanofiber structure, it may be possible to produce

bacterial NFC (i.e., NFBC) in a one-step, bottom-up

process through the optimization of culture conditions

for Gluconacetobacter species. In fact, it has been

reported that segmentalized BC was produced by the

addition of carboxymethylcellulose (CMC) to the culture

medium, which prevents the aggregation of microfibrils

during BC synthesis (Cheng et al. 2009, 2011).

In this study, we aimed to identify a bacterium

capable of producing NFBC from waste glycerol in one

step. A novel bacterium capable of producing cellulose

from waste glycerol was isolated from fruits by using

an enrichment cultivation method, and was identified

as a novel strain of Gluconacetobacter intermedius

based on its physiological properties and 16S ribo-

somal DNA (rDNA) sequence. Furthermore, NFBC

was prepared by rotating and agitating cultivation of

the bacterium, and the structure of the NFBC was

analyzed by transmission electron microscopy (TEM),

fourier transform infrared spectroscopy (FT-IR), and

wide angle X-ray diffraction analysis (WAXD).

Materials and methods

Chemicals

Luria–Bertani (LB) medium was purchased from Life

Technologies Japan, Ltd. (Tokyo, Japan). Bacto pep-

tone, yeast extract, glucose, disodium hydrogen phos-

phate (Na2HPO4), citric acid, and sodium CMC were

purchased from Wako Pure Chemical Industries

(Osaka, Japan). Waste glycerol (biodiesel fuel by-

product) was kindly provided by Hokusei Kigyo Co.,

Ltd. (Sapporo, Japan). Calcofluor white was purchased

from Sigma-Aldrich Japan (Tokyo, Japan). Nanofibr-

illated cellulose (NFC) from pulp (BiNFi-s) was

purchased from Sugino Machine Ltd. (Toyama, Japan).

Bacteria and medium

Gluconacetobacter intermedius NEDO-01 (NITE

P-1495) was isolated from fruits by an enrichment

cultivation method in this study. Gluconacetobacter

hansenii ATCC23769 and Gluconacetobacter xylinus

ATCC53582 were used as control BC-producing

bacteria. Hestrin and Schramm’s (HS) medium (He-

strin and Schramm 1954) was used as a standard

medium, and CMC was added when needed.

Pretreatment of waste glycerol

The waste glycerol provided by Hokusei Kigyo Co.,

Ltd. (Sapporo) was diluted with an equal weight of
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water. The mixture was neutralized by 5 M aqueous

H2SO4 and then poured into a separating funnel. The

funnel was kept at 60 �C for 3 h and then allowed to

stand at room temperature overnight. The mixture was

divided into two phases, and the aqueous phase was

used as waste glycerol in this study.

Isolation and identification of a bacterium capable

of producing cellulose from waste glycerol

Several kinds of fruit were used as potential sources of

bacteria able to produce cellulose from waste glycerol.

A small piece of each fruit was added to HS medium

containing 2 % (w/v) glycerol instead of glucose to

perform enrichment cultivation. The culture was

spread on HS plates containing 2 % (w/v) glycerol

instead of glucose. A fluorescent brightener, which

selectively interacts with cellulose and fluoresces

under ultraviolet light, was used to identify bacterial

colonies producing a pellicle. Colonies that produced

fluorescence under ultraviolet light were inoculated

into 10 mL of medium containing 2 % (w/v) glycerol

and incubated at 30 �C under static conditions. The

pellicle weight was measured to select bacteria with

high cellulose productivity. Finally, one bacterium

was selected as a candidate for cellulose production

from waste glycerol by repeating colony isolation and

pellicle weight measurement.

The 16SrDNA sequence of the selected bacterium

was analyzed with MicroSeq Full Gene 16SrDNA

PCR and Sequencing kits and an ABI PRISM 3100

genetic analyzer (Applied Biosystems Japan Ltd.,

Tokyo, Japan). BLAST searches using the 16SrDNA

sequence were performed to identify the selected

bacterium.

