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Effects of Acetan on Production of Bacterial Cellulose by Acetobacter xylinum

Takehiko IsHiDA, Yasushi Sucano, Tomonori Nakai, and Makoto SHoDA'

Chemical Resources Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku,

Yokohama 226-8503, Japan

Received February 4, 2002; Accepted March 20, 2002

Acetan is a water-soluble polysaccharide produced by
a bacterial cellulose (BC) producer, Acetobacter xyli-
num. An acetan-nonproducing mutant, EP1, was gener-
ated from wild-type 4. xylinum BPR2001 by the disrup-
tion of aceA, which may act to catalyze the first step of
the acetan biosynthetic pathway in this bacterium. EP1
produced less BC than the wild-type strain. However,
when EP1 was cultured in a medium containing acetan,
BC production was stimulated and the final yield of BC
was equivalent to that of BPR2001. The culture broth
containing acetan was more viscous and the free cell
number was higher than that of the broth without the
polysaccharide, so acetan may hinder the coagulation of
BC in the broth. The addition of 1.5 g/1 agar also in-
creased BC production; we concluded that acetan and
BC syntheses were not directly related on the genetic
level.
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Bacterial cellulose (BC), produced by several bac-
terial species, has attracted attention as a biodegrada-
ble material."? Acetobacter xylinum, which is a
producer of BC,*>* also accumulates a water-soluble
polysaccharide called acetan, the structure of which
is similar to that of xanthan.®” BC is an insoluble -
1,4-glucan, and acetan consists of glucose, mannose,
glucuronic acid, and rhamnose in the proportions of
4:1:1:1. Genetic analysis of BC showed that the bcs
operon is associated with cellulose synthesis.® In con-
trast, the genetics of the acetan biosynthetic process
has not been clarified®'® although the biochemical
pathway has been elucidated.!''® Because the
production patterns during culture of the two ex-
tracellular polysaccharides are similar, we have
speculated that there is a relationship between BC
and acetan in their productivity; however, to our
knowledge, there has been no report on a relation-
ship between acetan and BC biosynthesis. If a mutant
that lacks only acetan biosynthetic ability can be ob-
tained, the speculation will be clarified. For investiga-
tion of any relationship between BC and acetan

biosynthesis, the disruption of acetan-synthesizing
genes is needed.

In this work, we cloned aceA, which encodes a
B-glucosyltransferase in acetan biosynthesis,'> from
A. xylinum BPR2001, and prepared an acetan-
nonproducing mutant by the disruption of ace4. By
comparing BC production rates between the parent
strain and the mutant, we made deductions about the
role of acetan in BC production.

Materials and Methods

Bacterial strains and plasmids. A. xylinum subsp.
sucrofermentans BPR2001, which produces BC and
acetan, was used as the wild-type strain.'® Escheri-
chia coli DHS5a was used for cloning and sequencing
of aceA from BPR2001. pAP1 was a cosmid clone
harboring aceA of the BPR2001 strain. pKF18k and
pKF19k were used for DNA sequencing. pUCA-EP,
which is pUC18 harboring a 0.7-kb EcoRV-Pst1 frag-
ment of aceA, was used for the disruption of ace4 on
the chromosome of BPR2001 with homologous
recombination. A genomic library of A. xylinum
BPR2001 strain!” was obtained from Dr. T. Hayashi
of Kyoto University.

