AEM

Journals.ASM.org

An Efficient Method Using Gluconacetobacter europaeus To Reduce an
Unfavorable Flavor Compound, Acetoin, in Rice Vinegar Production

Naoki Akasaka,® Hisao Sakoda,® Ryota Hidese,? Yuri Ishii,c Shinsuke Fujiwara®<

Institute of Applied Microbiology, Marukan Vinegar Co. Ltd., Higashinada-ku, Kobe, Hyogo, Japan?; Research Center for Environmental Bioscience, Graduate School of
Science and Technology, Kwansei-Gakuin University, Sanda, Hyogo, Japan®; Department of Bioscience, School of Science and Technology, Kwansei Gakuin University,
Sanda, Hyogo, Japan©

Gluconacetobacter europaeus, one of the microorganisms most commonly used for vinegar production, produces the unfavor-
able flavor compound acetoin. Since acetoin reduction is important for rice vinegar production, a genetic approach was at-
tempted to reduce acetoin produced by G. europaeus KGMAO0119 using specific gene knockout without introducing exogenous
antibiotic resistance genes. A uracil-auxotrophic mutant with deletion of the orotate phosphoribosyltransferase gene (pyrE) was
first isolated by positive selection using 5-fluoroorotic acid. The pyrE disruptant designated KGMA0704 (ApyrE) showed 5-fluo-
roorotic acid resistance. KGMA0704 and the pyrE gene were used for further gene disruption experiments as a host cell and a
selectable marker, respectively. Targeted disruption of aldC or als, which encodes a-acetolactate decarboxylase or a-acetolactate
synthase, was attempted in KGMA0704. The disruption of these genes was expected to result in a decrease in acetoin levels. A
disruption vector harboring the pyrE marker within the targeted gene was constructed for double-crossover recombination. The
cells of KGMA0704 were transformed with the exogenous DNA using electroporation, and genotypic analyses of the transfor-
mants revealed the unique occurrence of targeted aldC or als gene disruption. The aldC disruptant KGMA4004 and the als dis-
ruptant KGMA5315 were cultivated, and the amount of acetoin was monitored. The acetoin level in KGMA4004 culture was sig-
nificantly reduced to 0.009% (wt/vol) compared with KGMA0119 (0.042% [wt/vol]), whereas that of KGMA5315 was not affected
(0.037% [wt/vol]). This indicates that aldC disruption is critical for acetoin reduction. G. europaeus KGMA4004 has clear appli-

cation potential in the production of rice vinegar with less unfavorable flavor.

Acetic acid bacteria (AAB) are Gram-negative and obligately
aerobic bacteria that generally have high ethanol-oxidizing
ability and high acetic acid resistance (1). Several unique AAB are
involved in cellulose production (2, 3), symbiosis with insects (4),
nitrogen fixing in the rhizosphere (5), and chronic granulomatous
disease (6). Gluconacetobacter europaeus is representative of vine-
gar producers and is used for the production of high-acidity
vinegar (acid concentration, >10%) in submerged bioreactors
because it has extremely strong ethanol-oxidizing ability and eth-
anol/acetic acid resistance compared with other species (7).
Therefore, G. europaeus is an invaluable bacterium for industrial
vinegar production.

Despite its importance in vinegar production, molecular-ge-
netic and biochemical analyses of G. europaeus are limited. Al-
though a draft genome sequence of the G. europaeus type strain,
LMG 18890, was recently determined (8), targeted gene disrup-
tion systems in the bacterium remain to be developed. It would be
beneficial to establish gene knockout techniques for the analysis of
gene function and metabolic modification in G. europaeus. Three
methods of transformation with plasmids have been reported for
other AAB: calcium chloride (9), electroporation (10), and con-
jugation with Escherichia coli (11). However, exogenous antibiotic
resistance genes were the main selectable markers used to screen
transformants in these studies, and these markers often remain in
the chromosome or plasmid. Since these transformants are genet-
ically chimeric and are defined as transgenic organisms, there are
many challenges to overcome before they can be approved for use
in food production. Specific gene knockout is also applicable us-
ing a bactericidal orotic acid analogue, 5-fluoroorotic acid (5-
FOA), as a source of selective pressure, along with pyrimidine-
biosynthetic pathway genes mutated to generate a selectable
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marker system. This approach does not require any exogenous drug
resistance genes. Orotate phosphoribosyltransferase (OPRTase) (en-
coded by pyrE) and orotidine-5"-monophosphate decarboxylase
(OMPdecase) (encoded by pyrF) catalyze the last two steps of
pyrimidine biosynthesis. 5-FOA is converted to 5-fluorouridine
monophosphate (5-FUMP) by both enzymes, and 5-FUMP can
be incorporated into RNA, which results in disruption of tran-
scription. Mutants with defects in either of these enzymes are re-
sistant to 5-FOA but are uracil auxotrophs. A selection system
utilizing these properties has been successfully established in
several microbes (12-14), including hyperthermophilic ar-
chaea (15-17).

