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The als gene for a-acetolactate synthase of Lactococcus lactis MG1363 was cloned on a multicopy plasmid
under the control of the inducible L. lactis lacA promoter. More than a hundredfold overproduction of
a-acetolactate synthase was obtained in L. lactis under inducing conditions as compared with that of the host
strain, which contained a single chromosomal copy of the als gene. The effect of a-acetolactate synthase
overproduction on the formation of end products in various L. lactis strains was studied under different
fermentation conditions. Under aerobic conditions and with an initial pH of 6.0, overexpression of the als gene
resulted in significant acetoin production that amounted to more than one-third of the pyruvate converted.
However, the effect of the a-acetolactate synthase overproduction was even more pronounced in the lactate
dehydrogenase-deficient strain L. lactis NZ2700. Anaerobic cultivation of this strain resulted in a doubling of
the butanediol formation of up to 40% of the converted pyruvate. When cultivated aerobically at an initial pH
of 6.8, overexpression of the als gene in L. lactis NZ2700 resulted in the conversion of more than 60% of the
pyruvate into acetoin, while no butanediol was formed. Moreover, at an initial pH of 6.0, similar amounts of
acetoin were obtained, but in addition, approximately 20% of the pyruvate was converted into butanediol. These
metabolic engineering studies indicate that more than 80% of the lactose can be converted via the activity of
the overproduced a-acetolactate synthase in L. lactis.

Diacetyl is an essential flavor compound in dairy products
such as butter, buttermilk, and cheese and in many nondairy
products where a butter-like taste is desired. It is formed dur-
ing milk fermentations by citrate-utilizing lactic acid bacteria,
including Leuconostoc, Lactobacillus, and Lactococcus species.
Although several mechanisms have been proposed for the bio-
synthesis of diacetyl in citrate-utilizing lactococci, recent stud-
ies on citrate metabolism have established that diacetyl is
formed by an oxidative decarboxylation of the metabolic inter-
mediate a-acetolactate (13, 25, 28). a-Acetolactate is produced
from two molecules of pyruvate by the activity of a-acetolac-
tate synthase, which has a low affinity for pyruvate (Km, 50
mM) and therefore will be most active under conditions of
pyruvate excess (19, 24). a-Acetolactate is further decarboxy-
lated into acetoin by the action of a-acetolactate decarboxyl-
ase. Strains lacking a-acetolactate decarboxylase activity inter-
nally accumulate a-acetolactate, which can subsequently be
oxidized to diacetyl under aerobic conditions (25).
The production of diacetyl or its precursor a-acetolactate by

lactic acid bacteria has been studied as a function of various
fermentation conditions and usually is associated with citrate
utilization. This seriously limits the production of diacetyl,
since citrate is a minor component in most foodstuffs. Diacetyl
could be generated more efficiently from sugars such as lactose
or glucose. Redirection of the sugar metabolism in lactic acid
bacteria has recently been realized by constructing lactate de-

hydrogenase-deficient strains of Lactococcus lactis by site-di-
rected mutagenesis (8). In these strains, pyruvate cannot be
converted into lactate, and a mixed acid fermentation is ob-
tained with formate and ethanol as major products. Under
aerobic conditions, pyruvate is accumulated, leading to the
formation of high levels of acetoin and butanediol.
Recently, the gene for a-acetolactate synthase of L. lactis

subsp. lactis biovar diacetylactis has been cloned and further
characterized. Expression of this als gene in Escherichia coli
resulted in only low yields of acetoin (9, 18). Here we describe
the cloning of the als gene from the non-citrate-utilizing L.
lactis MG1363 and its inducible overexpression in lactococcal
strains under various physiological conditions. The production
of acetoin and other fermentation products was studied in
als-overexpressing L. lactis strains with an active lactate dehy-
drogenase or strains that were made deficient for this enzyme
by inactivation of the ldh gene. Under the appropriate condi-
tions, it was found that more than 80% of the pyruvate was
converted via the activity of the overproduced a-acetolactate
synthase.