Media. A. xylinum was grown on FPY consisting
of 2% fructose, 1% Polypepton (Nihon Seiyaku Co.,
Ltd., Tokyo, Japan), 0.5% yeast extract (Oriental
Yeast Co., Ltd., Tokyo), 0.25% K,HPO, (pH 5.0),
or else on a medium of corn steep liquor (Nihon
Starch Industry, Kagoshima, Japan) and fructose
(CSL-Fru), the composition of which was described
elsewhere,'™ at 30°C. E. coli DHS« was grown on
Luria-Bertani medium consisting of 1% Tryptone
peptone (Becton Dickinson and Company, Sparks,
Maryland, USA), 0.5% yeast extract (Becton Dickin-
son) and 1% NaCl at 37°C. Ampicillin (Sigma
Chemical Co., St. Louis, Missouri, USA) was added
at 50 ppm for E. coli and at 100 ppm for A. xylinum,
and kanamycin (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) was added at 100 ppm for E.
coli when necessary.
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Primers. The sequences of aceAl, aceA2, aceE2,
and aceF1 were 5'-ATGGCAAGGGGAGCTGTA-
TC-3’, 5-ACGCATTCCGTGAGAAAATTTC-3’,
5'-CATTTGATCAGAAGCCACAGC-3’, and 5’-
TGACAGCAACGGATGTAACC-3’, respectively.
The sequences of M13F and M13R were 5'-TTT-
CCCAGTCACGACGTTG-3’ and 5'-GGATAACA-
ATTTCACACAGG-3’, respectively. The sequence
of aceA2l4c for primer extension was 5'-AAATG-
CGCTGCCAGGCGATG-3’, and this was labeled
with infrared dye-800 (IRD-800, Nisshinbo Indus-
tries Inc., Tokyo).

Genetic manipulation. Total DNA from A. xyli-
num was isolated as described elsewhere.'” All PCR
except for sequencing was done in a volume of 50 ul
with denaturation at 94°C for 5 min and then 30
cycles of 1 min at 94°C, 1 min at 55-60°C, and
1-3min at 72°C with r7aq polymerase (Takara
Shuzo Co., Ltd., Shiga, Japan). Restriction diges-
tion, DNA modification, ligation, and primer exten-
sion were done as the supplier suggested. Miniprepa-
ration of plasmids from E. coli was done by alkaline
extraction with a FlexiPrep kit (Amersham Pharma-
cia Biotech UK Ltd., Buckinghamshire, England).
Total RNA from A. xylinum BPR2001 was extracted
with an RNeasy mini kit (Qiagen GmbH, Hilden,
Germany). A digoxygenin (DIG) DNA labeling and
detection kit (Roche Diagnostics GmbH, Mannheim,
Germany) was used for labeling the probe DNA, de-
tection of colonies, and Southern analysis. DNA was
sequenced by dideoxy chain termination, with a
ThermoSequenase cycle sequencing kit (Amersham
Pharmacia), IRD-800-labeled MI13F and MI3R
primers, and a DNA sequencer (Model 4000L, Li-
Cor Inc., Lincoln, Nebraska, USA). Vector NTI
Suite (InforMax Inc., North Bethesda, Maryland)
was used for sequence analysis. DNA and deduced
amino acid sequence similarity searches were done
with FASTA and BLAST network services. Trans-
formation of E. coli and agarose gel electrophoresis
were done by standard protocols.?”® Transformation
of A. xylinum was done by electroporation® with a
Cell-Porator (Life Technologies Inc., Gaitherburg,
Maryland).

Culture conditions and analytical methods. A.
xylinum BPR2001 and the acetan-nonproducing
mutant EP1 were first cultured in 120 ml CSL-Fru
medium in 500-ml Erlenmeyer flasks with three slant
baffles?? (Altair Co., Ltd., Yokohama, Japan) and
shaken at 30°C at 180 rpm for one day. A 5-ml por-
tion of this culture was used to inoculate fresh medi-
um in a flask, with acetan or agar added (Shimizu
Shokuhin, Shizuoka, Japan), and the flask was
shaken at 30°C at 180 rpm. The culture broth was
homogenized with an Excel Auto Homogenizer
(Nihonseiki Kaisha Ltd., Tokyo) at 10,000 rpm for

1 min and diluted with 0.1 M potassium acetate buffer
(pH 5.0) before being examined for the number of
viable cells and the concentrations of BC, acetan,
and residual fructose. After treatment of the culture
broth containing BC with cellulase (Celluclast, Novo
Nordisk A/S, Bagsveerd, Denmark) at 30°C for 1 h,
cells were counted by the dilution plate method and
expressed as colony-forming units (cfu). The value
found was defined as the total cell number because
the number was the sum of cells entrapped in BC and
cells suspended in the culture broth. The cell number
found by the plate dilution method without
homogenization or cellulase treatment was defined as
the free cell number, that is, the number of cells sus-
pended in the culture broth. After the homogenized
culture broth was centrifuged, the precipitate was
treated with 0.1 M NaOH for 20 min at 80°C, rinsed
three times with deionized water, vacuum-dried, and
assayed for BC. The supernatant obtained by cen-
trifugation of the homogenized culture broth was
then treated with two volumes of ethanol, and the
precipitate was rinsed with the potassium acetate
buffer and assayed for acetan by the phenol-sulfate
method.!®?? Residual fructose was assayed by HPLC
as previously described.'®