In general, the process of rice vinegar production is divided
into three steps, which are each accomplished by a different mi-
croorganism. The first step is saccharification of carbohydrates by
Aspergillus, the second is alcohol fermentation by yeast, and the
third is acetic acid fermentation by AAB. Therefore, the flavor of
rice vinegar is characterized not only by the source, but also by a
large number of flavor compounds, including various organic ac-
ids and volatile compounds, that are produced by these microor-
ganisms during the fermentative processes. Among these flavor
compounds, acetoin and diacetyl, which have a strong butter/
cream/cheese-like odor, are undesirable volatile compounds (per-
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FIG 1 G. europaeus pyrElocus, aldC gene cluster, and putative acetoin pathway predicted from draft genome sequences of the type strain, LMG18890". (A) Gene
arrangement of pyrE encoding orotate phosphoribosyltransferase on contig 26 (CADP01000026.1). The arrows above and below the scheme indicate primers
used for the construction of a pyrE disruption vector and a pyrE marker cassette, respectively (Fig. 3). cs, citrate synthase; gr, glutamate racemase. (B) The aldC
gene cluster located on contig 6 (CADP01000006.1). The arrows above and below the scheme indicate primers used for the construction of als and aldC
disruption vectors, respectively (Fig. 3). aldC, a-acetolactate decarboxylase; als, a-acetolactate synthase; h, hypothetical protein; Idh, lactate dehydrogenase; pdc,
pyruvate decarboxylase. (C) Putative acetoin pathway in G. europaeus. AHAS, acetohydroxyacid synthase; AldC, a-acetolactate decarboxylase; Als, a-acetolactate
synthase; DR, diacetyl reductase; Ldh, lactate dehydrogenase; Pdc, pyruvate decarboxylase.

ceived as “off flavor”) in Japanese sake and rice vinegar. Thus, it is
important to manage the amounts of acetoin and diacetyl for the
quality control of rice vinegar.

Many microorganisms, including several lactic acid bacteria
(LAB) and Bacillus subtilis, produce acetoin as a product of fer-
mentative or overflow metabolism (18-20). In these microorgan-
isms, acetoin is produced from pyruvate via a-acetolactate, and
the enzymes responsible for acetoin formation are a-acetolactate
synthase (Als) and a-acetolactate decarboxylase (AldC), as shown
in Fig. 1C. Als catalyzes the condensation of two molecules of
pyruvate to form one molecule of a-acetolactate, and AldC decar-
boxylates a-acetolactate to give acetoin. On the other hand, diac-
etylis generated by the chemical decarboxylation of a-acetolactate
under aerobic conditions because of its chemical instability. Ace-
toin is also produced enzymatically from diacetyl by diacetyl re-
ductase (Fig. 1C) (18). The acetoin pathway shares intermediary
metabolites (pyruvate and a-acetolactate) with the branched-
chain amino acid (BCAA)-biosynthetic pathway, and Als catalyzes
the same reaction as acetohydroxyacid synthase (AHAS), which
is the rate-limiting enzyme of BCAA biosynthesis (21). The roles
of the acetoin pathway are to repress the intracellular and envi-
ronmental acidification caused by excess carbohydrates and un-
balanced carbon fluxes in the central pathway (20, 22, 23) and to
store carbon in the form of acetoin, which can be used in case of
nutrient starvation (19). In AAB, it has long been known that the
addition of lactic acid to the growth medium results in the forma-
tion of acetoin via pyruvate and a-acetolactate (24). This suggests
that the acetoin pathway of AAB has a function similar to those of
other bacteria.

This study aimed to construct an acetoin-nonproducing strain
by aldC or als disruption in G. europaeus. For this purpose, we first
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constructed a strain with pyrE deleted displaying 5-FOA resistance
and uracil auxotrophy. Using this strain as a host cell, the mutant
with aldC or als disrupted, in which each locus was replaced by a
pyrE marker cassette through double-crossover homologous re-
combination, was isolated and the acetoin productivities were in-
vestigated.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains of G. europaeus and
the plasmids used in this study are listed in Table 1. G. europaeus
KGMAO0119 (wild type), previously designated M0119 (25), was isolated
from rice vinegar. The 16S rRNA sequence of KGMAO0119 is 100% iden-
tical to that of the type strain, LMG 18890" (8), and other properties also
indicate that KGMAO119 belongs to the species G. europaeus (data not
shown). KGMAO0119 and its derivatives were cultivated in yeast-peptone-
dextrose broth (YPD) (rich medium) or minimal medium (described
below) at 30°C with reciprocal shaking at 150 rpm. YPD was composed of
30 g/liter glucose, 5 g/liter yeast extracts (Nihon Seiyaku, Tokyo, Japan),
and 2 g/liter polypeptone (Nihon Seiyaku). The minimal medium con-
sisted of 30 g/liter glucose, 10 g/liter L-(+)-monosodium glutamate
monohydrate, 0.1 g/liter K,HPO,, 0.5 g/liter KH,PO,, 0.1 g/liter KCI, 0.1
g/liter CaCl, - 2H,0, 0.25 g/liter MgSO,, - 7H,,0, 2 mg/liter calcium (+)-
pantothenate, and 1.0 ml/liter trace mineral solution (5 g FeCl;, 50 g
ZnSO, - 7H,0, 0.5 gNa,MoO, - 2H,0, 2.5 g CuSO, - 5H,0, 0.5 g H;BO;,
10gMnSO, - 5H,0, and 0.5 g CoCl, per liter). Unless otherwise indicated,
0.4% (wt/vol) ethanol and 0.5% (wt/vol) acetic acid were added to both
YPD and the minimal medium. For plate culture, 0.9% (wt/vol) agar was
added. When necessary, 5-FOA (Wako Pure Chemicals, Osaka, Japan)
and uracil were added at final concentrations of 0.2% (wt/vol) and 60
pg/ml, respectively.