MATERIALS AND METHODS

Bacterial strains and media. L. lactis subsp. lactis biovar diacetylactis RU4 (13)
and the plasmid-free L. lactis strains MG1363 (6) and MG5267, carrying a single
chromosomal copy of the lac operon (7, 27), were cultivated at 308C in M17
medium (Difco Laboratories, Detroit, Mich.) supplemented with 0.5% lactose or
0.5% glucose (26). The fermentation experiments were performed with 50-ml
cultures grown in M17 medium containing 0.5% lactose set with H2SO4 at an
initial pH of 6.0 or 6.8 that were incubated at 308C in 250-ml serum bottles with
shaking in a G76 waterbath (New Brunswick Scientific, Edison, N.J.) at 200 rpm
(aerobic conditions) or in 50-ml serum bottles that were not shaken (anaerobic
conditions). E. coli MC1061 (4) was grown in Luria broth at 378C (23). If
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appropriate, media were supplemented with erythromycin (10 mg/ml), ampicillin
(100 mg/ml), and tetracycline (1 mg/ml for L. lactis or 10 mg/ml for E. coli).
Molecular cloning, reagents, and enzymes. Plasmid DNA was isolated from E.

coli cells essentially by established protocols (23). Lactococcal plasmid (30) and
chromosomal (17) DNA was isolated as described previously. L. lactis was elec-
troporated as described before (31). All other DNA manipulations were per-
formed by established procedures (23). Restriction enzymes and T4 ligase were
purchased from Bethesda Research Laboratories (Gaithersburg, Md.), New En-
gland BioLabs, Inc. (Beverly, Mass.), or Boehringer GmbH (Mannheim, Ger-
many) and used as described in the instructions of the manufacturers. Oligonu-
cleotides were synthesized on a Cyclone DNA synthesizer (Biosearch, San
Rafael, Calif.).
Construction of plasmids and strains. The als gene was isolated from L. lactis

RU4 by the PCR (22). The primers used for the PCR were based on the
nucleotide sequence of L. lactis subsp. lactis biovar diacetylactis DSM20384 and
had the following sequences: 59-ATACGTCGACGTCAAAATAATTGTAAA
AGG-39 and 59-TAATCTGCAGTTATGCCACAAATTGCTTG-39, positions
1129 to 1149 and 2900 to 2923, respectively, on the basis of the numbering of
Marugg et al. (18) (restriction sites are underlined). PCR amplification resulted
in a single DNA fragment with the expected size of 1.8 kb, which was digested
with SalI and PstI and purified by agarose gel electrophoresis. Subsequently, this
fragment was cloned in pUC19, and the resulting plasmid was designated pNZ-
ALS. pNZ2500 was constructed by cloning the 1.8-kb SalI-PstI fragment from
pNZ-ALS in pNZ3004 (27), digested with the same enzymes. Plasmid pNZ2007
was constructed by isolating the 59 and 39 truncated MG1363 ldh gene from
pNZ2006 (8) as a 0.7-kb HindIII-PstI fragment. This fragment has been made
blunt with Klenow polymerase and was cloned into pCI182 digested with PvuII.
pCI182 is a pBR322 derivative carrying the Tn919 tetM gene and incapable of
replicating in L. lactis (10). The lactate dehydrogenase-deficient strain L. lactis
NZ2007 was constructed by single crossover chromosomal integration of plasmid
pNZ2007 in L. lactis MG5267 and selection for resistance to tetracycline.
Enzyme assays. Cell extracts were prepared as described previously (13).

L-Lactate dehydrogenase activity was determined by the method of Hillier and
Jago (11). a-Acetolactate synthase measurements were performed as described
by Hugenholtz and Starrenburg (13). Protein was assayed as described by Brad-
ford (3), with bovine serum albumin as a standard.
Products of fermentation. Acetate, formate, lactate, ethanol, and butanediol

were determined by high-performance liquid chromatography as described pre-
viously (25). a-Acetolactate, diacetyl, and acetoin were determined chemically as
described by Veringa et al. (29). In all cases, the carbon balances, when corrected
for the produced CO2, were close to unity. In addition, under anaerobic condi-
tions, the redox balances were also close to unity.

RESULTS

Cloning and expression of the L. lactis MG1363 als gene. L.
lactis MG5276 harboring a chromosomal copy of the lac
operon contains a low a-acetolactate synthase activity when
grown in M17 medium containing lactose (0.44 U/mg), which is
similar to that observed during growth in glucose-containing
M17 medium (0.37 U/mg). To obtain high production of a-ace-
tolactate in L. lactis, the lactococcal als gene was isolated and
cloned under the control of the strong lactose-inducible lacA
promoter, resulting in pNZ2500. When grown in glucose-con-
taining M17 medium, strain MG5267 harboring pNZ2500 con-
tained high a-acetolactate synthase activity (23.08 U/mg). This
activity increased approximately twofold when grown under
inducing conditions in lactose-containing media (54.80 U/mg).
This represents a hundredfold increase of specific a-acetolac-
tate activity as compared with that of strain MG5267, which
contains only a single chromosomal copy of the als gene.