Cultivation of bacteria

Static cultivation

Frozen bacteria were inoculated into 10 mL of HS

medium and then incubated at 30 �C for 3 days under

static conditions. The pellicle formed at the air/liquid

interface was pressed using a sterilized toothpick to

isolate bacteria retained in the pellicle. The culture

medium (1 mL) was inoculated into HS medium

(10 mL) and then incubated at 30 �C under static

conditions. Standard BC (used as a reference) was

produced under static cultivation conditions using

glucose as a carbon source. Products were dispersed

into 1 % (w/v) aqueous NaOH and treated for an

appropriate length of time. After the alkaline treat-

ment, the samples were collected and then washed

with deionized water until the pH became 6–7. The BC

used for TEM observation was homogenized with a

mixer (Mill & Mixer, Toshiba Co., Tokyo, Japan).

Rotating cultivation

The culture medium (5 mL), prepared as described in

the ‘‘Static cultivation’’ section, was inoculated into a

new HS medium (100 mL) containing CMC and

glycerol or waste glycerol instead of glucose. The

culture medium was incubated at 30 �C on a rotating

shaker (BR-43FL, TAITEC Co. Ltd., Saitama, Japan)

at 150 rpm. The culture was treated with 1 % (w/v)

aqueous NaOH and purified as described above for

static cultivation.

Agitating cultivation

The culture medium was prepared according to the

method described above for static cultivation and

inoculated into HS medium (5–7.5 L) in a 10-L jar

fermenter (BMS-10NP3, ABLE & Biott Co., Ltd.,

Tokyo, Japan) and then incubated at 30 �C for 4 days

with aeration and agitation. The product was treated

with 1 % (w/v) aqueous NaOH and purified as

described above for static cultivation.

Microscopy

Scanning electron microscopy (SEM)

After freeze drying, the samples were mounted on

SEM grids, and gold particles were evaporated to the

sample surfaces. The specimens were observed with a

JSM-6500F scanning electron microscope (JEOL

Ltd., Tokyo, Japan) at an accelerating voltage of 5 kV.

Transmission electron microscopy (TEM)

The aqueous dispersion samples [ca. 0.001 % (w/v)]

were mounted or sprayed onto copper grids and dried.

The samples were then negatively stained by 5 %

aqueous gadolinium acetate and observed using a

JEM-2000FX microscope (JEOL Ltd., Tokyo, Japan)

at an accelerating voltage of 80 kV. The samples
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observed via TEM were also observed using an optical

microscopy BX 40 (OLYMPUS Co., Tokyo, Japan)

equipped with a polarizing plate.

Wide angle X-ray diffraction measurement

Dried samples were placed onto a silicon plate.

WAXD measurements using a RINT2200 X-ray

Diffractometer (Rigaku Co., Tokyo, Japan) were

carried out in reflection mode with a scanning speed

of 1.000�/min and in the 5�–30� diffraction angle

range. Diffraction data were collected at 40 kV and

20 mA.

Solid-state nuclear magnetic resonance

spectroscopy

Solid-state 13C nuclear magnetic resonance (NMR)

spectra were recorded at 25 �C on a Brucker Biospin

MSL-300 spectrometer (Brucker Biospin K.K., Yoko-

hama, Japan) with a 1H frequency of 300 MHz.

Dipolar-decoupled/magic angle spinning (DD/MAS)
13C NMR experiments were performed. 13C-excita-

tion pulse length, data acquisition time, and repetition

time were set to 1.5 ls, 20 ms, and 20 s, respectively.

Fourier transform infrared spectroscopy analysis

FT-IR spectra for film samples were measured using a

JASCO FTIR-4200 spectrophotometer (JASCO Cor-

poration, Tokyo, Japan). The conditions for the FT-IR

measurements were as follows: 32 or 64 scans, 2 or

4 cm-1 resolution, and a 4,000–400 cm-1 scan range.

Results and discussion

Isolation and identification of a bacterium capable

of producing a pellicle from waste glycerol

To obtain bacteria capable of producing cellulose from

waste glycerol, we first carried out enrichment culti-

vation using media containing glycerol as a carbon

source instead of glucose. We successfully isolated a

bacterium that could produce a gel-like membrane

(pellicle) from waste glycerol, and performed analyses

of its microbiological and physiological properties for

identification purposes. The bacterium was found to be

an aerobic Gram-negative bacillus, and was able to

grow in a cultivation temperature of up to 37 �C, but

did not grow at 45 �C. The bacterium was positive for

catalase activity and negative for oxidase activity, and

was able to oxidize N-propanol, glucose and ethanol.