E. coli strain DH5a (TaKaRa Bio, Ohtsu, Shiga, Japan), which was
used to generate disruption vectors, was routinely cultivated at 37°C in
Luria-Bertani medium containing 50 pg/ml ampicillin.
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristics

E. coli
DH5a N~ $80dlacZAM15 A(lacZYA-argF) U169 recAl
endAl hsdR17(r~ my ) supE44 thi-1 gyrA

relAl

G. europaeus

KGMAO0119 Wild type isolated from rice vinegar; previously
designated M0119 (25)

KGMA0704 ApyrE derived from KGMAO119

KGMA4004 ApyrE AaldC::pyrE derived from KGMA0704

KGMAS5315 ApyrE Aals::pyrE derived from KGMA0704
Plasmids

pUC19 Amp*

pBR322 Amp”

pUC19-ApyrE pUC19 derivative; ApyrE cassette composed of
5" upstream and 3" downstream regions of
pyrE (1,943 bp)

pBR322 derivative; AaldC::pyrE cassette
composed of 5" upstream and 3’
downstream regions of aldC and a pyrE
cassette (3,538 bp)

pBR322 derivative; Aals::pyrE cassette
composed of 5" upstream and 3’
downstream regions of als and a pyrE
cassette (3,411 bp)

pBR322-AaldC::pyrE

pBR322-Aals::pyrE

DNA manipulation and DNA sequencing. General DNA manipula-
tions were performed as described by Green and Sambrook (26). The
DNA sequences of G. europaeus pyrE, pyrF, aldC, and als were predicted
from draft genome sequences of G. europaeus LMG 18890" (8) by BLAST
searches (TBLASTN) using the corresponding amino acid sequences
of Gluconacetobacter xylinus NBRC 3288 (27) as queries (pyrE,
YP_004867468.1; pyrF, YP_004868701.1; aldC, YP_004868152.1; als,

TABLE 2 Primers used in this study

YP_004868151.1). PCR was carried out using KOD plus (Toyobo, Osaka,
Japan) or Pfu-X (Greiner Bio-One, Frickenhausen, Germany) as the DNA
polymerase, and primers were designed based on the draft genome se-
quences of G. europaeus LMG18890". Restriction enzymes and modifying
enzymes were purchased from TaKaRa Bio or Nippon Gene (Tokyo, Ja-
pan). After gel electrophoresis, DNA fragments were extracted using the
NucleoSpin Gel and PCR Cleanup Kit (TaKaRa Bio). For the construction
of targeted gene disruption vectors, pUC19 or pBR322 (TaKaRa Bio) was
used. Plasmid DNA was isolated using the Plasmid Midi Kit (Qiagen,
Hilden, Germany). DNA sequencing was performed using a BigDye Ter-
minator Cycle Sequencing kit, ver. 3.1, and a model 3130 capillary se-
quencer (Applied Biosystems, Foster City, CA).

Construction of disruption vectors. The primers used in this study
are listed in Table 2 and are shown in Fig. 1 (also see Fig. 3). Vectors for
targeted gene disruption through double-crossover homologous recom-
bination were constructed as follows. A 2.7-kb fragment containing the
pyrE open reading frame (ORF) together with its 5" (1.0-kb) and 3’ (1.0-
kb) flanking regions was amplified from KGMAO0119 genomic DNA using
primers EU-F and ED-R. The amplified fragment was then subcloned into
pUC19 between the EcoRI and BamHI sites. The 5" and 3’ flanking re-
gions of pyrE and the plasmid backbone, excluding 672 bp of the pyrE
OREF, were then amplified from the intermediary plasmid using primers
E5'-R and E3'-F, which were phosphorylated before use. The PCR frag-
ment obtained was self-ligated, and the resulting plasmid was designated
pUC19-ApyrE (4,614 bp) (see Fig. 3A).

