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ABSTRACT Acetoin, 3-hydroxyl,2-butanone, is extensively used as a flavor additive in
food products. This volatile compound is produced by the dairy bacterium Lactococcus
lactis when aerobic respiration is activated by haem addition, and comprises ;70% of
carbohydrate degradation products. Here we investigate the targets of acetoin toxicity,
and determine how acetoin impacts L. lactis physiology and survival. Acetoin caused
damage to DNA and proteins, which related to reactivity of its keto group. Acetoin
stress was reflected in proteome profiles, which revealed changes in lipid metabolic
proteins. Acetoin provoked marked changes in fatty acid composition, with massive
accumulation of cycC19:0 cyclopropane fatty acid at the expense of its unsaturated
C18:1 fatty acid precursor. Deletion of the cfa gene, encoding the cycC19:0 synthase,
sensitized cells to acetoin stress. Acetoin-resistant transposon mutagenesis revealed a
hot spot in the high affinity phosphate transporter operon pstABCDEF, which is known
to increase resistance to multiple stresses. This work reveals the causes and conse-
quences of acetoin stress on L. lactis, and may facilitate control of lactic acid bacteria
production in technological processes.

IMPORTANCE Acetoin, 3-hydroxyl,2-butanone, has diverse uses in chemical industry,
agriculture, and dairy industries as a volatile compound that generates aromas. In
bacteria, it can be produced in high amount by Lactococcus lactis when it grows
under aerobic respiration. However, acetoin production can be toxic and detrimental
for growth and/or survival. Our results showed that it damages DNA and proteins
via its keto group. We also showed that acetoin modifies membrane fatty acid com-
position with the production of cyclopropane C19:0 fatty acid at the expense of an
unsaturated C18:1. We isolated mutants more resistant to acetoin than the wild-type
strain. All of them mapped to a single locus pstABCDEF operon, suggesting a simple
means to limit acetoin toxicity in dairy bacteria and to improve its production.
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Acetoin, also known as 3-hydroxyl,2-butanone, has diverse uses in industry, e.g., for
chemical synthesis of heterocyclic compounds, as an e-cigarette ingredient (1), in

agriculture as a plant growth factor and inducer of systemic resistance to infection (2,
3), and in dairy industries as a volatile compound that generates aromas (4). Acetoin
may be produced chemically or by metabolic engineering. In bacteria, acetoin synthe-
sis involves an acetolactate synthase (Als) to convert pyruvate to acetolactate, and a
decarboxylase (Ald) to convert acetolactate to acetoin (Fig. 1).

Lactococcus lactis species, widely used in the food industry, produce mainly lactic
acid from carbohydrates via a fermentative metabolism. However, when haem is sup-
plied in the aerated culture, cells trigger a respiratory chain activity that reprograms
carbon metabolism (5–7). Rather than producing lactic acid, cells reroute pyruvate to
acetate but mainly to acetoin, which represents at least 70% of carbohydrate degrada-
tion products (i.e., 35 mM from 55 mM glucose (5–7)). Acetoin production might serve
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as a release valve to avoid over-accumulation of pyruvic acid, which would block gly-
colysis. Acetoin helps prevent internal bacterial acidification due to pyruvic acid accu-
mulation when cells are grown in carbohydrate-rich medium (8–10). In L. lactis, its pro-
duction may be enhanced by metabolic engineering cells that block pyruvate
degradation pathways (11, 12). While acetoin production makes metabolic sense, accu-
mulation of acetoin or diacetyl, a derivative of acetoin synthesis pathway, may never-
theless be toxic in bacteria, as high acetoin production was reported to be detrimental
for cell growth in L. lactis and Bacillus species (11, 13, 14).

Here, we set out to understand the mechanisms and targets of acetoin toxicity, and
to assess L. lactis potential responses to acetoin. Our results show that acetoin toxicity
relies on its keto group, and has multiple targets. Remarkably, acetoin triggers major
changes in membrane fatty acid composition. We isolated acetoin-resistant mutants,
which all mapped to a single locus (pstABCDEF operon), suggesting a simple means to
limit toxicity in dairy bacteria.

RESULTS
Acetoin provokes DNA and protein damage. We tested for toxicity of glucose cata-

bolic products (acetoin, lactate, acetate) on L. lactis strain MG1363 (15) (Table 1). Among them,
acetoin had the strongest inhibitory effect (data not shown). In M17Glucose 1%medium, addi-
tion of acetoin (70–200 mM) decreased final biomass yields in a dose-dependent manner after
either fermentation (static or aerated liquid medium) or respiration growth (aerated liquid me-
dium supplemented with 5 mM haem) (Fig. S1). To understand the mechanisms underlying
acetoin toxicity, we first tested its effects on a DrecA mutant. RecA is a main DNA recombina-
tion and repair protein that contributes to bacterial protection survival upon DNA damage
(16). Compared to growth in non-supplemented medium, addition of 0.2 M acetoin (; 6-fold
higher of acetoin production under respiration in laboratory M17 broth (4–6)) led to a slight
reduction in growth rate of the wild-type (WT) strain compared to a marked reduction of the
DrecA strain (Fig. 2); these differences were accentuated upon plating (3-log and 6-log
decreases of WT and DrecA strains, respectively; Fig. S2A). We suspected that acetoin is muta-
genic. To test this hypothesis, we compared mutation frequencies of the WT strain with and
without acetoin using a rifampin assay. The number of rifampin resistant clones was; 15-fold
higher in the presence of 0.2 M acetoin than in its absence (Fig. 3A). Acetoin was also found
to inhibit DNA synthesis using a PCR assay (Fig. 3B). We observed a net decrease of polymer-
ization efficiency when the enzyme was exposed to physiological concentrations of acetoin (L.
lactis synthesized up to 35 mM acetoin in respiration growth from 1% glucose). At 33 mM
acetoin we detected no PCR product. As Taq polymerase was sensitive to acetoin we tested
effects of acetoin on a DclpP mutant. ClpP is an intracellular housekeeping protease that is
required for protein turnover and stability (17). As observed for a DrecA mutant, a DclpP mu-
tant was more sensitive to 0.2 M acetoin than in the WT strain (Fig. S2B and S3). Altogether,
these observations suggest that acetoin leads to mutations and inhibition of protein stability
and/or activity including that of DNA polymerase.

