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Five acetic acid-sensitive mutants ofAcetobacter aceh subsp. aceti no. 1023 were isolated by mutagenesis with
N-methyl-N'-nitro-N-nitrosoguanidine. Three recombinant plasmids that complemented the mutations were
isolated from a gene bank of the chromosome DNA of the parental strain constructed in Escherichia coli by
using cosmid vector pMVC1. One of these plasmids (pAR1611), carrying about a 30-kilobase-pair (kb)
fragment that conferred acetic acid resistance to all five mutants, was further analyzed. Subcloning
experiments indicated that a 8.3-kb fragment was sufficient to complement all five mutations. To identify the
mutation loci and genes involved in acetic acid resistance, insertional inactivation was performed by insertion
of the kanamycin resistance gene derived from E. coli plasmid pACYC177 into the cloned 8.3-kb fragment and
successive integration into the chromosome of the parental strain. The results suggested that three genes,
designated aarA, aarB, and aarC, were responsible for expression of acetic acid resistance. Gene products of
these genes were detected by means of overproduction in E. coli by use of the lac promoter. The amino acid
sequence of the aarA gene product deduced from the nucleotide sequence was significantly similar to those of
the citrate synthases (CSs) of E. coli and other bacteria. The A. aceti mutants defective in the aarA gene were
found to lack CS activity, which was restored by introduction of a plasmid containing the aarA gene. A
mutation in the CS gene of E. coli was also complemented by the aarA gene. These results indicate that aarA
is the CS gene.

Acetic acid bacteria, which are composed of two genera,
Acetobacter and Gluconobacter, are unique microorganisms
characterized by their strong ability to oxidize alcohols and
sugars and high resistance to acetic acid. Recently, the
biochemical background of ethanol oxidation has been elu-
cidated by purification and characterization of membrane-
bound alcohol dehydrogenase (ADH) and membrane-bound
aldehyde dehydrogenase (ALDH), both of which are respon-
sible for oxidation of ethanol into acetic acid (1, 2).
However, there have been few studies on the mechanism

of resistance to acetic acid despite its basic and industrial
interest. Yamada et al. (30) isolated Gluconobacter mutants
that were sensitive to acidic pH. However, they did not
analyze the acetic acid resistance of their mutants. Resis-
tance to acetic acid does not always result from resistance to
low pH. For example, strains capable of growing at low pH
cannot grow at the same pH when adjusted with acetic acid.
There may be some specific machinery to protect the cells
from the toxicity of acetic acid.
To analyze acetic acid resistance in Acetobacter strains,

we isolated acetic acid-sensitive mutants by mutagenesis.
Using these mutants as hosts, we succeeded in cloning the
DNA fragment that conferred distinct acetic acid resistance
to the mutants and found that at least three genes are
required for conferring acetic acid resistance. The nucleotide
sequence of one of the genes revealed that it coded for
citrate synthase (CS). This paper describes the cloning and
characterization of genes responsible for acetic acid resis-
tance in Acetobacter strains.

* Corresponding author.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used are listed in Table 1. Acetic acid-sensitive
mutants of Acetobacter aceti subsp. aceti no. 1023 were
isolated by treatment with N-methyl-N'-nitro-N-nitro-
soguanidine (NTG).
Media and culture conditions. Escherichia coli was grown

in Luria broth (5). YPG medium and growth conditions for
derivative strains of A. aceti subsp. aceti no. 1023 were as
those described previously (22). Ampicillin and kanamycin
were added, if necessary, at final concentrations of 50 and 80
jig/ml, respectively. Luria broth containing 1 mM isopropyl-
P-D-thiogalactopyranoside (IPTG) was used for induction of
the lac promoter in E. coli JM109. The acetic acid resistance
of the Acetobacter strains was judged by growth on YPG
agar medium containing various concentrations of acetic
acid. Ethanol oxidation was measured by assaying the
amount of acetic acid in a liquid medium containing, per
liter, 30 g of ethanol, 1 g of glucose, 5 g of yeast extract and
2 g of polypeptone (pH 6.0). Acetic acid was determined by
titration with 0.1 N sodium hydroxide.

Isolation of acetic acid-sensitive mutants. Cells of A. aceti
subsp. aceti 10-8 were treated with 30 ,ug of NTG per ml as
described previously (21) and incubated on YPG agar me-
dium for several days. Acetic acid-sensitive mutants were
selected by replica plating on YPG agar medium containing
20 g of acetic acid per liter, which was the highest concen-
tration allowing growth of the parental strain. About 0.1% of
cells that grew after NTG treatment were acetic acid sensi-
tive.
DNA preparation and manipulation. Total DNA and plas-
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TABLE 1. Bacterial strains and plasmidsa

Strain or Relevant Source or
plasmid characteristics reference(s)

Strains
E. coli
HB101 F- hsdS20 recA13 ara-14 3

proA2 lacYl gaIK2 rps-120
xyl-5 mtl-l gyrA96 supE44
leuB6 thi-l

JM109 recAl A(lac-pro) endAl 31
gyrA96 thi-J hsdRI7 relAl
F' traD36 proAB
lacIqZAM15

IFO 3208 K-12, wild type IFO
MOB150 gltA Ict-J thi-1 lacYl galK2 28

xyl-5 ntl-l tsx-57 tfr-5 rpsL
supE44 hsdR4

A. aceti subsp.
aceti

No. 1023 Wild type 20
10-8 pro Acer; mutant derived 23

from no. 1023
Plasmids
pHC79 Apr Tcr cos 14
pUC8, -9, -18, Apr lacZ' 18, 31

-19
pACYC177 Apr Kmr 4
pMV102 Cryptic plasmid of A. aceti 8

subsp. xylinum NBI1002
pMV24 Apr; shuttle vector between 11

E. coli and Acetobacter sp.
pMVC1 Apr cos; shuttle vector This study

between E. coli and
Acetobacter sp.

a Acer, Able to grow in the presence of 20 g of acetic acid per liter; IFO,
Institute for Fermentation, Osaka, Japan. pMVC1 (8.4 kb) was constructed by
inserting pMV102 between the EcoRI and the ClaI sites of pHC79.

mid DNAs were prepared by methods described previously
(22). Restriction endonucleases, T4 DNA ligase, bacterial
alkaline phosphatase, and T4 DNA polymerase were ob-
tained from Takara Shuzo Co., Ltd. (Kyoto, Japan) and used
as specified by the manufacturer. Agarose gel electrophore-
sis was carried out as described previously (22).