A 1.5-kb pyrE marker cassette containing a putative promoter region
was amplified from KGMAO0119 genomic DNA using primers EP-F2 and
E-R4, which were phosphorylated before use. A 2.9-kb fragment contain-
ing the aldC ORF together with its 5" (1.0-kb) and 3’ (1.0-kb) flanking
regions was amplified using primers aldC-F and aldC-R. The amplified
fragment was then subcloned into pBR322 between the EcoRI and Clal
sites. The 5’ and 3’ flanking regions of aldC and the plasmid backbone,
excluding 813 bp of the aldC ORF, were then amplified from the interme-
diary plasmid using primers aldC-il and aldC-i2. The PCR fragment ob-
tained was then ligated with a 5'-phosphorylated pyrE cassette, and the
resulting plasmid was designated pBR322-AaldC::pyrE (7,880 bp) (see
Fig. 3B). In the case of the als disruption vector, a 3.4-kb fragment con-

Primer Sequence (5'-3")" Use

EU-F GGAATTCGATCGCCATCCACGACGAAT pyrE disruption

ED-R CGGGATCCAGCCCGGAAAACATTCAGCA pyrE disruption

E5'-R GGAGCCTGTTGAAAGTCCAG pyrE disruption

E3'-F GAAGAAGCACTGGCGCTGAA pyrE disruption

EP-F2 CTGCCATATCCCGTGTTCGT pyrE marker cassette

E-R4 TCGCCATAGGGAAAGACTGC pyrE marker cassette, genotyping
EP-F3 ATCCCCACCAGCATGTTCAC Genotyping

aldC-F AGAATTCGATCACGCTCGAAACCCTGT aldC disruption

aldC-R AAATCGATCGATATCCCCCACCAGTTCA aldC disruption

aldC-il ATTCACGAAGCCATTCGCGTGGCTG aldC disruption

aldC-i2 GATTGCCCGAGAATGGTGAAGCAGG aldC disruption

aldC-F2 CCTGAACCTTCATTTCAATGGTGCG Genotyping

aldC-R2 GTCCATGCTCTGGTGCGTAAGCTTC Genotyping

als-F2 AAATCGATAGGAGACTCAGGTCTTGAAGCTGAA als disruption, genotyping
als-R2 AAGGATCCGTTCCAGTTGATGCTGGATTCG als disruption

als-i1 AATCACCTGCTGATGAAGCCGCTG als disruption

als-i2 GTCAAACAGGCGGTCCACCTTC als disruption

1dh-i2 AGTACACGCCACTGTTCCACCAG Genotyping

pyrE-probe-F1 CCTTCATCTATCCGCGCAAC Probe for Southern blot analysis
pyrE-probe-R1 ACAGGTCGCCTGCATGATCT Probe for Southern blot analysis
aldC-probe-F1 AATGTGCCACAGGACGAGGT Probe for Southern blot analysis
aldC-probe-R1 TGAAGGTTCAGGACGACACG Probe for Southern blot analysis

“ Restriction enzyme sites are underlined.
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taining the als ORF together with its 5 (1.0-kb) and 3’ (1.0-kb) flanking
regions was amplified using primers als-F2 and als-R2. The amplified
fragment was then subcloned into pBR322 between the Clal and BamHI
sites. The 5" and 3’ flanking regions of als and the plasmid backbone,
excluding 1,509 bp of the als ORF, were then amplified from the interme-
diary plasmid using primers als-il and als-i2. The PCR fragment obtained
was then ligated with a 5’-phosphorylated pyrE cassette, and the resulting
plasmid was designated pBR322-Aals::pyrE (7,425 bp) (see Fig. 3C).

Transformation of G. europaeus by electroporation. Gene disrup-
tion of G. europaeus was carried out according to previous descriptions
(10) with slight modifications. KGMA0119 and KGMA0704 (ApyrE) cells
were cultured in 30 ml of YPD and YPDU (YPD with uracil), respectively.
Both media contained 1.6% (wt/vol) ethanol and 1% (vol/vol) cellulase
(Sigma-Aldrich, St. Louis, MO). When the culture reached logarithmic
phase, cells were harvested, washed with distilled water once and with 10%
(vol/vol) glycerol twice, concentrated to an optical density at 600 nm
(ODgg) of 30 with 10% glycerol, and stored at —80°C until use. Then, 45
wl of frozen cells was thawed on ice and mixed with DNA solution in an
ice-cold 0.1-cm electroporation cuvette (Bio-Rad Laboratories, Hercules,
CA). Usingan ECM630 electroporation system (Harvard Apparatus, Hol-
liston, MA), pulses of 2.5kV, 200 (), and 25 .F were applied. To construct
the strain with pyrE deleted, pUC19-ApyrE was introduced into
KGMAO119 competent cells. After pulse conduction, 1 ml of ice-cold
YPD was added immediately, and the cells were cultivated at 30°C for 16 h.
An aliquot of culture was inoculated onto a minimal agar plate containing
5-FOA and uracil and incubated at 30°C for 2 to 3 days. To confirm the
deletion of pyrE, genomic DNA was extracted from positive clones that
showed 5-FOA resistance and uracil auxotrophy. The genotypes of these
clones were analyzed by PCR using primers EP-F3 and E-R4 (see Fig. 3A),
by sequencing of the DNA fragments obtained, and/or by Southern hy-
bridization (see below). The strain with pyrE deleted was designated
KGMAO0704 and was used for the subsequent targeted gene disruption
experiments.