Acetoin toxicity is based on its keto group. To investigate the mechanism of acet-
oin toxicity, we compared sensitivity of a DrecA mutant to molecules having a similar
structure to acetoin: diacetyl, 2,3-butanediol, and methylglyoxal (MG) (Fig. 4A). Like
acetoin, diacetyl and 2,3-butanediol are used as flavor additives, whereas MG is a well-
known toxic by-product of carbon metabolism in bacteria (18). The reduced form of acetoin
(2,3-butanediol) was not toxic, in contrast to its oxidized form (diacetyl), which arrested
growth (Fig. 4B). Moreover, diacetyl completely inhibited DrecA strain growth even at very

FIG 1 Acetoin biosynthesis pathway in L. lactis MG1363. Als, acetolactate synthase; Ald, acetolactate
decarboxylase. Acetoin contains a hydroxyl (R-OH) and a keto (R1[C¼¼O]R2) group.
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low concentrations, as observed with MG (0.5 mM, data not shown). Using the PCR assay,
DNA polymerization efficiency was not affected by the presence of 2,3-butanediol (Fig. 4C).
In contrast, no PCR product was detected when the enzyme was exposed to diacetyl or MG.
Acetoin treatment led to intermediate effects (Fig. 4B and C). Significant effects of these
compounds were also observed in a DclpPmutant (Fig. S3). Based on these data, we con-
clude that the keto group is responsible for acetoin toxicity.

Acetoin treatment affects L. lactis proteomic profiles. To gain insight on the conse-
quences of acetoin on L. lactis protein expression, we performed proteomic analyses in cells
non-treated or treated with acetoin (Table 2, Fig. S4; see Materials and Methods). Compared

TABLE 1 Strains, plasmids, and primers

Strain, plasmid, or primer Description or sequence Source
Strains
L. lactis
MG1363 Plasmid free, L. lactis subsp. cremoris (15)
pstA MG1363, insertion of pRV300 into pstA gene (8)
pstE::ISS1 MG1363, insertion element ISS1 into pstE gene This study
DrecA MG1363, recA::TetR (16)
DclpP (17)
recA, pstE::ISS1 (41)
DclpP, pstA (8)
Dcfa MG1363, deletion of cfa gene This study
Dcfa, pstA Disruption of pstA gene in a cfAmutant This study

E. coli DH5a Host strain for cloning

Plasmids
pRV300-pstA (8)
pIL252 EryL.lactis, a low-copy-number plasmid (42)
pGhost9::ISS1 Plasmid for randommutagenesis (36)
pBR322-pGhost8 (5)

Primers
ISS1-pEcoR1 TAGTTCATTGATATATCCTCG
ISS1-pHindIII GGTATCTACTGAGATTAAGG
cfa For TTTTGAATTCCAGTAAGTTTTTCAATGGCG (EcoRI)
intRev ACATGTATTCGCGTGTCATTTCGAAAGCAACTGCAAGTGC
cfa intFor GCACTTGCAGTTGCTTTCGAAATGACACGCGAATACATGT
cfa Rev TTTGGATCCTGGATGCCCTTCTGATACT (BamHI)
Dcfa extFor TAACCCATTTGATTTGTGGT
Dcfa extRev TGGCATCTGAGATTTGGTCA

FIG 2 Deletion of recA leads to acetoin sensitivity. Growth curves of (A) the WT strain and (B) a DrecA
mutant without (circles) and in the presence of (squares) 0.2 M acetoin, under static fermentation
in M17Glu1%. Curves are presented in logarithmic scale and representative of three independent experiments.
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to the control condition, acetoin treatment resulted in decreased detection of ;30 proteins
belonging to main categories: fatty acid, stress, DNA and translation. No over-produced pro-
teins were detected upon acetoin treatment. The observation that DNA metabolism and
translation were affected might be related to acetoin sensitivity of the DrecA and DclpP
mutants and the DNA polymerase. Three fatty acid synthesis (FASII) proteins were
decreased: AccC, a subunit of the ACC FASII initiation complex involved in malonyl-CoA syn-
thesis from acetyl-CoA, and FASII elongation enzymes FabF (3-oxoacyl-acyl carrier protein

FIG 3 Acetoin is mutagenic and inhibits DNA polymerase. (A) Cells were grown in M17Glu1% under
static growth conditions in the presence of 0.2 M acetoin or not. After overnight growth, cultures
were diluted and each suspension was spread on solid medium supplemented with rifampin or not.
Data, presented in logarithmic scale, are means with standard deviations from three independent
experiments. Statistical significance was determined by unpaired, nonparametric Mann-Whitney tests,
as recommended for small sample sizes. *, P # 0.05. (B) In a PCR mixture acetoin is added at 11, 22,
33 mM (left to right). C, PCR control with no acetoin; M, 1 log DNA ladder. Photo is representative of
two independent experiments.

FIG 4 Toxicity of acetoin depends on its keto group. (A) Structure of acetoin and derivatives: diacetyl is
produced from spontaneous oxidation of acetolactate or acetoin, whereas 2,3-butanediol by reduction.
Structure of diacetyl is similar to methylglyoxal. (B) Growth of a DrecA mutant without and with different
compounds: no compound, black circle; acetoin, black square; 2,3-butanediol, diamond; diacetyl, triangle. Cells
were cultured in M17Glu1%. Each compound was tested at 0.2 M. Curves are presented in logarithmic scale
and representative of three independent experiments. Methylglyoxal gave similar results to that of diacetyl
ones. (C) PCR assays. Acet, acetoin; Diac, diacetyl, 2,3-But, 2,3-butanediol; MG, methylglyoxal. Experiments are
performed as described in Fig. 3.
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synthase) and FabZ (3-hydroxy-acyl-[acyl-carrier-protein] dehydratase). The decrease of these
protein amounts might suggest that acetoin affects membrane fatty acid composition.