E. coli strains were transformed as described by Hanahan
(13). Acetobacter strains were transformed as described
previously (10).

Construction of a cosmid bank of A. acedi subsp. aceti no.
1023 in E. coli. Total DNA of A. aceti subsp. aceti no. 1023
was partially digested with Sau3AI to yield fragments pre-
dominantly larger than 20 kilobase pairs (kb). The digested
total DNA was ligated to pMVC1 that had been digested
with BamHI and dephosphorylated. The ligation mixture
was packaged, and the packaging mixture was used for
construction of a cosmid bank in E. coli HB101 as described
previously (11).

Identification of an acetic acid resistance gene. A total of
1,500 Apr E. coli HB101 colonies of the cosmid bank were
divided into 150 pools (each pool contained 10 transfor-
mants), and DNAs from each pool were introduced into
acetic acid-sensitive mutants by transformation after linear-
ization by digestion with PstI to facilitate efficient recombi-
nation because the transformation efficiency was extremely
low (less than 10 transformants per ,ug of DNA) when a
covalently closed circular DNA was used as a donor DNA.
The linearized DNA was transformed into acetic acid-sensi-
tive mutants. After transformation and incubation in YPG

medium overnight, transformants were plated on YPG agar
supplemented with 20 g of acetic acid per liter, which
completely inhibited growth of the mutants. Then each
plasmid DNA from individual members of the pools that
allowed growth on the medium described above was treated
in the same way to identify plasmids that carried acetic acid
resistance genes. Acetic acid-resistant transformants were
obtained at an efficiency of about 50 to 100/lLg of DNA of a
plasmid that complemented the mutations.
For subcloning, the plasmid DNA complementing the

mutations was digested with appropriate restriction endonu-
cleases and ligated to pUC18 digested with the same restric-
tion endonuclease. The resultant recombinant plasmids were
then linearized with restriction endonucleases and intro-
duced into the mutants to identify a region complementing
their mutations.

Insertional inactivation by integration of the Kmr gene. To
determine a region responsible for acetic acid resistance, we
carried out insertional inactivation experiments as follows.
We first constructed chimeric plasmids, which consisted of
the vector, the cloned DNA fragments, and the fragment
containing the Kmr gene (the HaeII fragment). The Kmr
gene fragment was produced by digestion of E. coli plasmid
pACYC177 with HaeII and inserted at various restriction
sites in the cloned DNA fragment. These plasmids were
digested with a restriction endonuclease that did not digest
the HaeII fragment or its adjacent region, and the resultant
linearized plasmid DNA was introduced by transformation
into the acetic acid-resistant parental strain, 10-8. Transfor-
mants were selected on YPG agar supplemented with 80 ,ug
of kanamycin per ml. We analyzed all Kmr transformants by
Southern blot hybridization, using the HaeII fragment as
well as the cloned DNA fragment as probes to confirm that
the HaeII fragment was integrated into the correct position
on the chromosome.
For example, to examine whether the EcoRV site on

pAR144 depicted in Fig. 1 is involved in resistance, pAR144
DNA was digested with EcoRV, which cleaved it at a single
site, and then ligated with the HaeII fragment, which was
treated with T4 DNA polymerase to make both ends flush,
and attached to BamHI linker with T4 DNA ligase. The
chimeric plasmid thus constructed in E. coli was digested
with EcoRI to produce a linear form, and the linearized DNA
was introduced into acetic acid-resistant strain 10-8. The
transformation efficiency was about several hundred Kmr
transformants per microgram of DNA. Total DNAs of the
resultant Kmr transformants were digested with various
restriction endonucleases and analyzed by Southern hybrid-
ization. When the HaeII fragment was used as the probe, a
distinct hybridization signal was detected in the DNA of the
transformants, whereas no hybridization was observed with
the total DNA of acetic acid-resistant host 10-8. The size of
the hybridized fragment coincided with that of the HaeII
fragment when total DNA of the transformant digested with
BamHI was used as a target DNA. In addition, when the
insert DNA ofpAR301 was used as the probe, the hybridized
band was larger than that obtained by using total DNA of the
host as a target DNA; its size corresponded exactly to that
expected as a result of integration of the HaeII fragment at
the target position. On the basis of these results, we con-
firmed that the HaeII fragment was integrated in the correct
position.
The Kmr transformants thus obtained were then replica

plated on YPG agar medium containing various concentra-
tions of acetic acid for examination of the extent of their
acetic acid resistance.
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TABLE 2. Physiological properties of mutants of A. aceti
subsp. aceti 10-8 unable to grow in the presence

of 5 g of acetic acid per liter'

Resistance to acetic Sp act (U/mg of protein)Strain acid (g/Iiter)b D AD

10-8 20 0.40 2.3
AS5 <5 0.53 2.4
AS8 <5 0.41 2.6
AS10 <5 0.64 3.1
AS13 <5 0.40 2.4
AS81 <5 0.41 2.8

a All strains were resistant to propionic acid at 8 g/liter and to fluoroacetic
acid at 13 mM, had a pH range for growth of 3.1 to 7.2, and were able to
produce acetic acid by oxidation of ethanol.

b Expressed as maximum concentration that allowed growth.