pBR322-AaldC::pyrE or pBR322-Aals:pyrE was introduced into
KGMAO0704 competent cells by electroporation, and then the cells were
allowed to recover in 1 ml of YPD for 3 h. Next, cells were harvested,
washed with saline (0.85% [wt/vol] NaCl), transferred to 5 ml of minimal
medium lacking uracil, and cultured for more than 48 h to concentrate the
uracil prototrophs. An aliquot of the culture was diluted, spread onto a
minimal agar plate lacking uracil, and incubated at 30°C for 2 to 3 days.
The genotypes of the positive clones were analyzed by PCR using the
primers aldC-F2 and aldC-R2 for the aldClocus (see Fig. 3B) or als-F2 and
1dh-i2 for the als locus (see Fig. 3C), by sequencing of the DNA fragments
obtained, and/or by Southern hybridization (see below). The strain with
aldC disrupted was designated KGMA4004 (ApyrE AaldC::pyrE), and the
strain with als disrupted was designated KGMA5315 (ApyrE Aals::pyrE),
and they were used for further studies.

Southern blot analysis. The DIG-high prime DNA labeling and de-
tection starter kit I (Roche, Indianapolis, IN) was used for Southern blot
analyses. Five micrograms of genomic DNA of KGMAO119 or its deriva-
tives was digested with appropriate restriction enzymes (Pvull for the
pyrElocus; Smal for the aldC and alsloci). DNA fragments were separated
by electrophoresis on a 0.7% (wt/vol) agarose gel and blotted onto a pos-
itively charged nylon membrane (Hybond-N+; GE, Fairfield, CT). The
pyrE and aldC probes were PCR amplified from KGMAOQ119 genomic
DNA using primer pairs pyrE-probe-F1—-pyrE-probe-R1 and aldC-probe-
Fl-aldC-probe-R1, respectively (see Fig. 3). The fragments obtained were
labeled with digoxigenin (DIG)-dUTP. DNA hybridizations were per-
formed at 50°C for 16 h. The hybridized probes were detected according to
the manufacturer’s instructions.

Measurement of volatile compounds by gas chromatography.
KGMAO0119, KGMA4004, and KGMA5315 were cultivated in 30 ml of
YPDL medium (YPD containing 0.3% [wt/vol] sodium L-lactate). Ali-
quots of the culture were sampled sequentially, and cell-free supernatant
was prepared. Levels of ethanol, acetic acid, acetoin, and diacetyl in the
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FIG 2 Growth profiles of KGMAO0119 (wild type) and KGMA0704 (ApyrE).
(A) Effect of 5-FOA on the growth of KGMAO0119. Cells were cultivated in
minimal medium either containing (solid triangles) or lacking (open trian-
gles) 0.2% (wt/vol) 5-FOA. (B) Uracil auxotrophy of KGMA0704. KGMA0119
and KGMAO0704 were cultivated in minimal medium either containing (solid
symbols) or lacking (open symbols) uracil. Triangles, KGMAO0119; circles,
KGMAO0704. Experiments were conducted in triplicate, and the error bars
indicate standard deviations.

supernatant were measured by gas chromatography (GC-14A; Shimadzu,
Kyoto, Japan) with a packed column (polyethylene glycol 20 M [PEG20M],
10%; ShinCarbon A, 60/80; 2.1 m by 3.2 mm; Shinwa Chemical, Kyoto, Ja-
pan). The temperature was maintained at 60°C for 3 min and was then pro-
grammed to rise at a rate of 10°C per minute up to 200°C.

Nucleotide sequence accession numbers. The nucleotide sequences
of pyrE, pyrF, aldC, als, and the 16S rRNA gene have been deposited in
the DDBJ, EMBL, and GenBank databases under accession numbers
AB818355, AB818356, AB818357, AB828456, and AB818453, respec-
tively.

RESULTS

De novo pyrimidine-biosynthetic pathway of G. europaeus. We
first attempted to predict the de novo pyrimidine-biosynthetic
pathway of G. europaeus. Homology searches (TBLASTN) were
conducted using amino acid sequences of the closely related spe-
cies G. xylinus NBRC 3288 (27) against draft genome sequences of
G. europaeus LMG 188907 (8). These searches revealed eight ORFs
encoding the six enzymes that are essential for pyrimidine biosyn-
thesis. The genes are not contiguous on the chromosome, with the
exception of pyrB and pyrC, which encode aspartate carbamoyl-
transferase and dihydroorotase, respectively. pyrE, which encodes
OPRTase, is located on contig 26 (CADP01000026.1) and is clus-
tered with the glutamate racemase gene (Fig. 1A). pyrF, which
encodes OMPdecase, is located on contig 8 (CADP01000008.1)
and is tandemly arranged with the gene of a hypothetical protein
and trpF, which encodes phosphoribosyl anthranilate isomerase.
G. europaeus OPRTase consists of 253 amino acids, and its pri-
mary structure shows homology to orthologs from G. xylinus
NBRC 3288 (98% identity; YP_004867468.1) and E. coli K-12
(33% identity; NP_418099.1). Likewise, G. europaeus OMPdecase
consists of 235 amino acids, and its primary structure shows ho-
mology to orthologs from G. xylinus NBRC 3288 (82% identity;
YP_004868701.1) and E. coli K-12 (43% identity; NP_415797.1).
It has been reported that disruption of pyrE or pyrF results in
5-FOA resistance and uracil auxotrophy in some microorganisms
(12-15). To investigate whether this is also the case in G. euro-
paeus, we examined the effect of 5-FOA on the growth of the
wild-type strain, KGMAO0119. When 0.2% 5-FOA was added to
minimal liquid medium, the growth of KGMAO119 cells was sig-
nificantly inhibited (Fig. 2A). To examine whether the pyrE or
pyrF mutant shows 5-FOA resistance and uracil auxotrophy,
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FIG 3 Schematic diagrams of the isolation of specific gene disruptants. (A) Disruption of pyrE. The arrowheads indicate Pvull recognition sites. (B) Disruption
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The black and gray arrowheads indicate Smal and EcoRI recognition sites,