Preparation of acetan. The supernatant of the cul-
ture broth of A. xylinum BPR2001 after cultivation
for 5 days in CSL-Fru medium was obtained by cen-
trifugation, and was treated with two volumes of
ethanol. The acetan that precipitated was air-dried
and the residue was dissolved in 0.1 M NaOH. An
equal volume of chloroform was added to the acetan
solution and the mixture was gently mixed in a 50-ml
conical tube (Becton Dickinson). After the tube was
centrifuged, the aqueous phase was precipitated with
ethanol and air-dried. The residue was dissolved in
deionized water. The final concentration of acetan
was about 30 g/1.

Viscosity measurement of media. The viscosity of
the CSL-Fru medium containing acetan or agar was
measured with an Ostwald viscometer (capillary in-
ner diameter, 1.0 mm; Sibata Scientific Technology
Ltd., Tokyo). Viscosity was calculated relative to the
viscosity of H,O. Measurements were done at 30°C.

Results

Cloning and sequencing of aceA from A. xylinum
BPR2001

An 8.9-kb DNA fragment was amplified by PCR
with total DNA of A. xylinum BPR2001 as the tem-
plate and primers aceF1 and aceE2, and three frag-
ments were obtained when the fragmet was digested
with EcoRI. BLAST and FASTA analyses of the
DNA sequence of one of the three fragments (2.7-kb)
showed 77.5% identity with that of aced of A. xyli-

NI | -El ectronic Library Service



Japan Society for Bioscience, Biotechnology, and Agrochemistry

Effects of Acetan on Bacterial Cellulose Production 1679

ACGT 1

Fig. 1. Transcriptional Initiation Site of aceA (lane 1).

Total RNA was extracted from BPR2001 and extended with
primer aceA214c. The length of the extension product was meas-
ured against the terminated products produced in DNA sequenc-
ing reactions with the same primer. A, C, G, and T indicate the
individual sequencing reactions. The arrow indicates the tran-
scriptional initiation site.

num C1.' Primers aceAl and aceA2 were designed
from the sequence data of the 2.7-kb EcoRI frag-
ment. PCR was done with BPR2001 total DNA as
the template, and a 1.5-kb fragment was generated.
This PCR product was labeled with DIG and used to
screen a genomic library of A. xylinum BPR2001.
Nine clones gave positive signals among about 3,000
clones. These clones were digested with EcoRI, and a
2.7 kb-DNA fragment in each clone was hybridized
with the aceA probe by Southern blotting. One clone,
PAP1, was selected.

The 2.7-kb EcoRI fragment of pAP1 was cloned
into pKF18k and pKF19k, and its DNA was se-
quenced. Computer analysis of the sequence showed
the presence of an open reading frame (ORF). The
transcriptional initiation site of this ORF was identi-
fied by the primer extension method (Fig. 1). We
assumed that the gene product of this ORF was 523
amino acid residues, from results of computer analy-
sis of its DNA sequence, but the transcriptional initi-
ation site was downstream from the putative transla-
tional initiation codon, suggesting that the number of
amino acid residues was 469. The amino acid se-
quence deduced from this ORF, assigned to aceA,
was very similar to that of AceA (84.2% identity,
90.0% similarity) from A. xylinum C1 and GumD
(29.9% identity, 45.2% similarity) from Xanthomo-
nas campestris. The accession number of this
sequence in the DNA Data Bank of Japan is
ABO059427.