Furthermore, the bacterium assimilated ethanol, glyc-

erol, sodium lactate, and sucrose, and cell growth was

observed in the presence of 3 % (v/v) ethanol or 30 %

(w/v) glucose.

Additionally, the sequence of the 16SrDNA of the

bacterium was determined and subjected to BLAST

analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi), which

indicated that the bacterium belongs to the genus Glu-

conacetobacter and that the closest phylogenetic

neighbor of the isolated strain is G. intermedius (99 %

identity). Based on the microbiological and physiolog-

ical properties and 16SrDNA sequence, the isolated

bacterium was identified as G. intermedius and desig-

nated NEDO-01 (NITE P-1495).

Structural analysis of a pellicle produced by G.

intermedius NEDO-01 under static cultivation

conditions

To confirm that the pellicle produced by NEDO-01

consisted of cellulose, its structure was analyzed by

SEM, WAXD, and solid-state NMR spectroscopy.

Figure 1 shows SEM images of pellicles produced by

NEDO-01 and ATCC23769, a representative cellu-

lose-producing bacterium. The NEDO-01 pellicle had

a 3D network structure composed of nanofibers

(Fig. 1a), which was similar to the ATCC23769

pellicle (Fig. 1b) with respect to the size-order of the

nanofibers and the network structure. Furthermore,

WAXD analysis suggested that the pellicle produced

by NEDO-01 had a cellulose I crystal structure, which

was similar to that produced by ATCC23769 (Fig. 2).

The structures of the pellicles produced by NEDO-01

and ATCC23769 were also assessed by solid-state 13C-

NMR (Fig. 3). The NMR peaks corresponding to C1,

C4, C2,3,5, and C6 were observed from low to high

magnetic field, and the peaks from both samples were

completely consistent with each other, indicating that

the pellicle produced by NEDO-01 was cellulose and

that it had similar molecular and crystalline structures

to the cellulose produced by ATCC23769. Addition-

ally, the C1 peak with an almost single peak profile

suggested that the cellulose produced by NEDO-01

had an Ia-rich crystalline structure (Yamamoto and

Horii 1993), similar to that produced by ATCC23769.
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These results confirmed that the pellicle produced by

NEDO-01 consisted of cellulose and had similar

molecular and crystalline structures to the cellulose

produced by ATCC23769.

Bacterial cellulose production from waste glycerol

under rotating cultivation conditions

BC is generally produced under static cultivation

conditions; however, although BC with a strong 3D

network structure can be produced by this cultivation

method, it is not suitable for large-scale production of

BC. Rotating and agitating cultivations are more likely

to be effective for large-scale material productions

using bacteria, and the production of BC by agitating

cultivation has been reported (Kouda et al. 1997;

Cheng et al. 2009, 2011). Additionally, Cheng et al.

(2011) reported that segmentalized BC (a BC pellet)

was produced and BC production was enhanced by the

addition of CMC to the culture medium, which

prevented the aggregation of microfibrils. On the

basis of these findings, we examined the rotating and

agitating cultivation conditions of NEDO-01 in

medium containing waste glycerol as a carbon source

and CMC as an inhibitor of cellulose microfibril

aggregation, in an attempt to achieve a one-step, large-

scale production of NFBC from waste glycerol.

We first performed rotating cultivation using a

baffled Erlenmeyer flask, for which requirement studies

are relatively easy, and assessed the NEDO-01-

(b)(a)

1 µµm 1 µm

Fig. 1 SEM images of pellicles produced by a NEDO-01 and b ATCC23769

5 10 15 20 25 30

2

(b)

(a)

Fig. 2 X-ray diffraction diagrams of BCs produced by

a NEDO-01 and b ATCC23769 under static cultivation

conditions

110 90100 80 6070

ppm

(b)

(a)

Fig. 3 DD/MAS 13C-NMR spectra of BCs produced by

a NEDO-01 and b ATCC23769
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mediated production of BC from waste glycerol.