Acetoin stress dramatically alters L. lactis fatty acid composition. The observed
decrease in FASII enzyme amounts in acetoin-treated cells, and the fact that acetoin is
membrane-miscible led us to analyze how this molecule affects membrane fatty acid
composition (Table 2). To test this, cells grown without or with 0.2 M acetoin were col-
lected during exponential growth phase (OD600 = 0.5), and fatty acids were analyzed
by gas chromatography. Non-treated cells produced mainly 4 fatty acids (FAs): myristic
acid (C14:0, 10%), palmitic acid (C16:0, 26.5%), oleic acid (C18:1, 36%), and cyclic meth-
ylenoctadecenoic acid (cycC19:0, 22%) (Fig. 5A). Addition of acetoin led to a marked
increase in the proportion of cycC19:0 FA, to the detriment of its precursor C18:1 FA (2-
fold increase and .3-fold decrease, respectively).

TABLE 2 Proteins significantly affected by acetoin in L. lactis strain MG1363

Gene name Protein name/functiona

Expression
change in
acetoin

Glycolysis
llmg_2539 GapB glyceraldehyde 3-phosphate dehydrogenase Down

Fatty acid biosynthesis
llmg_1779 AccC subunit biotin carboxylase Down
llmg_1783 FabF 3-oxoacyl-acyl carrier protein synthase II Down
llmg_0538 FabZ (a) 3-hydroxy-acyl-[acyl-carrier-protein] dehydratase Down

Cell wall
llmg_0209 RmlB, dTDP-glucose-1-phosphate dehydratase Down
llmg_0210 RmlD, dTDP-4-dehydrorhamnose reductase Down

Nucleosides and nucleotides metabolism
llmg_1107 PyrF, orotidine-phosphate decarboxylase Down
llmg_1599 DeoD, purine nucleoside phosphorylase Down
llmg_2176 Upp, uracyl phosphoribosyltransferase Down

Peptidases
llmg_0403 PepA, glutamyl aminopeptidase Down

Transcriptional regulators
llmg_0775 CcpA, catabolite control protein A Down

Cell division
llmg_2060 FtsZ, cell division protein Down

Stress proteins
llmg_1352 TelA, putative tellurium resistance protein Down
llmg_1996 Ppa, inorganic pyrophosphatase Down
llmg_1498 iron-sulfur cluster biosynthesis Down

DNAmetabolism
llmg_2474 SsbB, single-strand binding protein Down

Translation
llmg_2373 RplN, 50S ribosomal protein L14 Down
llmg_2362 RplO (a)b 50S ribosomal protein L15 Down
llmg_2362 RplO (b) 50S ribosomal protein L15 Down
llmg_0296 RpsD, 30S ribosomal protein S4 Down
lLmg_1815 or 2362 *RplI ribosomal protein or RplO Down
llmg_2371 or 2366 *RplE ribosomal protein or RplF Down
llmg_2475 RpsF (a) 30S ribosomal protein S6 Down
llmg_2475 RpsF (b) 30S ribosomal protein S6 Down
llmg_2557 RpsG 30S ribosomal protein S7 Down
llmg_2284 Frr ribosome recycling factor Down
llmg_2429 Tsf elongation factor Down

Unclassified protein
llmg_0592 or 0296 *Unknown or RpsD Down
llmg_0890 or 0296 * PyrR, pyrimidine regulator or RpsD Down
llmg_2285 or 1599 *PyrH UMP-kinase or DeoD Down
llmg_0763 or 2492 *Pta phosphate acetyltransferase or Tsf Down
aThe selected proteins show the most significant differences due to acetoin by visual inspection of duplicate gels
(see Fig. 8).
b(a) and (b) represent the same protein with two different isoelectric points.
*Two proteins with high percentage of coverage were present in one spot.
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CycC19:0 FA is produced from C18:1 FA via the cfa gene product, a cyclopropane
FA synthase (19, 20). To determine the role of C18:1/cycC19:0 shift in acetoin stress re-
sistance, we compared bacterial survival between the WT strain and a Dcfa mutant
treated or not with 0.35 M acetoin (Fig. 5B). These strains grew similarly in the absence
of treatment. In contrast, acetoin sensitivity was exacerbated in the cfa deletion strain
(30-fold greater acetoin sensitivity than the WT strain). We conclude that C18:1/
cycC19:0 shift contributes to acetoin resistance in L. lactis.

The pst operon, encoding the high affinity phosphate transporter, is a mutational
hot spot for acetoin resistance. Our results indicated that L. lactis growth and survival
may be limited by accrued acetoin production, particularly in respiration conditions
where acetoin concentrations reach high levels. One way to overcome toxicity is to
select for acetoin-resistant mutants. To this purpose, and to identify functions involved,
we conducted transposon mutagenesis in L. lactis strain MG1363 (8). We constructed a
mutant library and screened cells growing in the presence of the minimum lethal acet-
oin concentration, which was determined to be 0.45 M under respiration conditions at
30°C on agar plates (see Materials and Methods). After 48 h of incubation at 30°C, colo-
nies appeared at a frequency of ;1026. Remarkably, out of 5 selected stable colonies,
all transposon insertion sites mapped to the pstABCDEF operon (llmg_1896 to
llmg_1901 (15)), which encodes a high affinity phosphate transport complex (Fig. 6A
and B) (8). This selection was also performed on L. lactis but growing under aerobic fer-
mentation (agar medium with no haem addition, with a minimum lethal acetoin con-
centration of 0.65 M). Remarkably, all transposon insertion sites mapped again to the
same operon (in 8 mutant colonies tested), indicating that energy mode did not
impact the functions giving rise to acetoin resistance. A pstA mutant, previously con-
structed in our lab (8), was ;100-fold more resistant to acetoin than the WT strain (Fig.
6C). As expected, phosphate supplementation (20 mM) reversed acetoin resistance of
the mutant, while it did not affect the WT strain (data not shown).