respectively. The construction of each disruption vector and the procedure for transformation are described in Materials and Methods. The genotypes of all
strains were investigated by PCR and Southern blot analysis (Fig. 4) using appropriate primers and probes as shown, in addition to sequencing analyses. See the

legend to Fig. 1 for a description of each gene.

spontaneous 5-FOA-resistant mutants were selected on minimal
agar plates containing 0.2% 5-FOA and 60 pg/ml uracil. When
cells at mid-logarithmic phase were inoculated onto the selection
plate, spontaneous mutants that showed both 5-FOA resistance
and uracil auxotrophy appeared at a frequency of 2.9 X 10~°. We
subsequently performed genetic characterization of 10 of these
mutants. The pyrE and pyrF loci of these mutants were amplified
by PCR, and the nucleotide sequences were determined. All
strains had point mutations that led to amino acid substitution or
nonsense mutations in either the pyrE or the pyrF ORF. These
results suggest that 5-FOA-based gene disruption is applicable to
G. europaeus. Therefore, we proceeded to construct a strain with
pyrE deleted as follows.

Construction of the mutant with pyrE deleted. The pyrE dis-
ruption vector, named pUC19-ApyrE, was constructed as de-
scribed in Materials and Methods. The plasmid was introduced
into KGMAOQ119 cells by electroporation, and 5-FOA-resistant
and uracil-auxotrophic mutants with pyrE genes that had been
specifically and almost completely deleted by double-crossover
homologous recombination were isolated (Fig. 3A). Several can-
didates were obtained, and one of the isolates, designated
KGMAO0704, was confirmed to exhibit uracil auxotrophy when
cultivated in minimal liquid medium in the absence of uracil (Fig.
2B). In contrast to KGMAO0119, which grew regardless of the ab-
sence of uracil, KGMAOQ704 strictly required uracil for growth.
The genotype of KGMA0704 was determined by PCR using the
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primers EP-F3 and E-R4 and by Southern blotting using a pyrE
probe that hybridized with the upstream region of the pyrE ORF
(Fig. 3A). Both analyses demonstrated that the target locus of
KGMAO0704 was shorter than the expected length for KGMAO0119
(Fig.4A). Sequencing analysis of the target region revealed that the
pyrEregion was deleted, as expected. Since inactivation of the pyrF
gene also results in 5-FOA resistance and uracil auxotrophy, we
used PCR and sequencing analysis to confirm that the pyrF gene
remained intact. These results indicated that the uracil auxotro-
phy of KGMA0704 was caused solely by the deletion of pyrE.
Therefore, KGMA0704 was used as a host cell for the subsequent
targeted gene disruption experiments. A pyrE disruptant was also
obtained by introducing linear DNA (data not shown). Subse-
quent gene disruption experiments were carried out with circular
plasmid DNA.

Construction of the mutant with aldC or als disrupted. We
then predicted the acetoin pathway of G. europaeus. BLAST
searches revealed that the aldC gene, encoding a-acetolactate de-
carboxylase, is located on contig 6 (CADP01000006.1). It clusters
with the als gene, which encodes a-acetolactate synthase; the Idh
gene, which encodes lactate dehydrogenase; and the pdc gene,
which encodes pyruvate decarboxylase (Fig. 1B). These findings
suggested that G. europaeus converts lactic acid to acetoin, simi-
larly to other AAB (24) (Fig. 1C). In addition, BLAST searches
suggested that G. europaeus also has a putative diacetyl reductase
gene, located on contig 48 (CADP01000048.1: range, 13474 to
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FIG 4 Genotyping of the pyrE, aldC, and als loci of KGMAO0119 (wild type) and its derivatives. (A to C, upper blots) Southern blot analyses. Genomic DNAs of
the four strains were digested with PuvII (A) or Smal (B and C) and hybridized with the pyrE probe (A) or the aldC probe (B and C). (A to C, lower blots) PCR
analyses. The pyrE (A), aldC (B), and als (C) loci of the four strains were amplified from genomic DNA using primer pairs EP-F3—E-R4 (A), aldC-F2—aldC-R2
(B), and als-F2-1dh-i2 (C). In the case of als disruption, the PCR products were digested with EcoRI to confirm the targeted gene disruption. Figure 3 shows the

restriction map and the position of each primer.