Disruption of aceA gene in BPR2001

To obtain an acetan-nonproducing mutant, we
used a truncated gene strategy® to disrupt aceA. A.
xylinum BPR2001 was transformed by electropora-
tion with pUCA-EP (described in Materials and
Methods). Ampicillin-resistant colonies appearing
on FPY agar plates containing ampicillin were

Table 1. Relative Viscosity of Media

Medium Relative viscosity™
CSL-Fru 1.10
CSL-Fru+ 1.5 g/l acetan 2.43
CSL-Fru+2.9 g/l acetan 5.38
CSL-Fru+1.5 g/l agar 5.38

Each medium was autoclaved, and the measurement was at 30°C.
* The viscosity of H,O was taken to be 1.00.

homologous-recombinant on the chromosome be-
cause pUCA-EP was unable to replicate in 4. xy/li-
num. One of these transformants, EP1, was selected,
and the recombination was confirmed by PCR. Using
the total DNA of each strain as the template with
primers aceAl and aceA2, we obtained 1.5-kb and
4.9-kb DNA fragments were obtained from A. xyli-
num BPR2001 and EP1, respectively. This result in-
dicated that a 3.4-kb DNA fragment had been taken
into aceA. In combinations of primers aceAl and
M13F, or aceA2 and M13R, 0.9- or 1.2-kb DNA
fragments were amplified from EP1, but no product
was obtained from A. xylinum BPR2001. By arran-
gement of these data, pUCA-EP was seen to be in-
tegrated into the chromosome of the EP1 strain, and
aceA was seen to be disrupted.

Viscosity of media

The relative viscosity increased when the acetan
concentration increased (Table 1). The CSL-Fru
medium with 1.5 g/l agar had the same relative vis-
cosity as with 2.9 g/1 acetan.

Cultivation of EPI strain

A. xylinum BPR2001 and the acetan-nonproduc-
ing mutant EP1 produced BC at the same rate in the
first two days, but production by EP1 became lower
than that of BPR2001 after day 5. When 1.5 g/1 ace-
tan or agar was added to the EP1 culture medium at
the start of the experiment, the production rate of BC
for the first two days was increased, being higher
than that of BPR2001, and the final yield of BC was
almost the same as that of BPR2001 on day 5. With
2.9 g/1 acetan, with the same relative viscosity as
1.5 g/1 agar, the production rate further increased,
and the final concentration of BC was higher than
that of BPR2001 (Fig. 2).

The culture broth of EP1 containing 1.5 g/l acetan
was more dispersed than that of BPR2001 or EP1
without acetan, in which large flocks of BC formed
(Fig. 3). The free cell numbers of EP1 increased with
the addition of acetan or agar although the total cell
numbers were similar (Fig. 4). Perhaps the increase in
free cell numbers, which corresponded to cells that
actively produced BC, was associated with the high
relative viscosity of the media.
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Fig. 2. Bacterial Cellulose (BC) Concentration When A. xylinum
BPR2001 and Acetan-Nonproducing Mutant EP1 Are Cultivat-
ed in CSL-Fru Medium.

Symbols: O, BPR2001; A, EP1; A, EP1 with 1.5 g/1 acetan;
Vv, EP1 with 2.9 g/l acetan; m, EP1 with 1.5 g/l agar. — shows
acetan production by BPR2001.

BPR2001 EP1 EP1
(1.5 g/l acetan)

Fig. 3. Culture Broth after Cultivation for 2 Days in CSL-Fru
Medium.
Left flask, A. xylinum BPR2001; Center flask, the acetan-
nonproducing mutant EP1; Right flask, EP1 when acetan was
added to 1.5 g/l (initial concentration).

Discussion

Acetan-nonproducing mutants without other mu-
tations have not been available, mainly because
chemical mutagenesis can cause mutation of other
genes such as BC-synthesizing genes. In this study,
we obtained an acetan nonproducer by the disruption
of only aceA by the gene-truncation method.

Because the 2.7-kb EcoRI fragment from PCR
with A. xylinum BPR2001 total DNA as the template
contained a region with sequence similarity to aceA
from A. xylinum C1, we sequenced this complete
region from pAP1 screened from a BPR2001 genom-
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Fig. 4. Total and Free Cell Numbers of EP1 in the Culture with
and without Addition of Polysaccharides.