We determined above that acetoin affected L lactis on three levels: DNA damage repair,
protein turnover, and membrane lipid function, seen respectively as growth sensitivity of
the DrecA, DclpP. and Dcfa mutants (Fig. 2, Fig. S2 and S5). We asked whether pst inactiva-
tion rescues survival to an acetoin challenge by constructing the respective double mutants
(pstE-DrecA, pstA-DclpP, or pstA-Dcfa). The pstA mutation partially rescued both DclpP and
Dcfamutants from acetoin toxicity; however, it did not rescue the DrecA strain (Fig. 7).

To obtain insight into acetoin resistance in the pstA mutant we performed a compara-
tive (phospho)-proteome analysis of the WT and pstA strains treated or not with acetoin
(Table 2, Fig. 8, Fig. S4, and Tables S1, S2, and S3). Although we observed differences in
some protein amounts and phosphorylation states between the two strains, we failed to
identify specific proteins or metabolic pathways that would explain acetoin resistance in
the pstA mutant. Furthermore, fatty acid analysis showed that the pstA mutant behaved

FIG 5 Fatty acid C18:1 cyclopropanation to cycC19:0 participates in acetoin resistance. (A) The WT
strain was cultured in M17Glu0.5% at 30°C and collected at OD600 = 0.5 for membrane fatty acid
extraction and analysis. 0.2 M acetoin was added at OD600 = 0.1. Black bars, no acetoin; gray bars,
with acetoin. Results are means with standard deviations from three independent experiments. (B)
Overnight cultures of the WT strain and a Dcfa mutant were diluted in M17 broth, and 5 ml of each
dilution was loaded on agar M17Glu supplemented with 0.35 M acetoin. After 48 h, bacterial counts
were determined. Data are means with standard deviations from three independent experiments.
Black bars, no acetoin; gray bars, with acetoin. Statistical significance was determined by unpaired,
nonparametric Mann-Whitney tests, as recommended for small sample sizes. *, P # 0.05.
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like the WT strain in response to acetoin stress (Fig. S5). These results suggest that pstA res-
cue affects cell physiology via mechanisms that may not directly affect the interactions of
acetoin with its targets. This conclusion is supported by the fact that pst mutations arose
in independent selections, including dithiothreitol, acidification, and tellurite stress, or in a
DNA repair defective strain, combined with high temperature (8, 21, 22).

DISCUSSION

L. lactis is widely used in dairy industries for its capacity to acidify medium (milk) by fermen-
tation. In contrast, when oxygen and haem are available, it uses respiration metabolism, and
produces flavor-enhancing compounds like acetoin and diacetyl. Acetoin biosynthesis path-
way avoids accumulation of pyruvate (end product of glycolysis) and thus extends respiration
growth (5). However, we show that its beneficial effect can be hindered when acetoin or/and
diacetyl is accumulated at high levels. We demonstrate that these molecules cause L. lactis cell
damage to DNA and proteins, and has major effects on membrane lipid composition when
cells are exposed to high acetoin levels.

Although used for food flavoring, acetoin is nevertheless toxic, and diacetyl, an acet-
oin oxidation product, is even more toxic. We demonstrate that acetoin reactivity depends on
its keto group as its reduction to 2,3-butanediol restored growth of the WT strain and mutants
(DrecA and DclpPmutants), and alleviated inhibition of DNA polymerization in vitro. Moreover,
the presence of two close keto groups enhances reactivity of molecules, as evidenced by
greater toxicity of diacetyl and methylglyoxal (MG) compared to acetoin. MG damages macro-
molecules like DNA and proteins in E. coli or B. subtilis and is also proposed to be a source of
human pathologies (23). Concerning proteins, acetoin could react preferentially with guani-
dino rather than amino groups of amino acid residue as reported for diacetyl. In vitro, diacetyl
reacts with the arginine residue (Arg-235) of Lactobacillus plantarum D-lactate dehydrogenase,
as its substitution by a lysine residue enhanced enzyme resistance to diacetyl (24). Our obser-
vations likely explain the respiratory pathologies observed in humans exposed to diacetyl and
acetoin during production or in food products. Accordingly, previous investigations in animal
models reported that a 6-h inhalation exposure to diacetyl caused epithelial damage (25, 26).

This study raises the question of how L. lactis cells cope with acetoin/diacetyl stress. In E.
coli, systems like glyoxalase/deglycase that repair damage due to MG have been characterized

FIG 6 Inactivation of the pst operon enhances acetoin resistance. (A) Locus of pstABCDEF operon. Arrows
indicate insertion site of transposon; red, clones isolated under respiration condition; black, clones isolated
under aerobic fermentation condition (B) Schema of phosphate transporter in membrane: PstE (also named
PstS) and F, lipoproteins; PstC and D, permease; PstA and B, ATPases; Pi, inorganic phosphate. (C) Resistance of
a pstA mutant and the WT strain to acetoin. After overnight growth, cells were diluted and 5 ml of each
suspension was loaded on M17Glu1% agar plate supplemented with 0.4 M acetoin. Bacterial counts were
determined after 48 h of incubation. Data are means with standard deviations from three independent
experiments. Black bars, no acetoin; gray bars, with acetoin; white bar, with acetoin and 20 mM phosphate (Pi).
Statistical significance was determined by unpaired, nonparametric Mann-Whitney tests, as recommended for
small sample sizes *, P # 0.05. ns, not significant.
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(23), but such a system is still unknown in L. lactis. Another way should be the reduction of
acetoin and diacetyl to 2,3-butanediol, which is inert with respect to growth or DNA polymer-
ization. Previous transcriptome analyses under respiration revealed overproduction of poten-
tial NADH reductases (butA and butB genes) in L. lactis strains having high similarity to acetoin
reductase (4, 5, 27). While these functions might be involved in acetoin detoxification, cloning
of butA, butB, and butAB from L. lactis strain MG1363 on a multicopy plasmid had no effect on
acetoin degradation (unpublished data); it remains to be tested whether these proteins
require some limiting cofactors, or if the right conditions for their activities were not found.
Nevertheless, variable expression of these potential detoxifying enzymes might explain a
reported failure to detect acetoin/diacetyl reductase activity in L. lactis strain MG1363, although
the corresponding genes are present (11). The absence of this activity may compromise sur-
vival of cells exposed to these molecules.