Southern blot hybridization. Southern blot hybridization
was performed by the standard method (17). Probe DNA
was prepared with the biotin labeling kit (Bethesda Research
Laboratories, Inc., Gaithersburg, Md.), and the membrane
was treated as instructed by the manufacturer.
Enzyme assays. Membrane-bound ADH and membrane-

bound ALDH activities in the cellular extracts of Acetobac-
ter strains, which were prepared by methods described
previously (11), were measured and expressed as described
by Ameyama and Adachi (1, 2). CS and succinate dehydro-
genase activities were determined as described by Srere (26)
and Veeger et al. (27), respectively. Protein was determined
by the method of Lowry et al. (16).
SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) was performed by the method
of Laemmli (15), using a 4 to 20% linear gradient of poly-
acrylamide. For low-molecular-weight proteins, the method
of Fling and Gregerson (7) was also used. Proteins were
visualized by staining with Coomassie brilliant blue. Stan-
dard proteins for molecular weight determination were ob-
tained from Pharmacia (Uppsala, Sweden).
DNA sequencing. The nucleotide sequence of the 1.6-kb

SphI fragment containing the aarA gene was determined by
the dideoxynucleotide triphosphate chain termination
method of Sanger et al. (25), using M13mpl8 or M13mpl9
phage (18), a Takara sequencing kit, and [ot-32P]dCTP (3,000
Ci/mmol; Amersham Corp., Arlington Heights, Ill.). A DNA
sequencer (model 370A; Applied Biosystems, Inc., Foster
City, Calif.) was also used to determine part of the sequence.
Computer analysis of the DNA sequence. The DNA se-

quence was analyzed by using the GENETYX sequence
analysis program (Software Development Co., Ltd., Tokyo,
Japan).

RESULTS

Isolation of acetic acid-sensitive mutants. Acetic acid-sen-
sitive mutants ofA. aceti subsp. aceti no. 1023 were selected
after NTG treatment by replica plating on YPG agar medium
containing 20 g of acetic acid per liter. In the first cycle of
isolation, 23 acetic acid-sensitive colonies were isolated.
However, the sensitivity of most mutants easily reverted to
acetic acid resistance during several transfers of culture.
After several cycles of isolation, we selected five stable
mutants, designated AS5, AS8, AS10, AS13, and AS81. The
frequency of reversion of each mutant was below 10-9.
The physiological characteristics of the five mutants are

shown in Table 2. These mutants showed properties similar

to those of the parental strain 10-8 except for acetic acid
resistance. All of the mutants possessed both ADH and
ALDH activities at the same levels as those of the parental
strain. They are not pH-sensitive mutants because the pH
range allowing their growth, which was adjusted with HCl,
was the same as that of the parental strain. Furthermore,
since their resistance to other toxic chemicals, such as
propionic acid and fluoroacetic acid, was the same as that of
the parental strain, these mutants were considered to be
sensitive only to acetic acid. These data also suggest that
there is a specific machinery for protecting the cells from
acetic acid.

Cloning of the acetic acid resistance gene. First, we tried to
clone genes involved in acetic acid resistance by using two of
the five mutants (AS5 and AS10) as described in Materials
and Methods. Using AS5 as a host, we isolated three
plasmids, designated pAR1611, pAR2424, and pAR2910.
These three plasmids contained about a 30-kb insert DNA.
When AS10 was used as a host, two of the same plasmids
(pAR1611 and pAR2910) were selected. In addition, we
found that these three plasmids also conferred acetic acid
resistance on strains AS8, AS13, and AS81.
We next subcloned the insert DNA of pAR1611 by using

pUC18 as a vector to identify the region essential to com-
plement AS5 and AS10, because pAR1611 conferred acetic
acid resistance on all five mutants. The mutations of AS5 and
AS10 were complemented by a plasmid (pAR144) containing
a 7.5-kb EcoRI fragment and by a plasmid (pAR248) con-
taining a 6.7-kb BglII fragment, respectively. The DNA
fragments cloned in pAR144 and pAR248 shared a common
1.5-kb region (Fig. 1). On the other hand, pAR301, contain-
ing a 8.3-kb PstI fragment that covered most parts of the
aforementioned EcoRI and BglII fragments, conferred resis-
tance not only on AS5 and AS10 but also on the other three
mutants (Table 3). The 8.3-kb PstI fragment was confirmed
to be derived from A. aceti subsp. aceti no. 1023 by
Southern hybridization (data not shown).
The positions of mutations on the restriction map were

determined by cloning six fragments (A to F; Fig. 1) and
determining their abilities to confer acetic acid resistance on
each mutant. Fragments A, B, and E complemented the
mutations of AS5 and AS8, AS13, and AS81 and ASIO,
respectively (Table 3), suggesting that the acetic acid resis-
tance gene(s) was located in this PstI fragment of pAR301.

Determination of a region involved in acetic acid resistance
by insertional inactivation. A. aceti subsp. aceti 10-8 has
strong recombination activity; by use of this activity, a
relatively simple technique for gene disruption or replace-
ment has been developed (24). We applied this technique to
determine a region associated with the resistance. The HaeII
fragment containing the Kmr gene derived from pACYC177,
which is expressed in Acetobacter strains (9), was used for
this purpose. If a restriction site into which the Kmr gene has
been inserted is located in a region essential for expression
of acetic acid resistance, integration of the Kmr gene into
this site is expected to influence expression of the resistance
gene and, in some cases, cause inactivation of the gene.
The Kmr gene was inserted in 18 restriction sites located in

the PstI fragment of pAR301 (Fig. 1). Acetic acid resistance,
oxidation of ethanol, and ADH and ALDH activities of the
transformants were examined. Integration of the Kmr gene
into eight sites (Fig. 1) abolished acetic acid resistance, but
with no other phenotype alteration. We could not obtain
Kmr transformants when the Kmr gene was inserted into two
sites (ClaI and PmaCI). The sites at which integration of the
Kmr gene caused a remarkable decrease in resistance were