Symbols: O and @, total and free cell numbers without poly-
saccharides, respectively; & and @, total and free cell numbers
with addition of 2.9 g/ acetan, respectively; A and A, total and
free cell numbers with addition of 1.5 g/l agar, respectively.

ic library. The deduced amino acid sequence corre-
sponding to acedA from A. xylinum BPR2001 was
homologous to that of AceA from A. xylinum Cl1,
that is predicted to be a B-glucosyltransferase that
catalyzes the first step of the acetan biosynthetic
pathway to construct glucose-diphosphopolyprenol
as an intermediate of acetan.'” We have not elucidat-
ed the function of AceA yet, but the disruption of
aceA led to the derivation of the acetan-nonproduc-
ing mutant EP1, suggesting that aceA is critical for
acetan biosynthesis.

EP1 produced less BC than the parent strain
BPR2001. However, with 1.5 g/l acetan in the cul-
ture medium of EP1, the production of BC was
stimulated during the first two days, and the final
concentration of BC was almost identical to that of
the control culture of BPR2001. These results sug-
gested that acetan has a physicochemical effect on the
culture conditions and that there is no genetic
relationship between BC and acetan biosynthesis.
When 1.5 g/1 agar was present in EP1 culture, BC
production was stimulated by acetan as before.
When 2.9 g/l acetan, with relative viscosity identical
to that of 1.5 g/l agar was present, the production
rate and final yield of BC with EP1 were larger than
those with BPR2001.

Culture medium containing acetan or agar became
viscous. The viscosity of the culture medium in-
creased with the addition of polysaccharides. The
culture broth of EP1 after 2 days became a heter-
ogeneous suspension containing large flocks formed
by the aggregation of cells and BC. However, the ad-
dition of water-soluble polysaccharides such as ace-
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tan or agar led to a more dispersed culture broth
where the free cell number was increased. Therefore,
we speculate that the addition of acetan increased the
viscosity of the culture broth, by hindering coagula-
tion. Probably, increase in viscosity does not in-
fluence cell growth because only the free cell number
was raised; the total cell number was not affected in
EP1 culture until after 2 days. Increased viscosity will
lead to more dispersed BC or cells and a more
efficient uptake of oxygen or nutrients by the cells.

A. xylinum BPR2001 accumulates BC and acetan
in a similar pattern, so the effect of acetan on BC
productivity is not as great as when the acetan is
added at the start. However, the difference in BC
productivity between BPR2001 and EP1 after 5 days
reflected the effect of acetan produced by BPR2001
on its BC production rate. If acetan is produced
much earlier than BC in A. xylinum BPR2001, the
cultivation time taken to reach maximum BC produc-
tion will be shortened.

References

1) Ross, P., Mayer, R., and Benziman, M., Cellulose
biosynthesis and function in bacteria. Microbiol.
Rev., 55, 35-58 (1991).

2) Yoshinaga, F., Tonouchi, N., and Watanabe, K.,
Research progress in production of bacterial cellulose
by aeration and agitation culture and its application
as a new industrial material. Biosci. Biotechnol.
Biochem., 61, 219-224 (1997).

3) Schramm, M., and Hestrin, S., Factors affecting
production of cellulose at the air/liquid interface of a
culture of Acetobacter xylinum. J. Gen. Microbiol.,
11, 123-129 (1954).

4) Tonouchi, N., Tsuchida, T., Yoshinaga, F., Beppu,
T., and Horinouchi, S., Characterization of the
biosynthetic pathway of cellulose from glucose and
fructose in Acetobacter xylinum. Biosci. Biotechnol.
Biochem., 60, 1377-1379 (1996).

5) Couso, R. O., Ielpi, L., and Dankert, M. A., A
xanthan-gum-like polysaccharide from Acetobacter
xylinum. J. Gen. Microbiol., 133, 2123-2135 (1987).

6) Jansson, P. E., Kenne, L., and Lindberg, B., Struc-
ture of the extracellular polysaccharide from Xantho-
monas campestris. Carbohydr. Res., 45, 275-282
(1975).

7) Harding, N. E., Cleary, J. M., Cabanas, D. K.,
Rosen, 1. G., and Kang, K. S., Genetic and physical
analysis of a cluster of genes essential for xanthan
gum biosynthesis in Xanthomonas campestris. J.
Bacteriol., 169, 2854-2861 (1987).