An unexpected finding is that acetoin addition resulted in a marked change in L. lactis
fatty acid membrane phospholipid profiles. The C18:1/cycC19:0 shift likely reflects an
increased production or activity of Cfa (28). A cfa deletion led to extreme acetoin sensitiv-
ity, indicating that Cfa confers efficient protection against acetoin toxicity. In Bacillus amy-
loliquefaciens, an acetoin resistant mutant displayed increased carbon chain unsaturation,
with reported production of C18:1, C18:2, and C18:3 FAs (13). Although Bacillus species do
not synthesize unsaturated fatty acids, their desaturase activity, possibly increased in the

FIG 7 The pst operon deletion partially rescues DclpP and Dcfa mutants against acetoin toxicity but
not a DrecA mutant. Overnight cultures were tested on M17Glu agar plates as described in Fig. 6.
Data are means with standard deviations from three independent experiments. Acetoin was added at
0.35 M in plates. Black bars, no acetoin; gray bars, with acetoin. Statistical significance was determined by
unpaired, nonparametric Mann-Whitney tests, as recommended for small sample sizes, *, P # 0.05; ns, not
significant.

Cesselin et al. Applied and Environmental Microbiology

December 2021 Volume 87 Issue 24 e01079-21 aem.asm.org 8

https://aem.asm.org


reported B. amyloliquefaciens acetoin-resistant mutant, could generate unsaturated species
(29, 30). The production of unsaturated FA, and in the present study, cyclopropane FA,
may help stabilize membrane fluidity in contact to acetoin (31).

We performed an unbiased mutagenesis to characterize factors implicated in acetoin
adaptation. Intriguingly, all isolated mutants were affected in phosphate transport. A recent
study in E. coli reported that cells escaped methylglyoxal toxicity through mutations in
genes involved in phosphate homeostasis including a mutation in phosphate transporter
operon (pstA gene) (32). This study, and our work, suggests the existence of a link between
phosphate homeostasis and resistance against these molecules (acetoin, diacetyl, and MG)
in bacteria. Interestingly, the pst operon was previously implicated in metal homeostasis in
L. lactis, Saccharomyces cerevisiae, and E. coli (8, 33–35). Decreasing the intracellular metal
pool might lower the chances of oxidizing acetoin to the more toxic diacetyl.

In conclusion, this study demonstrates that acetoin and diacetyl are toxic to L. lactis
and likely to other bacteria and eukaryotic cells. We identify C18:0/cycC19:0 shift as a
defense mechanism against acetoin stress. Isolation of acetoin-resistant pst mutants
might provide a GMO-free means of isolating lactococci for more robust starter culture
production whatever the growth mode used. Indeed, not all lactic acid bacteria are ca-
pable of respiration metabolism (4).

MATERIALS ANDMETHODS
Strains and growth conditions. Strains and plasmids are described in Table 1. L. lactis strains were

grown in reconstituted M17 broth supplemented with 0.5 or 1% glucose and riboflavin 5 mM, referred
to as M17Glucose. Fresh medium was inoculated at OD600 = 0.025 from overnight precultures, and cells
were grown under static, aeration (shaking, 200 rpm), or respiration (shaking, 200 rpm; 5 mM haem in
broth) conditions. Cultures were usually incubated at 30°C and harvested at the indicated cell densities
(OD600). For assays of acetoin sensitivity, acetoin at the indicated concentrations is added with inoculum
and growths were performed in microplates. Cell densities were measured using a plate reader (Sunrise,
TECAN), or otherwise as specified in text. When appropriate, erythromycin (Ery) was added at 1mg ml21.

Rifampin assays. Cells were grown in liquid M17Glu1% in the presence of 0.2 M acetoin or not. After over-
night growth, cultures were diluted in M17 broth and 0.1 ml of each dilution was spread on solid growth me-
dium supplemented or not with 50mg ml21 rifampin. Bacterial counts were determined after 48 h of incubation.

PCR assay. A fragment (1.7 kb of size) was PCR amplified with primer pairs: for 5’CCGGAATTCTGGTTCGCT
TCAATTGATCG3’, Rev 5’CCGCTCGAGTAATCTAAAGACCATTATACC3’, and L. lactis MG1363 chromosome as a
matrix in a reaction mixture containing 1X buffer, 0.25 mM each dNTP, 1 mM each primer, and 1 unit of
Phusion DNA polymerase (New England Biolabs). PCR was run for 20 cycles.

AcetoinR mutant isolation. Insertional mutagenesis was performed using MG1363 carrying the
thermosensitive plasmid pGhost9::ISS1 as described (36). Cell dilutions were plated on M17Glu agar
plates containing Ery 1 mg ml21 and incubated at 37°C for 48 h. Clones (about 10,000) were scraped

FIG 8 Acetoin affects the proteome of L. lactis strain MG1363. The WT strain was treated or not to 0.2 M acetoin. Cytosolic proteins were separated
according to their isoelectric point (first dimension) then according to their molecular weight (second dimension). Proteins were stained by InstantBlue dye.
Identification of proteins was determined from mass spectrometry analysis. Figure is representative of two independent experiments (see Materials and
Methods). Phosphoproteome analysis is described in the supplemental material.
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from plates and resuspended in M17 medium with glycerol 15% and stocked at –80°C. The cells were
screened on plates on M17Glu containing the minimum lethal concentration of acetoin, (defined as no
cell growth for 72 h): 0.65 M acetoin in aerobic fermentation conditions, and 0.45 M acetoin in respira-
tion permissive conditions in medium containing 10 mM haem. Plates were incubated at 30°C. Colonies
that appeared at 24 and 48 h were streaked on M17Glu plus acetoin 0.45 or 0.65 M for fermentation or
respiration growth and incubated at 30°C before identification of ISS1 transposon insertion sites.