Figure 4a shows the yields of BCs produced from waste

or pure glycerol by NEDO-01, ATCC53582, and

ATCC23769 in rotating cultivation. Although

ATCC23769 produced cellulose from pure glycerol,

no cellulose was produced from waste glycerol within

the 72 h of cultivation time. Waste glycerol contains

various kinds of impurities such as lipids, fatty acids,

and methanol, and these may have affected the cellulose

production by ATCC23769. In contrast, NEDO-01

produced cellulose from both waste and pure glycerol

with comparable yields. For ATCC53582, cellulose was

not produced from either waste or pure glycerol under

these cultivation conditions. The production of NFBC

by ATCC23769 under rotating culture conditions

suggested that the production of NFBC is not necessar-

ily solely dependent on the type of strain. Taken

together, these results led us to conclude that NEDO-01

is suitable for cellulose production from waste glycerol

under rotating cultivation conditions.

We next performed rotating cultivation in media

containing various concentrations of CMC [1, 1.5, 2,

2.5, and 3 % (w/v)] to examine the effects of CMC

concentration on BC production (Fig. 4b). The BC

yield increased with the concentration of CMC up to

2.5 % (w/v), but was reduced when the CMC

concentration was increased to 3 % (w/v). The

decrease in BC yield at the highest CMC concentration

could be due to the high viscosity of the medium

containing 3 % (w/v) CMC. On the basis of these

results, media including 2 % (w/v) CMC were used for

subsequent experiments.

BC production from waste glycerol under agitating

cultivation conditions

Based on the results of the rotating cultivation exper-

iment, agitating cultivation using a jar fermenter was

performed for a large-scale production of BC. The BC

yield for a 4 days cultivation of 7.5 L of medium in a

10-L jar fermenter was 3.4 g/L. This yield was

significantly higher than that of BC produced by

rotating cultivation without CMC (1.3 g/L), possibly

as a result of the prevention of ribbon formation, which

is thought to be a rate-determining step of BC

production. The apparatus and cultivation conditions

used in this experiment were standard; therefore, we

expect that a larger-scale production of BC under

similar conditions could be carried out without

difficulty.

Structural analyses of BC produced by NEDO-01

from waste glycerol under agitating cultivation

conditions

The BC produced by NEDO-01 from waste glycerol

under agitating cultivation conditions was obtained as

uniform water suspensions, which were used to

examine the structure of the BC in detail via TEM,

FT-IR, and WAXD analyses. Figure 5 shows TEM

images of BCs produced by NEDO-01 from waste

glycerol under agitating (Fig. 5a) and static (Fig. 5b;

mixer-homogenized) cultivation conditions. The BC

fibers produced by agitation of NEDO-01 in a medium

containing CMC were narrower than BC fibers

produced by static culture in medium without CMC

(Fig. 5), with diameters of 21 ± 11 and 55 ± 22 nm,

respectively. TEM observation also indicated that the

BC produced under agitating cultivation conditions

had a nanofibrillated structure (i.e., NFBC was

produced). BC is thought to be synthesized by terminal

complex (TC) (the cellulose synthase complex), and

many TCs exist in the cell membrane of Glu-

conacetobacter species (Brown 1996). The whole

structure of the TC in Gluconacetobacter species has

not yet been determined; however, it has been shown

2

3

4

1.0 1.5 2.0 2.5 3.0

Concentration of CMC / %

0

1

2

3

4

NEDO-01 53582 23769

L
-1

L
-1

(a) (b)
Fig. 4 a Yields of BCs

produced by NEDO-01,

ATCC53582, and

ATCC23769 under rotating

cultivation conditions using

waste glycerol (white bars)

and pure glycerol (black

bars) as a carbon source and

b effects of CMC

concentration on BC

production
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that 1.5 nm-wide sub-elementary fibrils (SEF) extrude

from each TC, and that SEFs aggregate to form

microfibrils, which self-assemble into fibers (ribbons)

(Brown 1996). CMC is thought to prevent the

aggregation of microfibrils (Yamamoto et al. 1996),

thereby promoting the formation of nanofibers with

*20 nm diameters. Additionally, the shear stress

generated by agitation could also promote narrow

nanofiber formation. In our experiment, the fiber

length of NFBC could not be determined, because the

nanofibers were connected to each other in all 3

dimensions in the water suspensions.