14214). This gene shows relatively high identity (34%) to that of
Lactococcus lactis (YP_001031692.1) (Fig. 1C). G. europaeus AldC
consists of 296 amino acids, and its primary structure is homolo-
gous with that of orthologs from G. xylinus (95% identity;
YP_004868152.1) and B. subtilis (40% identity; CAB07786.1).
Furthermore, G. europaeus Als shows high identity (50%) with B.
subtilis Als (AlsS; CAB07802.1). The acetoin pathway of G. euro-
paeus (Fig. 1C) is considered to be similar to those of both B.
subtilis and LAB. Thus, it was expected that aldC or als disruption
would result in a reduction of acetoin levels.

The aldC disruption vector (pBR322-AaldC::pyrE) or the als
disruption vector (pBR322-Aals::pyrE), which contained the pyrE
marker cassette together with the putative promoter region
between the 5’ upstream and 3’ downstream regions of each
targeted gene, was introduced into KGMAO0704. Then, uracil-
prototrophic strains, in which the targeted gene had been re-
placed by the pyrE cassette by double-crossover homologous
recombination, were isolated (Fig. 3B and C). The aldC and als
disruptants were designated KGMA4004 and KGMA5315, re-
spectively, and their genotypes were confirmed by PCR (primer
pairs aldC-F2-aldC-R2 for the aldClocus and als-F2-1dh-i2 for
the als locus). Southern blot analyses were also performed us-
ing an aldC probe, which hybridizes with the upstream region
of the aldC ORF (Fig. 3B and C). In the case of aldC disruption,
both analyses demonstrated that the aldC locus in KGMA4004
was longer than those of both the parental strain, KGMA0704,
and the wild-type strain, KGMAO0119, as expected (Fig. 4B). In
the case of als disruption, it was expected that Smal and EcoRI
recognition sites in the als gene would disappear upon homol-
ogous recombination with the pyrE cassette. As expected, the
fragment of KGMA5315, which had lost the Smal and EcoRI
sites, was larger than that of the parental strain, as detected by
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Southern blotting (Fig. 4C, top). The sizes of the PCR products
amplified from all strains using primers als-F2 and 1dh-i2 were
almost identical. Therefore, als gene disruption in KGMA5315
was confirmed by EcoRI digestion of the PCR product. The
PCR product derived from KGMA5315 was not digested,
whereas those of both KGMA0119 and KGMA0704 were di-
gested (Fig. 4C, lower blots). Finally, sequencing confirmation
of the target region was also consistent with the AaldC::pyrE or
Aals::pyrE genotype, both of which had been generated by
double-crossover homologous recombination. Thus, aldC of
KGMA4004 and als of KGMA5315 were disrupted by replace-
ment with the pyrE cassette. No mutation was introduced in the
pyrE and pyrF regions of strains KGMA4004 and KGMA5315.
Next, the acetoin productivities of these strains were investi-
gated.

Growth and volatile-compound profiles of KGMA0119 and
its derivatives. To estimate acetoin productivity, KGMAO0119,
KGMA4004, and KGMA5315 were cultivated in YPDL medium,
and the amounts of acetoin, diacetyl, ethanol, and acetic acid
were measured. Growth profiles were also monitored and are
shown in Fig. 5. The amounts of ethanol and acetic acid were
not very different in the three strains (Fig. 5D and E). However,
the amount of acetoin in KGMA4004 culture was significantly
smaller (0.009%) than that in the culture of the wild-type strain
(0.042%) (Fig. 5B and 6B and C). Although KGMA4004 accu-
mulated a trace amount of diacetyl during the late logarithmic
to the early stationary growth phase, it disappeared and was not
detectable at the stationary growth phase (Fig. 5C). (None of
the other strains accumulated any diacetyl.) To investigate ace-
toin productivity under the typical conditions for rice vinegar
production, KGMAO0119 and KGMA4004 were cultivated in
Japanese sake containing 0.3% sodium L-lactate in a jar fer-
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FIG 5 Growth and volatile-compound profiles of KGMAO0119 (wild type), KGMA4004 (ApyrE AaldC::pyrE), and KGMAS5315 (ApyrE Aals::pyrE). The
three strains were cultivated in YPDL medium, and the amounts of acetoin, diacetyl, ethanol, and acetic acid in the medium were measured by gas
chromatography. (A) Growth (ODgg,). (B) Acetoin (percent [wt/vol]). (C) Diacetyl (percent [wt/vol]). (D) Ethanol (percent [wt/vol]). (E) Acetic acid
(percent [wt/vol]). Triangles, KGMAO0119; diamonds, KGMA4004; circles, KGMA5315. Experiments were conducted in triplicate, and the error bars

indicate standard deviations.

mentor. The amount of acetoin in KGMA4004 vinegar signif-
icantly decreased (0.025%) compared with that in KGMAOQ119
vinegar (0.074%). No significant difference between the two
strains was observed in other profiles, such as growth, ethanol
oxidization, and acetic acid production. Also, diacetyl was not
detected in either vinegar (data not shown). These data actually
show the strains obtained in this study produce less acetoin
under the conditions for rice vinegar production. The geno-
typic and phenotypic stability of KGMA4004 was also con-
firmed: KGMA4004 was passaged for 50 generations under
nonselective conditions (YPD medium), and the genotype and
phenotype (growth and volatile-compound profiles) of pas-
saged cells were investigated by PCR and cultivation in YPDL
medium, respectively. These results showed that both charac-
teristics were the same as in the parental strain, KGMA4004

B

(data not shown). Contrary to our expectation, the als dis-
ruptant KGMAS5315 produced almost the same amount of ace-
toin as wild-type KMGAO0119 (Fig. 5B and 6B and D).