J. BACTERIOL.
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FIG. 1. Restriction maps of regions ofA. aceti subsp. aceti no. 1023 DNA that complement acetic acid sensitivity mutations and the effect
of integration of HaeII fragment on acetic acid resistance of the host. The Haell fragment containing the Kmr gene derived from pACYC177
was inserted into various restriction sites (indicated by horizontal lines) in the insert DNA on pAR301 and integrated into the chromosome
of acetic acid-resistant strain 10-8. 0 and 0, Acetic acid-resistant and -sensitive phenotypes, respectively, of Kmr transformants obtained by
integration of the HaeII fragment; A, no Kmr transformants were obtained by transformation with the DNAs containing the Haell fragment
at these sites. aarA, aarB, and aarC are genes predicted by in vitro protein synthesis experiments. Restriction sites: Ba, Ball; Bg, BglII; C,
ClaI; E, EcoRI; Hc, HincII; Hd, HindlIl; N, NsiI; Pm, PmaCI; Ps, PstI; Pv, PvuII; Sm, SmaI; Sp, SphI; V, EcoRV.

clustered and divided in three regions. These three regions
were in good agreement with the results of complementation
experiments in which fragments A, B, and E were identified,
which were designated aarA, aarB, and aarC, respectively.
The ClaI and PmaCI sites were tentatively included in gene
X because disruption of the sequence around these sites
brought about a disadvantageous, presumably lethal, effect
on the host, and its involvement in acetic acid resistance
remains unclear. Oxidation activity and ADH and ALDH
activities were not influenced by the integration in any of the
Kmr transformants. From these results, we concluded that
acetic acid resistance genes, which are composed of at least
three genes, were located within the 8.3-kb insert.
To confirm this conclusion, we transformed the additional

eight acetic acid-sensitive Kmr transformants described
above with pAR311, which contained the 8.3-kb PstI frag-
ment at the PstI site of pMV24, and Apr Kmr transformants
were selected. After the presence of both plasmid pAR311
and the Kmr gene on the chromosome had been confirmed
by Southern hybridization, the acetic acid resistance of each
transformant was examined by the plate assay method. All
of the transformants grew on medium containing 20 g of
acetic acid per liter; i.e., their resistance levels were the

TABLE 3. Complementation of mutations of acetic acid-sensitive
mutants by various DNA fragments

Complementation by':

Strain Fragment
pAR144 pAR248 pAR301

A B C D E F

AS5 + - +
AS8 + + - ++
AS10 - + + - - - - + -

AS13 + - + - + - - - -

AS81 + - + - + - - - -

I +, Acetic acid resistance; -, acetic acid sensitivity.

same as that of the parental strain. All of these data are
consistent with the conclusion that the genes required for
conferring acetic acid resistance are contained in the 8.3-kb
PstI fragment.

Expression of the aarA, aarB, and aarC gene products in E.
coli. As described above, the three genes aarA, aarB, and
aarC were all required for expression of the acetic acid
resistance phenotype. To determine whether proteins are

encoded by these three regions, we tried to direct oversyn-
thesis of the gene products under the control of the lac
promoter in E. coli JM109. Various restriction fragments
derived from the 8.3-kb fragment of pAR301 were ligated to
the pUC vectors so as to express the gene in the form of a

1 2 3 4 5 6 7 89

(kDa)

94

67-
43-

30

20-

14.4-

FIG. 2. SDS-PAGE analysis of cellular proteins prepared from
E. coli JM109 transformants in the presence and absence of IPTG.
Lanes: 1, molecular size markers; 2, uninduced JM109(pUC18);
3, induced JM109(pUC18); 4, uninduced JM109(pAR403); 5, in-
duced JM109(pAR403); 6, uninduced JM109(pAR501); 7, induced
JM109(pAR501); 8, uninduced JM109(pAR601); 9, induced JM109
(pAR601). The structures of pAR403, pAR501, and pAR601 are

depicted in Fig. 3. Arrows indicate the oversynthesized proteins.
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I
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l I I I I I

Scale! - 0.5kb

FIG. 3. Oversynthesis of proteins encoded by insert DNA of pAR301 in E. coli JM109 by use of the lac promoter and strategy for
sequencing the 1.6-kb SphI fragment. All fragments indicated were cloned in pUC8, -9, -18, or -19. Arrows indicate direction of transcription.
Numbers in parentheses indicate sizes (in kilodaltons) of the proteins oversynthesized upon induction with IPTG. NP, No oversynthesis of
proteins was observed upon induction with IPTG. Black boxes indicate locations of the putative coding regions estimated from the sizes of
the oversynthesized proteins. Arrows below the black box corresponding to the putative ORF of the aarA gene indicate the orientation and
extent of sequence determination. Abbreviations for restriction sites are defined in the legend to Fig. 1.

fused protein with 3-galactosidase. E. coli transformants
carrying recombinant plasmids, obtained in this way, were
cultured in the presence and absence of IPTG, and the
protein profiles of their cellular extracts were analyzed by
SDS-PAGE (Fig. 2). Transformants carrying pAR403,
pAR501, or pAR601, when induced with IPTG, synthesized
large amounts of fused proteins of 36, 17, and 43 kilodalton
(kDa), respectively, which we assume were encoded by the
insert DNA.
We observed that nine transformants having some insert

DNAs on plasmids oversynthesized specific proteins when
induced with IPTG (Fig. 3). On the basis of the sizes of the
proteins and the orientations of the insert DNAs, we could
predict the existence of four putative open reading frames

(ORFs). Three of them corresponded well to the gene
products of aarA, aarB, and aarC that were expected from
the results of insertional inactivation. These results also
clearly demonstrated that the putative ORF corresponding
to gene X, which covered both the Clal and PmnaCI sites,
coded for a protein different from that encoded by aarB, as
expected.