Figure 6 shows micro- and nano-scale images from

polarization microscopy and TEM of NFBC and NFC

from pulp. A few microfibers were observed in

addition to nanofibers in the NFC (Fig. 6b, d), whereas

only nanofibers were observed in the NFBC (Fig. 6a,

c). As mentioned above, NFC is produced by the

physical and/or chemical treatment of cellulose

microfibers from plants (a top-down process); thus, it

is difficult to downsize microfibers to nanofibers

completely, and NFC contains small amounts of

micro- or submicrofibers in addition to nanofibers,

which are present in a large majority. In contrast, BC

originally contains no microfibers, hence, NFBC

produced via a bottom-up process is composed of

nanofibers only, which is very beneficial for material

applications of NFBC. Furthermore, compared to top-

(a) (b)

200 nm 200 nm

Fig. 5 TEM images of BCs produced by NEDO-01 under a agitating and b static cultivation conditions. BC produced under static

cultivation was treated by a mixer to make an uniform water suspension before TEM observation

100 µm100 µm

500 nm

(a)

(d)

(b)

(c)

500 nm

Fig. 6 Polarized

microscopy (a, b) and TEM

(c, d) images of BC (NFBC)

produced by NEDO-01

under agitating cultivation

conditions (a, c) and NFC

from pulp (b, d). The arrows

indicate microfibers
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down processes, which rely on mechanical and/or

chemical treatments, (Henriksson et al. 2007; Wåg-

berg et al. 2008; Isogai et al. 2011; Pei et al. 2013), the

bottom-up process is more environmentally friendly,

since it uses various kinds of waste materials as carbon

sources and reduces the use of chemicals.

Cheng et al. (2009, 2011) and Chen et al. (2011)

reported the production of BC using a jar fermenter

and a medium containing CMC, resulting in the

production of pelleted and segmentalized BC. In our

study, nanofibers with approximately 20-nm diame-

ters were obtained as uniform water suspensions. This

difference could be due to the differences in cultiva-

tion conditions, such as medium, CMC concentration,

and agitation speed.

Molecular and crystalline structures of NFBC

The FT-IR spectrum of NFBC produced by NEDO-01

was similar with that of BC produced under static

culture conditions (Fig. 7), suggesting that NFBC had

essentially the same molecular structure as BC

obtained under static culture conditions. In WAXD

analysis, the profile obtained from NFBC demon-

strated three main characteristic peaks (2h = 14.7�,

16.8�, and 22.7�) corresponding to crystal planes

(110), (110), and (200) in Fig. 8, suggesting that

NFBC possessed a cellulose I crystalline structure

(Kataoka and Kondo 1999; Kim et al. 2010) and that

the addition of CMC into the medium did not alter the

crystalline morphology. In contrast, no reflections

corresponding to cellulose II (2h = 12.1� and 20.7�)

(Mansikkamäki et al. 2005) were observed. The NFBC

crystal size calculated on the basis of the Scherrer’s

equation (Toda et al. 2013) was 4.06 nm, which was

smaller than that of BC produced under static culture

conditions (5.60 nm). As shown in Fig. 5, NFBC is

composed of nanofibers that are narrower than those of

BC. Generally, the crystal size of cellulose is closely

related to the width of cellulose fibers (Yamamoto

et al. 1996; Hirai et al. 1998); therefore, the decrease in

the diameter of nanofibers resulting from the CMC-

mediated inhibition of microfibril aggregation could

influence the crystal size of NFBC.

Conclusion

We succeeded in isolating a novel bacterium capable

of producing cellulose from waste glycerol. The

isolated bacterium was identified as G. intermedius

and the strain was named NEDO-01. After optimiza-

tion of NEDO-01 cultivation conditions, nanofibril-

lated bacterial cellulose (NFBC) was directly

produced from waste glycerol in one step. TEM

observation revealed that the NFBC generated by

NEDO-01 was composed of relatively uniform fibers

which were approximately 20 nm in diameter. NFBC

is superior in terms of fluidity, moldability, and

miscibility; thus, it has a wide variety of potential

applications, including uses in the medical field where

its biocompatibility would be beneficial.
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