DISCUSSION

The flavor of fermented foods and beverages is characterized by
many low-molecular-weight flavor compounds (e.g., short-chain
alcohols, aldehydes, organic acids, and esters) (28, 29). These
compounds are produced by several microorganisms that are in-
volved in fermentation, and they have a strong impact on product
quality. The subtle balance of these compounds in fermented
foods and beverages is often used as a “fingerprint” for unique
brands (30). Thus, the addition or removal of a specific flavor
compound is expected to result in a remarkable change in the total
aroma. In the construction of valuable microorganisms that pro-
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FIG 6 Gas chromatograms of volatile compounds that accumulated in YPDL medium after 34 h of cultivation. (A) Standards (0.1% [wt/vol]) of the four volatile
compounds. (B) KGMAO0119 (wild type). (C) KGMA4004 (ApyrE AaldC::pyrE). (D) KGMA5315 (ApyrE Aals::pyrE).
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duce foods, beverages, or any beneficial materials for human be-
ings, the classical approach has long been random mutagenesis
followed by selection. However, this procedure is often laborious.
A large number of undesirable mutations can accumulate in the
chromosome, resulting in the loss of native robustness (31). Ge-
netic-modification techniques are more efficient than random
mutagenesis for specific targeted gene disruption. 5-FOA is often
used for positive selection of the uracil-auxotrophic phenotype
of various microorganisms (12-15). G. europaeus KGMAO0119
(wild type) is sensitive to 5-FOA. In this study, we successfully
established a 5-FOA/pyrE-based gene disruption system in G.
europaeus. Using this gene disruption technique, we con-
structed strains with aldC and als disrupted. One of these strains,
KGMA4004, showed significantly lower acetoin production than
the parental wild-type strain. Diacetyl has an odor similar to that
of acetoin, and its sensory threshold is lower than that of acetoin.
Therefore, control of the diacetyl concentration is also important
for rice vinegar quality. KGMA4004 temporarily accumulated a
trace amount of diacetyl, which could have been caused by spon-
taneous decarboxylation after accumulation of an excess of a-ace-
tolactate. However, diacetyl in KGMA4004 culture disappeared
during the stationary growth phase. This result suggests that diac-
etyl might be converted to acetoin by diacetyl reductase, as shown
in Fig. 1C. The putative ortholog of diacetyl reductase was identi-
fied in contig 48 (CADP01000048.1; range, 13474 to 14214) of the
G. europaeus draft genome sequence. Although a minute amount
of acetoin was still detected in KGMA4004 culture, it is notewor-
thy that, in the end, diacetyl was not detectable in the cultures of all
strains (Fig. 5C and 6). Temporary and slight accumulation of
diacetyl should not affect rice vinegar flavor. On the other hand,
aldC disruption did result in the reduction of the overall strong
butter/cheese-like odor, and the use of KGMA4004 could be use-
ful in the production of rice vinegar with a “light” flavor, which is
expected to be preferable for many people. If a plasmid was avail-
able for KGMA4004 to perform a trans-complementation exper-
iment, we could more clearly show that aldC is involved in acetoin
production. We have yet to obtain plasmids for trans-comple-
mentation of mutations. In the present study, als disruption had
no effect on acetoin production (Fig. 5B and 6D). As described in
the introduction, many microorganisms, including G. europaeus,
have two types of enzymes that catalyze the condensation of two
molecules of pyruvate to yield a-acetolactate: one is Als (20), and
the other is AHAS (21). AHAS is used during biosynthesis of
BCAAs. These two enzymes have different physiological func-
tions, and AHAS has a secondary function in addressing pyruvate
overflow (32). Disruption of als alone might be insufficient for the
reduction of acetoin in G. europaeus because of the alternative
a-acetolactate synthesis by AHAS.

The technique described here could contribute to changing
vinegar flavor through the use of a single-gene knockout in G.
europaeus. However, multiple-gene knockout could be expected
to enhance desirable phenotypes further via additional modifica-
tion. In Thermococcus kodakaraensis, multiple genetic manipula-
tions have been achieved by integration of the disruption vector
into the chromosome, followed by pop-out excision of the marker
gene, together with the plasmid backbone (33). A similar ap-
proach could allow multiple-gene disruption in G. europaeus. An-
other approach with plasmid DNA is also potent to change the
characteristics of G. europaeus. In related species, such as G. xyli-
nus (27), several plasmids have been identified. Some cryptic plas-
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mids replicable in G. europaeus might be found, and they could
expand genetic modification of AAB.
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