Nucleotide sequence of the aarA gene. To analyze the role
of each resistance gene, we determined the nucleotide se-
quence of the 1.6-kb SphI fragment containing the aarA gene
according to the sequence strategy shown in Fig. 3. The
sequence (Fig. 4) comprised 1,624 nucleotides (nt); within
this region was found a single ORF, which corresponded to
the aarA gene product expected from the results of both

J. BACTERIOL.
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SphI .........
GCATGCATTTGCACACATTCGCGCGACCCTAAGCCCAAAAAACTGTGGTTTTCCAAGCATACTCCTTTCCGATAACGCTTCGTTTATCGCTGGCAACCTT 100

CCGGTTTCCTTTTGAATGAGTGACAAAGTGTGACGAGCAGGCCGCAGCAGCGACCGTGGCCCAACCATGCAGAAGGAAACACTAATGAGCGCGTCGCAGA 200
S D MetSerAlaSerGlnLys

AAGAAGGTAAGCTATCTACCGCTACCATTTCGGTTGATGGAAAATCCGCCGAAATGCCTGTGCTTTCAGGCACTCTGGGACCGGATGTTATCGACATCCG 300
GluGlyLysLeuSerThrAlaThrIleSerValAspGlyLysSerAlaGluMetProValLeuSerGlyThrLeuGlyProAspValIleAspIleArg

CAAACTTCCGGCGCAACTGGGCGTTTTCACGTTTGACCCAGGTTACGGGGAAACAGCGGCCTGCAACAGCAAAATCACCTTTATTGATGGTGATAAAGGC 400
LysLeuProAlaGInLeuGlyValPheThrPheAspProGlYTYrGlyGluThrAlaAlaCysAsnSerLysIleThrPheIleAsPGlYAspLysGly

* . . PvuIIL . . . . . . I
GTTCTGCTGCACCGTGGTTACCCTATTGCGCAGCTGGACGAAAATGCTTCCTACGAAGAAGTTATTTATCTGCTTTTGAATGGCGAACTGCCCAACAAGG 500
ValLeuLeuHisArgGlyTyrProIleAlaGlnLeuAspGluAsnAlaSerTyrGluGluValIleTyrLeuLeuLeuAsnGlyGluLeuProAsnLysVa1

TGCAGTACGACACCTTCACCAACACCCTTACAAACCATACGCTGCTGCACGAGCAGATCCGTAACTTCTTTAACGGCTTCCGGCGTGATGCCCACCCAAT 600
GlnTyrAspThrPheThrAsnThrLeuThrAsnHisThrLeuLeuHisGluGlnIleArgAsnPhePheAsnGlyPheArgArgAspAlaHisProMet

BalI ...******
GGCCATTCTGTGTGGTACGGTTGGGGCTTTGTCTGCCTTCTACCCAGATGCCAACGATATTGCCATTCCCGCCAATCGGGATCTGGCCGCCATGCGGCTG 700
AlaIleLeuCysGlyThrValGlyAlaLeuSerAlaPheTyrProAspAlaAsnAspIleAlaIleProAlaAsnArgAspLeuAlaAlaMetArgLeu

ATTGCCAAAATCCCAACCATTGCGGCATGGGCTTACAAATACACGCAGGGTGAAGCCTTTATCTACCCGCGGAATGATCTGAACTACGCAGAAAACTTCC 800
IleAlaLysIleProThrIleAlaAlaTrpAlaTyrLysTyrThrGlnGlyGluAlaPheIleTyrProArgAsnAspLeuAsnTyrAlaGluAsnPheLeu

HincII . . . Sphi
TGTCCATGATGTTCGCGCGCATGTCCGAACCTTACAAGGTCAACCCTGTTCTGGCCCGCGCCATGAACCGGATTCTGATTCTGCATGCCGATCATGAGCA 900

SerHetMetPheAlaArgMetSerGluProTyrLysValAsnProValLeuAlaArgAlaMetAsnArgIleLeuIleLeuHisAlaAspHisGluGIn

GAATGCCTCTACCTCCACCGTACGTCTGGCTGGTTCTACAGGGGCCAATCCGTTTGCCTGTATTGCTGCGGGCATTGCCGCTCTGTGGGGACCTGCACAT 1000
AsnAlaSerThrSerThrValArgLeuAlaGlySerThrGlyAlaAsnProPheAlaCysIleAlaAlaGlyIleAlaAlaLeuTrpGlyProAlaHis

GGTGGCGCAAACGAAGCTGTGCTGAAAATGCTGGCCCGTATTGGCAAGAAAGAAAATATTCCTGCCTTTATCGCACAGGTGAAGGACAAGAACAGCGGCG 1100
GlyGlyAlaAsnGluAlaValLeuLysMetLeuAlaArgIleGlyLysLysGluAsnIleProAlaPheIleAlaGlnValLysAspLysAsnSerGlyVaI

* BalI . . . . .
TAAAGCTGATGGGCTTTGGCCACCGCGTTTACAAGAACTTCGACCCACGTGCGAAGATCATGCAGCAGACCTGCCACGAAGTGCTGACAGAACTTGGCAT 1200
LysLeuMetGlyPheGlyHisArgValTyrLysAsnPheAspProArgAlaLysIleMetGlnGlnThrCysHisGluValLeuThrGluLeuGlylle

TAAGGATGATCCGCTGCTGGATCTGGCGGTTGAGCTGGAAAAGATTGCTCTGAGCGATGATTACTTCGTGCAGCGCAAACTTTACCCGAATGTGGATTTC 1300
LysAspAspProLeuLeuAspLeuAlaValGluLeuGluLysIleAlaLeuSerAspAspTyrPheValGlnArgLysLeuTyrProAsnValAspPhe