Characterization of transposon targets.Mutant chromosomes were purified, digested by SspI, and
ligated by T4 ligase. The circulated products containing ISS1 transposon were PCR amplified using pri-
mers (ISS1-pEcoRI, ISS1-pHindIII, Table 1) and sequenced (Eurofins & GATC society). Sequencing results
were blasted against the genome of L. lactis MG1363 (37) to identify transposon insertion site.

(Phospho)proteome. (i) Sample preparation. Overnight cultures of L. lactis strains were diluted
1/100 in fresh M17Glu0.5% broth in static conditions. At OD600 = 0.1, acetoin 0.2 M was added. At OD600 =
0.5, cells were harvested by centrifugation at 4°C, and resuspended in 30 mM Tris pH 7, DTT 1 mM. Cells
were disrupted with glass beads (FastPrep FP120; MP Biomedical) by three cycles of 45 sec at a speed of 6 m
s21. Extracts were centrifuged at 8,000 rpm for 20 min at 4°C. Crude extracts were ultracentrifuged for 1 h at
10°C to separate membrane and cytosolic fractions. Protein concentrations were measured according to the
Bradford procedure with bovine serum albumin as the standard (Bio-Rad, France).

(ii) 2D-Electrophoresis. Five hundred mg cytosolic protein samples were used for analyses. They
were treated with nuclease (purified NucA from Streptococcus agalactiae (38)) for 30 min at 37°C, and 2D gels
were performed as described (39). Phosphoproteins were stained by Pro-Q Diamond dye (Invitrogen, France),
which detects P-tyrosine, P-serine, and P-threonine, and visualized with Chemidoc MP Imaging System (Bio-
Rad, France) with a UV standard filter. Gels were then washed twice in water (20 min, at room temperature)
and stained by Instantblue dye (Expedeon, United Kingdom). Two independent experiments were performed.
Spots selected by visual inspection were excised from gels for mass spectrometry identification (see the sup-
plemental material).

Fatty acid analysis. Fatty acid extractions were performed on cells grown to OD600 = 0.5 6 0.05.
Acetoin (0.2 M) was added when indicated at OD600 = 0.1. Membrane fatty acid extraction and analysis
were performed as described (40).

Construction of a Dcfa mutant. We proceeded as follows. Two DNA fragments covering the
upstream (cfa For � cfa intRev) and downstream (cfa intFor � cfa Rev) regions of the cfa gene (Table 1)
were PCR-amplified and then fused by a second PCR. The resulting fragment was ligated to pBR322-
pGhost8 into EcoRI and BamHI sites. The modified plasmid was established in E. coli strain DH5a and
transferred to L. lactis strain MG1363. Deletion by temperature shift was performed as described (8) and
checked by PCR with primer pair outside of cfa locus.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2 MB.

ACKNOWLEDGMENTS
Proteomics analyses were expertly performed at the PAPPSO platform (http://

pappso.inra.fr), which is supported by INRAE (http://www.inrae.fr), the Ile-de-France
regional council (https://www.iledefrance.fr/education-recherche), IBiSA (https://www
.ibisa.net), and CNRS (http://www.cnrs.fr). We thank the MicrobAdapt team and C
Granvalet (AgroSup Dijon) for fruitful discussions, and D. Halpern for statistical analysis.
This project was supported by laboratory in-house funding.

We declare that we have no conflicts of interests.

REFERENCES
1. Vas CA, Porter A, McAdam K. 2019. Acetoin is a precursor to diacetyl in e-

cigarette liquids. Food Chem Toxicol 133:110727. https://doi.org/10.1016/j.fct
.2019.110727.

2. Ryu CM, Farag MA, Hu CH, Reddy MS, Wei HX, Pare PW, Kloepper JW.
2003. Bacterial volatiles promote growth in Arabidopsis. Proc Natl Acad
Sci U S A 100:4927–4932. https://doi.org/10.1073/pnas.0730845100.

3. Rudrappa T, Biedrzycki ML, Kunjeti SG, Donofrio NM, Czymmek KJ, Pare
PW, Bais HP. 2010. The rhizobacterial elicitor acetoin induces systemic re-
sistance in Arabidopsis thaliana. Commun Integr Biol 3:130–138. https://
doi.org/10.4161/cib.3.2.10584.

4. Pedersen MB, Gaudu P, Lechardeur D, Petit MA, Gruss A. 2012. Aerobic respira-
tion metabolism in lactic acid bacteria and uses in biotechnology. Annu Rev
Food Sci Technol 3:37–58. https://doi.org/10.1146/annurev-food-022811-101255.

5. Cesselin B, Garrigues C, Pedersen MB, Roussel C, Gruss A, Gaudu P. 2018.
Task distribution between acetate and acetoin pathways to prolong
growth in Lactococcus lactis under respiration conditions. Appl Environ
Microbiol 84:e01005-18. https://doi.org/10.1128/AEM.01005-18.

6. Duwat P, Sourice S, Cesselin B, Lamberet G, Vido K, Gaudu P, Le Loir Y, Violet
F, Loubiere P, Gruss A. 2001. Respiration capacity of the fermenting bacte-
rium Lactococcus lactis and its positive effects on growth and survival. J Bac-
teriol 183:4509–4516. https://doi.org/10.1128/JB.183.15.4509-4516.2001.

7. Pedersen MB, Garrigues C, Tuphile K, Brun C, Vido K, Bennedsen M, Mollgaard
H, Gaudu P, Gruss A. 2008. Impact of aeration and heme-activated respiration
on Lactococcus lactis gene expression: identification of a heme-responsive op-
eron. J Bacteriol 190:4903–4911. https://doi.org/10.1128/JB.00447-08.