Metabolites produced by overexpression of the als gene. To
investigate the effect of a-acetolactate synthase overproduc-
tion in L. lactis, the metabolites were determined in batch
cultures of MG5267 harboring pNZ2500 grown at different
initial pHs and with or without aeration (Table 1). When
cultivated anaerobically at an initial pH of 6.8, L. lactis
MG5267 harboring pNZ2500 showed a homofermentative fer-
mentation, converting all pyruvate into lactate. The same fer-
mentation products were obtained under these conditions with
the host strain MG5267 (data not shown). It has been shown
that a-acetolactate synthase production is inversely related to
the pH (13, 19) and that the internal pH of L. lactis can be
affected by the external pH (16). Therefore, the product for-
mation of MG5267 harboring pNZ2500 was also studied in
medium set at an initial pH of 6.0 under anaerobic conditions.
However, no change in the metabolic end products was ob-
served, and all pyruvate was converted into lactate (Table 1).
It is well known that aeration affects the product formation

of metabolites from lactose in lactococci (2, 5, 20). L. lactis is
known to contain an active NADH oxidase activity that under
aerobic conditions reduces the NADH pool in the cell and
thereby affects the rate of pyruvate reduction into lactate by
the lactate dehydrogenase activity. Therefore, we studied the
influence of aeration on the product formation in strains that
overexpressed the als gene. When cultivated aerobically, L.
lactis MG5267 harboring pNZ2500 was found to produce ace-
toin in addition to lactate. Under anaerobic conditions, no
acetoin was found, and the fermentation products were not
significantly affected by the culture pH. However, at an initial
pH of 6.8, 26% of the pyruvate appeared to be converted to
acetoin, while at an initial pH of 6.0, the acetoin production
was increased almost twice. Under the latter conditions, 42%
of the pyruvate was converted into acetoin via the a-acetolac-
tate synthase activity (Table 1).
Metabolites produced by overexpression of the als gene in a

lactate dehydrogenase-deficient strain. To investigate whether
the amount of acetoin in an a-acetolactate synthase-overpro-
ducing strain could be increased further, a lactate dehydroge-
nase-deficient derivative was constructed from the lactose-fer-
menting strain MG5267, designated L. lactis NZ2007. Strain
NZ2007 showed no lactate dehydrogenase activity (results not
shown), and this resulted in a mixed acid fermentation under
anaerobic conditions (Table 2) (8). Under aerobic conditions
and an initial pH of 6.0, approximately half of the pyruvate was
converted into acetoin, and one-third was further converted
into butanediol (Table 2).
The combination of both increasing the pyruvate pool in the

cell by disrupting the ldh gene and overexpression of the als
gene could result in a higher yield of a-acetolactate and deriv-
atives. Therefore, pNZ2500 was introduced in strain NZ2007.
Under anaerobic conditions, the lactate dehydrogenase-defi-
cient strain L. lactis NZ2007 harboring pNZ2500 produced a

TABLE 1. Product formation and lactose consumption by L. lactis MG5267 harboring pNZ2500a

Fermentation conditions Product formed (mM) Lactose
utilized
(mM)Initial pH Aeration Lactate Formate Acetate Ethanol Acetoin Butanediol

6.8 2 54.6 (100)b NDc ND ND ND ND 18.1
6.0 2 41.2 (99.7) ND 0.1 (0.2) ND ND ND 9.7
6.8 1 52.0 (70.8) ND 2.3 (3.1) ND 9.6 (26.1) ND 19.2
6.0 1 42.5 (55.4) ND 2.0 (2.6) ND 16.1 (42.0) ND 18.7

a Data represent the average of at least two experiments.
b Values in parentheses are percentages of pyruvate converted into the product.
c ND, not detected.
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range of metabolites. These products differed from those ob-
tained from strain NZ2700 without pNZ2500. Approximately
half of the pyruvate was converted into formate and ethanol
(Table 3). The other half of the pyruvate was converted into
a-acetolactate and its derivatives. This is an increase of 17%
compared with that obtained with strain NZ2700 without
pNZ2500. The major part of the acetoin produced was further
reduced to butanediol (39.4% of the converted pyruvate).
Lowering of the initial pH to 6.0 showed no significant effect
on the distribution of the end products.
Under aerobic conditions, the variation in product forma-