* . NcoI
TACTCTGGCATCATTCTCAAGGCCATGGGCATCCCCACCAGTATGTTTACTGTGCTGTTTGCCGTAGCCCGCACCACCGGCTGGGTGAGCCAGTGGAAGG 1400
TyrSerGlyIlelleLeuLysAlaMetGlyIleProThrSerMetPheThrValLeuPheAlaValAlaArgThrThrGlyTrpValSerGInTrpLysGlu

AAATGATTGAAGAACCGGGCCAGCGTATCAGCCGCCCTCGCCAGCTTTATATTGGCGCACCGCAGCGTGACTATGTGCCGCTTGCCAAACGCTAAAACAG 1500
MetIleGluGluProGlyGlnArgIleSerArgProArgGlnLeuTyrIleGlyAlaProGlnArgAspTyrValProLeuAlaLysArgTRM

ACTAACCCAAAAAGCCGACT tCCCGTAAGGAAAGTCGGCTTTTTGTTTGCACGCTGTTTCCAAAAAAATAGGGCGGCAGAGCGAATAAACGCTACCTAGC 1600

* SphI
CTTCAGGCATAAAAAAACGCATGC 1624

FIG. 4. Nucleotide and deduced amino acid sequences of the 1.6-kb SphI fragment. The deduced amino acid sequence is shown below the
nucleotide sequence. The putative Shine-Dalgarno (SD) sequence is underlined, and an inverted repeat downstream of the stop codon is
indicated by arrows.

insertional inactivation and protein oversynthesis experi- as the start codon, we calculated that this ORF comprises a
ments. This ORF started at either ATG (nt 167 to 169) or protein composed of 436 amino acid residues with a molec-
ATG (nt 185 to 187) and terminated at TAA (nt 1493 to 1495). ular size of 49.3 kDa. The overall G+C content of the coding
The ATG (nt 185 to 187) appeared to be functional, since a sequence was 53 mol%; values for codon positions 1, 2, and
possible ribosome-binding sequence (12), AGAAGG, was 3 were 59, 41, and 61 mol%, respectively. Downstream of
present 8 nt upstream of this ATG codon. Taking this ATG the stop codon was found an inverted repeat (nt 1508 to
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A. aceti subsp. aceti
E. coli
R. prowazekii
P. aeruginosa

10 20
MSASQKEGKLSTATISVDGK

MADTKAJKLTLNGD
MTNGNNNNLEFAELKIREK

MADKKAQLIIEGSA

30 40 50 60 70 80
SA-EMP IRKLPAQL PG P
TAVjlCD LI IRTLGSK- P FTI L GF
LF-KLP ASI G ISRVSAEAD l 0DP G D
PV-EE-p- L G_;I) RGLTAT-G 1i DPC M sECEcKI YIDO K GY

90 100 110 120 130 140
IAj DENASYE I LL K DT NTLT. LL_ IRNF GFRRD PM
DQUATDSNYLECYILL DE TTVT MI ITRLHAFRRDS PM
DKt EKSDFL w 4I scSC KKVA L,V LHY T.ECSS PM

IWANgByEA D T LLL 2ffTAAKE GITYK LKT GRERR -PM

150 160 170 180 190 200
ILCGT NDIAIPANRDL I _ TAEI
YMICQI MF w aL9VINERRETI$AFF;L9K rL CYKYLSLQEy S
I1LAA FF LLNFN-ETDYELTI I ISY EEIY
VNCGVI FL SLIDITNEKHEBVS I I RM

210 220 230 240 250 260
YAE F RMSEPYKV LA NR ILHADHEQNASTSTV ANPFACI
TA F PC_PYLHALERLI HDHEQNASTSTV G ANPFACI
FT F TP.CTKXIIPIIKNIALK I LHADHEQNASTSTV I G SANPFACI
YA F TNCETXPIS LALK1EfWILHADHE NASTSTL G ANPFACI

270 280 290 300 310 320
A WEL KKEN AFIAQ DKISGV MGFGHRVY
A$I r FWGPAHGGANE L EI BVKH EFFRR DKENS_Fi MGFGHRVY
S GISJJWGPAHGGANEA LT EISSEN ESYYAAKDKN4EER MGFGHRVYqS
A_I WGPAHGGANE DE DYS KEYE M GFG HR

330 340 350 360 370 380
IIMQ IKDVD P L IA QBRYPNV SGI

PRAITYR VK L 1-TQDD-LL JIAEK YPNV -YSGIILKA
IRAVLK$ V L LD._NrPI I AL 'ER YPNV YSGIIwK
AYMKQD VN L -I-NDPQ LM RH EBENYPNV EYSGIILKA

390 400 410 420 430
R S i--EEGQR PRQLY YVPSAB

AMRTTSD-GMK PRQLY E FKSDI 1K
A IAR+FTM WY i5REPE_QK PPRQL YKCIVI4

R YisH SGEP-YiE PRQLY T _FTALKDG
FIG. 5. Alignment of amino acid sequences of the ORF in the 1.6-kb Sphl fragment and CSs from E. coli (19), R. prouazekii (29), and P.

aeruginosa (6). Numbers above the sequence are based on the sequence of the ORF within the 1.6-kb SphI fragment. Amino acids identical
in the four proteins are boxed; those identical in two or three proteins are underlined. -, Gap introduced to obtain maximal alignment.