8. Cesselin B, Ali D, Gratadoux JJ, Gaudu P, Duwat P, Gruss A, El Karoui M. 2009.
Inactivation of the Lactococcus lactis high-affinity phosphate transporter con-
fers oxygen and thiol resistance and alters metal homeostasis. Microbiology
(Reading) 155:2274–2281. https://doi.org/10.1099/mic.0.027797-0.

9. Tsau JL, Guffanti AA, Montville TJ. 1992. Conversion of pyruvate to acetoin
helps to maintain pH homeostasis in Lactobacillus plantarum. Appl Environ
Microbiol 58:891–894. https://doi.org/10.1128/aem.58.3.891-894.1992.

10. Yang SJ, Dunman PM, Projan SJ, Bayles KW. 2006. Characterization of the
Staphylococcus aureus CidR regulon: elucidation of a novel role for

Cesselin et al. Applied and Environmental Microbiology

December 2021 Volume 87 Issue 24 e01079-21 aem.asm.org 10

http://pappso.inra.fr
http://pappso.inra.fr
http://www.inrae.fr
https://www.iledefrance.fr/education-recherche
https://www.ibisa.net
https://www.ibisa.net
http://www.cnrs.fr
https://doi.org/10.1016/j.fct.2019.110727
https://doi.org/10.1016/j.fct.2019.110727
https://doi.org/10.1073/pnas.0730845100
https://doi.org/10.4161/cib.3.2.10584
https://doi.org/10.4161/cib.3.2.10584
https://doi.org/10.1146/annurev-food-022811-101255
https://doi.org/10.1128/AEM.01005-18
https://doi.org/10.1128/JB.183.15.4509-4516.2001
https://doi.org/10.1128/JB.00447-08
https://doi.org/10.1099/mic.0.027797-0
https://doi.org/10.1128/aem.58.3.891-894.1992
https://aem.asm.org


acetoin metabolism in cell death and lysis. Mol Microbiol 60:458–468.
https://doi.org/10.1111/j.1365-2958.2006.05105.x.

11. Kandasamy V, Liu J, Dantoft SH, Solem C, Jensen PR. 2016. Synthesis of
(3R)-acetoin and 2,3-butanediol isomers by metabolically engineered Lac-
tococcus lactis. Sci Rep 6:36769. https://doi.org/10.1038/srep36769.

12. Liu J, Kandasamy V, Wurtz A, Jensen PR, Solem C. 2016. Stimulation of
acetoin production in metabolically engineered Lactococcus lactis by
increasing ATP demand. Appl Microbiol Biotechnol 100:9509–9517.
https://doi.org/10.1007/s00253-016-7687-1.

13. Luo Q, Wu J, Wu M. 2014. Enhanced acetoin production by Bacillus amylo-
liquefaciens through improved acetoin tolerance. Process Biochemistry
49:1223–1230. https://doi.org/10.1016/j.procbio.2014.05.005.

14. Yuan H, Xu Y, Chen Y, Zhan Y, Wei X, Li L, Wang D, He P, Li S, Chen S. 2019.
Metabolomics analysis reveals global acetoin stress response of Bacillus licheni-
formis. Metabolomics 15:25. https://doi.org/10.1007/s11306-019-1492-7.

15. Wegmann U, O'Connell-Motherway M, Zomer A, Buist G, Shearman C,
Canchaya C, Ventura M, Goesmann A, Gasson MJ, Kuipers OP, van
Sinderen D, Kok J. 2007. Complete genome sequence of the prototype
lactic acid bacterium Lactococcus lactis subsp. cremoris MG1363. J Bacter-
iol 189:3256–3270. https://doi.org/10.1128/JB.01768-06.

16. Duwat P, Ehrlich SD, Gruss A. 1995. The recA gene of Lactococcus lactis: charac-
terization and involvement in oxidative and thermal stress. Mol Microbiol 17:
1121–1131. https://doi.org/10.1111/j.1365-2958.1995.mmi_17061121.x.

17. Frees D, Ingmer H. 1999. ClpP participates in the degradation of mis-
folded protein in Lactococcus lactis. Mol Microbiol 31:79–87. https://doi
.org/10.1046/j.1365-2958.1999.01149.x.

18. Lee C, Park C. 2017. Bacterial responses to glyoxal and methylglyoxal: re-
active electrophilic species. Int J Mol Sci 18:169. https://doi.org/10.3390/
ijms18010169.

19. Grogan DW, Cronan JE. Jr, 1997. Cyclopropane ring formation in mem-
brane lipids of bacteria. Microbiol Mol Biol Rev 61:429–441. https://doi
.org/10.1128/mmbr.61.4.429-441.1997.

20. To TM, Grandvalet C, Tourdot-Marechal R. 2011. Cyclopropanation of
membrane unsaturated fatty acids is not essential to the acid stress
response of Lactococcus lactis subsp. cremoris. Appl Environ Microbiol 77:
3327–3334. https://doi.org/10.1128/AEM.02518-10.

21. Rallu F, Gruss A, Ehrlich SD, Maguin E. 2000. Acid- and multistress-resistant
mutants of Lactococcus lactis: identification of intracellular stress signals. Mol
Microbiol 35:517–528. https://doi.org/10.1046/j.1365-2958.2000.01711.x.

22. Turner MS, Tan YP, Giffard PM. 2007. Inactivation of an iron transporter in Lac-
tococcus lactis results in resistance to tellurite and oxidative stress. Appl Envi-
ronMicrobiol 73:6144–6149. https://doi.org/10.1128/AEM.00413-07.

23. Richarme G, Liu C, Mihoub M, Abdallah J, Leger T, Joly N, Liebart JC,
Jurkunas UV, Nadal M, Bouloc P, Dairou J, Lamouri A. 2017. Guanine gly-
cation repair by DJ-1/Park7 and its bacterial homologs. Science 357:
208–211. https://doi.org/10.1126/science.aag1095.