tion at different pHs was much more pronounced (Tables 2
and 3). At an initial pH of 6.8, a-acetolactate and acetoin ap-
peared to be produced at high concentrations in a lactate de-
hydrogenase-deficient strain overexpressing als. Approximately
64% of the pyruvate was converted into these products via the
a-acetolactate synthase. However, no significant amounts of
diacetyl were found. The other products resulted from pyru-
vate conversion via the pyruvate formate lyase. Furthermore,
no butanediol is formed, which was also the case with the
lactate dehydrogenase-deficient L. lactis strain NZ2007 under
aerobic conditions at an initial pH of 6.8 (Table 2). Apparently,
under these conditions, all reducing equivalents are efficiently
removed by the NADH-oxidizing activities or are used for
reduction of pyruvate to ethanol. At a lower initial pH of 6.0,
no formate was formed, as a result of an efficient inhibition of
the pyruvate formate lyase, and the vast majority (84.8%) of
the pyruvate was converted into products from the a-acetolac-
tate synthase pathway. The formed a-acetolactate was not ac-
cumulated but was immediately converted into acetoin under
these conditions. One-fourth of the acetoin formed was further
reduced to butanediol, which constituted 18.9% of the metab-
olized pyruvate.

DISCUSSION

The glycolytic intermediate pyruvate is a central metabolite
during sugar fermentation of L. lactis. Four enzyme activities

are known to convert pyruvate under different physiological
conditions (Fig. 1): (i) a-acetolactate synthase, which is active
at high pyruvate concentrations and low pH (13, 19, 24); (ii)
L-Lactate dehydrogenase, with maximal activities at high sugar
concentrations and high intracellular NADH levels; (14); (iii)
pyruvate-formate lyase, which is active at a relatively high pH
(pH above 6) and under anaerobic conditions (1); and (iv)
pyruvate dehydrogenase, which is active under aerobic condi-
tions and low pH (24). In this paper, we describe the product
formation of the pyruvate conversion from lactose in strains
which overproduce a-acetolactate synthase under different
physiological conditions, including pH and aeration. Further-
more, the overproduction of a-acetolactate synthase was stud-
ied in both a wild-type strain and in a strain deficient in lactate
dehydrogenase.
The lactose-utilizing strain L. lactis MG5267 harboring

pNZ2500 produced high a-acetolactate synthase activity. Since
the als gene in pNZ2500 is preceded by the L. lactis lacA
promoter, both strong and regulated expression could be ob-
served. In L. lactis MG5267 harboring the expression vector
pNZ3004, which was used to construct pNZ2500, the regula-
tion of the lacA promoter was shown to be fourfold when
grown on glucose or lactose, based on the expression of the
promoterless cat gene (27), while only a twofold difference in
a-acetolactate synthase activity encoded by pNZ2500 was
found. Since the als gene cloned in pNZ2500 is preceded by its
own promoter, the higher activity of a-acetolactate synthase in
MG5267 harboring pNZ2500 when grown on glucose may be
the result of the high constitutive expression of the als pro-
moter.
In the wild-type strain L. lactisMG5267 harboring pNZ2500,

no effect has been observed in the product formation by the
overproduction of a-acetolactate synthase under anaerobic
conditions (Table 1). The strain showed a homolactic lactose
fermentation. This can be explained by the high Km value of
a-acetolactate synthase for pyruvate (50 mM) (13, 19) in com-
parison with the low Km value of lactate dehydrogenase for

TABLE 2. Product formation and lactose consumption by lactate dehydrogenase-deficient strain L. lactis NZ2007a

Fermentation
conditions Product formed (mM) Lactose

utilized
(mM)pH Aeration Lactate Formate Acetate Ethanol Acetoin Butanediol

6.8 2 5.5 (5.1)b 36.4 (33.8) 0.8 (0.7) 30.2 (28.0) 5.7 (10.6) 11.7 (21.7) 19.5
6.0 2 4.7 (5.4) 29.6 (33.8) 1.6 (1.8) 22.8 (26.1) 4.7 (10.7) 9.7 (22.2) 13.9
6.8 1 2.2 (2.0) 19.9 (18.2) 17.5 (16) 12.5 (11.4) 28.6 (52.3) NDc 23.7
6.0 1 4.7 (4.7) ND 0.7 (0.7) 17.3 (17.2) 23.2 (46.0) 15.9 (31.5) 23.7

a Data represent the average of at least two experiments.
b Values in parentheses are percentages of pyruvate converted into the product.
c ND, not detected.