1545), which might form a stem-loop structure acting as a
transcription terminator; and its -AG was 28.6 kcal (ca.
119.7 kJ)/mol.
Computer analysis using the EMBL data base revealed

that the ORF had significant similarity to CSs from E. coli
(19), Rickettsia prowazekii (29), and Pseudomonas aerugi-
nosa (6). There was a 64.4% match of amino acids with E.
coli CS, a 56.8% match with R. prowazekii CS, and a 67.8%
match with P. aeruginosa CS and many stretches conserved
among these enzymes distributed over the sequence (Fig. 5).
The molecular sizes of CSs of E. coli, R. prowazekii, and P.
aeruginosa are 48.2, 49.2, and 47.6 kDa, respectively, which
are similar to that of the expected aarA gene product. These
results strongly suggested that the (la/A gene codes for a CS.
We therefore determined the CS activity in the Acetobac-

ter mutants sensitive to acetic acid as a result of a defect of
aarA. AS5, isolated by mutagen treatment, lost CS activity
(Table 4). In addition, the Kmr and acetic acid-sensitive
mutant, AS5K, generated by integration of the HaeII frag-
ment into the HincIl site (nt 839 to 844), also showed no
detectable CS activity. Introduction of pAR406 and pAR416,

TABLE 4. Enzyme activities of acetic acid-sensitive mutants
of A. aceti subsp. aceti

Resistance Sp act (U/mg of protein)
Strain to aceticSucnt

acid (g/liter) CS Succinate

10-8 20 0.39 0.090
ASS <5 <0.01 0.103
AS5K a <5 <0.01 0.141
AS5K(pAR406b) 20 4.5 0.121
AS5K(pAR416') 20 5.7 0.112

" Acetic acid sensitive, Kmr transformant induced by integration of the
Haell fragment into the Hincll site within the aarA gene.

" Constructed by inserting the 1.6-kb SphI fragment into the Sphl site of
pMV24 in the orientation in which the possible Shine-Dalgarno sequence of
the aarA gene was placed just downstream of the loc promoter on pMV24.

" Constructed the same way as pAR406 except that the 1.6-kb SphlI
fragment was inserted into pMV24 in the opposite orientation.
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which contained the 1.6-kb SphI fragment in the SphI site of
pMV24 downstream of the lac promoter in both orientations,
conferred CS activity as well as acetic acid resistance on the
mutant. The CS activities of both transformants were about
10 times higher than that of the parental strain, probably
because of a gene dosage effect.
The 1.6-kb SphI fragment also conferred CS activity on an

E. coli gitA (MOB150) mutant that had a defect in the CS
gene when it was inserted in one orientation in which the
possible Shine-Dalgarno sequence of the aarA gene was
placed just downstream of the lac promoter of the vector
(pAR406) (specific activity, 4.5 U/mg of protein, versus
values of 0.12, <0.01, and <0.01 for each of three other
strains [K-12, MOB150, and MOB150(pAR416)] analyzed).
From these results, we concluded that aarA coded for CS.

DISCUSSION

We have developed effective host-vector systems of Ace-
tobacter strains (9, 10, 22, 24) that enable us to clone genes
involved in acetic acid resistance. This is the first step in
elucidation of the resistance mechanism.

Results of the complementation by the cloned fragment as
well as the insertional inactivation indicate that cooperation
of aarA, aarB, and aarC is necessary to confer acetic acid
resistance on the host cell, since inactivation of one of the
three genes completely abolished the resistance of the host.
It is interesting that these three genes are clustered in the
8.3-kb PstI fragment. These genes were suggested to encode
a protein by the results of oversynthesis of the products in E.
coli by use of the lac promoter, which corresponded well to
the aarA, aarB, and aarC regions. The results of insertional
inactivation and protein oversynthesis suggested that gene X
is located adjacent to aarB, though whether it is involved in
acetic acid resistance remains unclear because disruption of
it is presumably lethal to the host cells.
As a first step in elucidating the function of each gene and

the mechanism of resistance, we determined the nucleotide
sequence of the aarA gene and found that the ORF encoded
by it had significant similarity to the CSs from E. coli and
other bacteria. We then confirmed that the aarA gene codes
for CS by introducing the gene into Acetobacter and E. coli
mutants defective in CS and measuring CS activity. We
observed that the CS activity in the Acetobacter transform-
ants was much higher than that of the parental strain and was
not affected by the orientation of the 1.6-kb SphI fragment
with respect to the E. coli promoter. In contrast, when the
aarA gene was placed in the direction opposite that of the lac
promoter (pAR416), no CS activity was detected in E. coli
cells that were defective in the CS gene. These results
suggest that a promoter which functions in Acetobacter
strains but not in E. coli is contained in the 1.6-kb SphI
fragment.
The involvement of CS in acetic acid resistance might be

explained in terms of detoxification of acetic acid incorpo-
rated into a cell through assimilation via the tricarboxylic
acid cycle or the glyoxylate cycle. Another possible expla-
nation is that CS is not directly correlated with acetic acid
resistance and simply serves as a member of the tricarbox-
ylic acid cycle to supply sufficient ATP or a high extent of
reducing power for maintaining a machinery for protecting
cells from acetic acid. We are sequencing the other aar
genes, which will give more information on the ORFs.

All of the mutants isolated in this study possess normal
levels of ADH and ALDH activities and oxidize ethanol to
acetic acid, indicating that the genes cloned in this study are

not associated with ethanol oxidation. We previously ob-
served that acetic acid-sensitive mutants appeared sponta-
neously at high frequency upon prolonged culture ofA. aceti
subsp. aceti no. 1023 (21). Analysis of the spontaneous
mutants revealed that loss of ADH activity was always
accompanied by a decrease in resistance (23). Although
several features of the mutation suggested the involvement
of a plasmid in expression of acetic acid resistance, we have
so far failed to identify plasmids in the parental strain.
Introduction of pAR301 carrying aarA, aarB, and aarC into
these acetic acid-sensitive mutants did not complement the
mutations (data not shown), suggesting the existence of
another resistance mechanism that is linked with loss of
ADH activity.