8) Wong, H. C., Fear, A. L., Calhoon, R. D.,
Eichinger, G. H., Mayer, R., Amikam, D.,
Benziman, M., Gelfand, D. H., Meade, J. H.,
Emerick, A. W., Bruner, R., Ben-Bassat, A., and
Tal, R., Genetic organization of the cellulose
synthase operon in Acetobacter xylinum. Proc. Natl.
Acad. Sci. USA, 87, 8130-8134 (1990).

9) Edwards, K. J., Jay, A. J., Colquhoun, I. J., Morris,
V. J., Gasson, M. J., and Griffin, A. M., Generation

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

of a novel polysaccharide by inactivation of the aceP
gene from the acetan biosynthetic pathway in
Acetobacter xylinum. Microbiology, 145, 1499-1506
(1999).

Petroni, E. A., and Ielpi, L., Isolation and nucleotide
sequence of the GDP-mannose: cellobiosyl-
diphosphopolyprenol c-mannosyltransferase gene
from Acetobacter xylinum. J. Bacteriol., 178,
4814-4821 (1996).

Couso, R. O., Ielpi, L., Garcia, R. C., and Dankert,
M. A., Biosynthesis of polysaccharides in Acetobac-
ter xylinum. Eur. J. Biochem., 123, 617-627 (1982).
Couso, R. O., Ielpi, L., and Dankert, M. A., A
xanthan-gum-like polysaccharide from Acetobacter
xylinum. J. Gen. Microbiol., 133, 2123-2135 (1987).
Iannino, N. I., Couso, R. O., and Dankert, M. A.,
Lipid-linked intermediates and the synthesis of acetan
in Acetobacter xylinum. J. Gen. Microbiol., 134,
1731-1736 (1988).

Semino, C. E., and Dankert, M. A., In vitro biosyn-
thesis of acetan using electroporated Acetobacter
xylinum cells as enzyme preparations. J. Gen.
Microbiol., 139, 2745-2756 (1993).

Griffin, A. M., Morris, V. J., and Gasson, M. J.,
Identification, cloning and sequencing the aceA4 gene
involved in acetan biosynthesis in Acetobacter xyli-
num. FEMS Microbiol. Lett., 137, 115-121 (1996).
Toyosaki, H., Kojima, Y., Tsuchida, T., Hoshino,
K., Yamada, Y., and Yoshinaga, F., The characteri-
zation of an acetic acid bacterium useful for produc-
ing bacterial cellulose in agitation cultures: the
proposal of Acetobacter xylinum subsp. sucrofer-
mentans subsp. nov. J. Gen. Appl. Microbiol., 41,
307-314 (1995).

Nakai, T., Moriya, A., Tonouchi, N., Tsuchida, T.,
Yoshinaga, F., Horinouchi, S., Sone, Y., Mori, H.,
Sakai, F., and Hayashi, T., Control of expression by
the cellulose synthase (bcsA) promoter region from
Acetobacter xylinum BPR2001. Gene, 213, 93-100
(1998).

Chao, Y. P., Sugano, Y., Kouda, T., Yoshinaga, F.,
and Shoda, M., Production of bacterial cellulose by
Acetobacter xylinum with an air-lift reactor.
Biotechnol. Techniq., 11, 829-832 (1997).

Ausubel, F. M., Brent, R., Kingston, R. E., Moore,
D. D., Seidman, J. G., Smith, J. A., and Struhl., K.,
Current protocols in molecular biology., John Wiley
& Sons, New York, sections 2.4.1-2.4.5 (1988).
Sambrook, J., Fritsch, E. F., and Maniatis, T.,
Molecular cloning: a laboratory manual, 2nd ed.,
Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York, sections 1.74-1.84, 6.3-6.35
(1989).

Toyosaki, H., Naritomi, T., Seto, A., Matsuoka, M.,
Tsuchida, T., and Yoshinaga, F., Screening of bac-
terial cellulose-producing Acetobacter strains suitable
for agitated culture. Biosci. Biotechnol. Biochem.,
59, 1498-1502 (1995).

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers,
P. A., and Smith, F., Colorimetric method for deter-
mination of sugars and related substances. Anal.
Chem., 28, 35-356 (1956).

NI | -El ectronic Library Service