TABLE 3. Product formation by lactate dehydrogenase-deficient strain L. lactis NZ2007 harboring pNZ2500a

Fermentation conditions Product formed (mM) Lactose
utilized
(mM)Initial pH Aeration Lactate Formate Acetate Ethanol Acetoin a-ALb Butanediol

6.8 2 3.5 (3.1)c 29.1 (25.7) 0.8 (0.7) 24.1 (21.3) 5.5 (9.7) 0.1 (0.2) 22.3 (39.3) 16.6
6.0 2 2.3 (2.8) 21.9 (26.6) 0.1 (0.1) 17.8 (21.6) 5.5 (13.3) 0.3 (0.7) 14.4 (34.9) 7.0
6.8 1 1.2 (1.1) 17.6 (15.5) 11.8 (10.4) 10.5 (9.4) 35.0 (61.7) 1.2 (2.1) NDd 20.2
6.0 1 1.1 (1.1) ND 5.9 (5.3) 8.7 (7.8) 36.6 (65.7) 0.6 (1.1) 10.5 (18.9) 20.2

a Data represent the average of at least two experiments.
b a-AL, a-acetolactate.
c Values in parentheses are percentages of pyruvate converted into the product.
d ND, not detected.
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pyruvate (#1 mM) (12). Apparently, all pyruvate formed from
lactose degradation was converted directly to lactate. Under
aerobic conditions, the metabolic flexibility of strain MG5267
becomes apparent, and the a-acetolactate formed by the over-
produced a-acetolactate synthase is directly converted into
acetoin by the a-acetolactate decarboxylase activity. A lower
initial pH of the culture leads to a lower intracellular pH,
which is known to increase the a-acetolactate synthase activity
(13, 16). This may explain why higher acetoin production was
observed under these conditions (Table 1). To further increase
the variability of the metabolic end products, a lactate dehy-
drogenase-deficient derivative of MG5267 was constructed, ex-
tending previous work with a lactate dehydrogenase-deficient
derivative of MG1363 that could utilize only glucose (Table 2)
(8).
As a consequence of the inactivation of the ldh gene in L.

lactis NZ2007 harboring pNZ2500, the intracellular pyruvate
concentration is presumably higher than it is in the wild-type
strain. Therefore, the influence of the high a-acetolactate syn-
thase activity was even more pronounced. Under anaerobic
conditions, relatively high concentrations of butanediol, for-
mate, and ethanol were formed. Since NADH cannot be used
for the reduction of pyruvate to lactate, the reduction equiva-
lents should be used in the production of ethanol and butane-
diol. As observed in lactate dehydrogenase-deficient or a-ace-
tolactate synthase-overexpressing strains, lowering the initial
pH had only a minimal effect on the product balance under
anaerobic conditions. Aeration of L. lactis NZ2007 harboring
pNZ2500 resulted in the production of high concentrations of
acetoin. At a high initial pH of 6.8, no butanediol was formed
and equal amounts of acetate and ethanol were formed. Low-
ering the initial pH resulted in higher concentrations of acetoin
and butanediol, but no formate was formed. The reduction of
acetoin to butanediol and the relatively high amount of ethanol
that was formed by the alcohol dehydrogenase indicate the
presence of an excess of NADH, especially at low pH. This has
also been observed in a lactate dehydrogenase-deficient deriv-
ative of L. lactis MG1363 grown on glucose (8). In the lactate
dehydrogenase-deficient strains NZ2007 and NZ2007 harbor-
ing pNZ2500, more reduced metabolites were formed under
aerobic conditions at low pH. This could indicate that the
dehydrogenase enzymes utilizing NADH are more active at pH
6.0 or that the NADH oxidases of L. lactis are less active at low

pH. Overproduction of a-acetolactate synthase in L. lactis
NZ2007 harboring pNZ2500 as compared with that in L. lactis
NZ2007 resulted in a 5 to 10% rerouting from acetate or
ethanol to a-acetolactate.
In this paper, we show that metabolic engineering of L. lactis

is possible by altering fermentation conditions (pH and aera-
tion) together with the modulation of the activity of key en-
zymes, such as lactate dehydrogenase and a-acetolactate syn-
thase. Under optimal fermentation conditions and with
appropriately constructed strains, up to 85% of the pyruvate
and hence the carbon source lactose was converted via the
a-acetolactate synthase pathway to acetoin and butanediol. To
produce high yields of diacetyl, the conversion of a-acetolac-
tate into acetoin by the activity of a-acetolactate decarboxylase
should be prevented. It may be anticipated that the vast ma-
jority of the end products could then consist of a-acetolactate
and diacetyl. The level of diacetyl produced in such a strain
would be dependent on the efficient reduction of the NADH
pool, the activity of diacetyl reductase, and the possible toxicity
of a high diacetyl concentration (15). Strains deficient for
a-acetolactate decarboxylase, obtained either via screening or
by inactivating its recently discovered gene (21), will allow the
testing of this hypothesis and further extend the potential of
metabolic engineering of L. lactis.
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