LITERATURE CITED
1. Ameyama, M., and 0. Adachi. 1982. Alcohol dehydrogenase

from acetic acid bacteria, membrane-bound. Methods Enzymol.
89:450-457.

2. Ameyama, M., and 0. Adachi. 1982. Aldehyde dehydrogenase
from acetic acid bacteria, membrane-bound. Methods Enzymol.
89:491-497.

3. Boyer, H. W., and D. Roullard-Dussoix. 1969. A complementary
analysis of the restriction and modification of DNA in Esche-
richia coli. J. Mol. Biol. 41:459-472.

4. Chang, A. C. Y., and S. N. Cohen. 1978. Construction and
characterization of amplifiable multicopy DNA cloning vehicles
derived from the P1SA cryptic miniplasmid. J. Bacteriol. 134:
1141-1156.

5. Davis, R. W., D. Botstein, and J. R. Roth. 1980. Advanced
bacterial genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

6. Donald, L. J., G. F. Molgat, and H. W. Duckworth. 1989.
Cloning, sequencing, and expression of the gene for NADH-
sensitive citrate synthase of Pseudomonas aeruginosa. J. Bac-
teriol. 171:5542-5550.

7. Fling, S. P., and D. S. Gregerson. 1986. Peptide and protein
molecular weight determination by electrophoresis using a high-
molarity Tris buffer system without urea. Anal. Biochem.
155:83-88.

8. Fukaya, M., I. Iwata, E. Entani, H. Masai, T. Uozumi, and T.
Beppu. 1985. Distribution and characterization of plasmids in
acetic acid bacteria. Agric. Biol. Chem. 49:1349-1355.

9. Fukaya, M., H. Okumura, H. Masai, T. Uozumi, and T. Beppu.
1985. Construction of new shuttle vectors for Acetobacter.
Agric. Biol. Chem. 49:2083-2090.

10. Fukaya, M., K. Tayama, H. Okumura, H. Masai, T. Uozumi,
and T. Beppu. 1985. Improved transformation method for Ace-
tobacter with plasmid DNA. Agric. Biol. Chem. 49:2091-2097.

11. Fukaya, M., K. Tayama, T. Tamaki, H. Tagami, H. Okumura,
Y. Kawamura, and T. Beppu. 1989. Cloning of the membrane-
bound aldehyde dehydrogenase gene of Acetobacter polyoxo-
genes and improvement of acetic acid production by use of the
cloned gene. Appl. Environ. Microbiol. 55:171-176.

12. Gold, L., D. Pribnow, T. Schneider, S. Shinedling, B. S. Singer,
and G. Stormo. 1981. Translational initiation in procaryotes.
Annu. Rev. Microbiol. 35:365-403.

13. Hanahan, D. 1985. Technique for transformation of E. coli, p.
109-135. In D. M. Glover (ed.), DNA cloning, vol. 1. IRL Press,
Oxford.

14. Hohn, B., and J. Collins. 1980. A small cosmid for efficient
cloning of large DNA fragment. Gene 11:291-298.

15. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

16. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

17. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

18. Messing, J. 1983. New M13 vectors for cloning. Methods



2104 FUKAYA ET AL. J. BACTERIOL.

Enzymol. 101:20-78.
19. Ner, S. S., V. Bhayana, A. W. Bell, I. G. Giles, H. W.

Duckworth, and D. P. Bloxham. 1983. Complete sequence of the
gltA gene encoding citrate synthase in Escherichia coli. Bio-
chemistry 22:5243-5249.

20. Ohmori, S., H. Masai, K. Arima, and T. Beppu. 1980. Isolation
and identification of acetic acid bacteria for submerged acetic
acid fermentation at high temperature. Agric. Biol. Chem.
44:2901-2906.

21. Ohmori, S., T. Uozumi, and T. Beppu. 1982. Loss of acetic acid
resistance and ethanol oxidizing ability in an Acetobacter strain.
Agric. Biol. Chem. 46:381-389.

22. Okumura, H., T. Uozumi, and T. Beppu. 1985. Construction of
plasmid vectors and a genetic transformation system for Aceto-
bacter aceti. Agric. Biol. Chem. 49:1011-1017.

23. Okumura, H., T. Uozumi, and T. Beppu. 1985. Biochemical
characteristics of spontaneous mutants of Acetobacter aceti
deficient in ethanol oxidation. Agric. Biol. Chem. 49:2485-2487.

24. Okumura, H., H. Tagami, M. Fukaya, H. Masai, Y. Kawamura,
S. Horinouchi, and T. Beppu. 1988. Cloning of the ,-isopropyl
malate dehydrogenase gene from Acetobacter aceti and its use

for construction of a new host-vector system for Acetobacter.
Agric. Biol. Chem. 52:3125-3129.

25. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

26. Srere, P. A. 1969. Citrate synthase. Methods Enzymol. 13:3-11.
27. Veeger, C., D. V. DerVartanian, and W. P. Zeylemaker. 1969.

Succinate dehydrogenase. Methods Enzymol. 13:81-90.
28. Wood, D. 0., W. H. Atkinson, R. S. Sikorski, and H. H.

Winkler. 1983. Expression of the Rickettsia prowazekii citrate
synthase gene in Escherichia coli. J. Bacteriol. 155:412-416.

29. Wood, D. 0., L. R. Williamson, H. H. Herbert, and D. C.
Krause. 1987. Nucleotide sequence of the Rickettsia prowazekii
citrate synthase gene. J. Bacteriol. 169:3564-3572.

30. Yamada, Y., Y. Tahara, and K. Kondo. 1976. Isolation of
"acidic pH-sensitive mutants" in Gluconobacter cerinus. J.
Gen. Appl. Microbiol. 22:277-279.

31. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mp8 and pUC19 vectors. Gene 33:103-119.