24. Taguchi H, Ohta T. 1994. Essential role of arginine 235 in the substrate-
binding of Lactobacillus plantarum D-lactate dehydrogenase. J Biochem
115:930–936. https://doi.org/10.1093/oxfordjournals.jbchem.a124441.

25. Hubbs AF, Battelli LA, Goldsmith WT, Porter DW, Frazer D, Friend S,
Schwegler-Berry D, Mercer RR, Reynolds JS, Grote A, Castranova V,
Kullman G, Fedan JS, Dowdy J, Jones WG. 2002. Necrosis of nasal and air-
way epithelium in rats inhaling vapors of artificial butter flavoring. Toxicol
Appl Pharmacol 185:128–135. https://doi.org/10.1006/taap.2002.9525.

26. Zaccone EJ, Thompson JA, Ponnoth DS, Cumpston AM, GoldsmithWT, Jackson
MC, Kashon ML, Frazer DG, Hubbs AF, Shimko MJ, Fedan JS. 2013. Popcorn fla-
voring effects on reactivity of rat airways in vivo and in vitro. J Toxicol Environ
Health A 76:669–689. https://doi.org/10.1080/15287394.2013.796302.

27. Rattray FP, Myling-Petersen D, Larsen D, Nilsson D. 2003. Plasmid-encoded di-
acetyl (acetoin) reductase in Leuconostoc pseudomesenteroides. Appl Environ
Microbiol 69:304–311. https://doi.org/10.1128/AEM.69.1.304-311.2003.

28. Budin-Verneuil A, Maguin E, Auffray Y, Ehrlich SD, Pichereau V. 2005. Tran-
scriptional analysis of the cyclopropane fatty acid synthase gene of Lacto-
coccus lactis MG1363 at low pH. FEMS Microbiol Lett 250:189–194.
https://doi.org/10.1016/j.femsle.2005.07.007.

29. Chazarreta Cifre L, Alemany M, de Mendoza D, Altabe S. 2013. Exploring
the biosynthesis of unsaturated fatty acids in Bacillus cereus ATCC 14579
and functional characterization of novel acyl-lipid desaturases. Appl Envi-
ron Microbiol 79:6271–6279. https://doi.org/10.1128/AEM.01761-13.

30. Roberts MS, Nakamura LK, Cohan FM. 1994. Bacillus mojavensis sp. nov.,
distinguishable from Bacillus subtilis by sexual isolation, divergence in
DNA sequence, and differences in fatty acid composition. Int J Syst Bac-
teriol 44:256–264. https://doi.org/10.1099/00207713-44-2-256.

31. Poger D, Mark AE. 2015. A ring to rule them all: the effect of cyclopropane
Fatty acids on the fluidity of lipid bilayers. J Phys Chem B 119:5487–5495.
https://doi.org/10.1021/acs.jpcb.5b00958.

32. McCloskey D, Xu S, Sandberg TE, Brunk E, Hefner Y, Szubin R, Feist AM,
Palsson BO. 2018. Adaptation to the coupling of glycolysis to toxic meth-
ylglyoxal production in tpiA deletion strains of Escherichia coli requires
synchronized and counterintuitive genetic changes. Metab Eng 48:82–93.
https://doi.org/10.1016/j.ymben.2018.05.012.

33. Jensen LT, Ajua-Alemanji M, Culotta VC. 2003. The Saccharomyces cerevi-
siae high affinity phosphate transporter encoded by PHO84 also func-
tions in manganese homeostasis. J Biol Chem 278:42036–42040. https://
doi.org/10.1074/jbc.M307413200.

34. Rosenfeld L, Reddi AR, Leung E, Aranda K, Jensen LT, Culotta VC. 2010.
The effect of phosphate accumulation on metal ion homeostasis in Sac-
charomyces cerevisiae. J Biol Inorg Chem 15:1051–1062. https://doi.org/10
.1007/s00775-010-0664-8.

35. van Veen HW, Abee T, Kortstee GJ, Konings WN, Zehnder AJ. 1994. Trans-
location of metal phosphate via the phosphate inorganic transport sys-
tem of Escherichia coli. Biochemistry 33:1766–1770. https://doi.org/10.1021/
bi00173a020.

36. Maguin E, Prevost H, Ehrlich SD, Gruss A. 1996. Efficient insertional muta-
genesis in lactococci and other Gram-positive bacteria. J Bacteriol 178:
931–935. https://doi.org/10.1128/jb.178.3.931-935.1996.

37. Linares DM, Kok J, Poolman B. 2010. Genome sequences of Lactococcus
lactis MG1363 (revised) and NZ9000 and comparative physiological stud-
ies. J Bacteriol 192:5806–5812. https://doi.org/10.1128/JB.00533-10.

38. Derre-Bobillot A, Cortes-Perez NG, Yamamoto Y, Kharrat P, Couve E, Da
Cunha V, Decker P, Boissier MC, Escartin F, Cesselin B, Langella P,
Bermudez-Humaran LG, Gaudu P. 2013. Nuclease A (Gbs0661), an extrac-
ellular nuclease of Streptococcus agalactiae, attacks the neutrophil extrac-
ellular traps and is needed for full virulence. Mol Microbiol 89:518–531.
https://doi.org/10.1111/mmi.12295.

39. Vido K, Le Bars D, Mistou MY, Anglade P, Gruss A, Gaudu P. 2004. Pro-
teome analyses of heme-dependent respiration in Lactococcus lactis:
involvement of the proteolytic system. J Bacteriol 186:1648–1657. https://
doi.org/10.1128/JB.186.6.1648-1657.2004.

40. Morvan C, Halpern D, Kenanian G, Hays C, Anba-Mondoloni J, Brinster S,
Kennedy S, Trieu-Cuot P, Poyart C, Lamberet G, Gloux K, Gruss A. 2016.
Environmental fatty acids enable emergence of infectious Staphylococcus
aureus resistant to FASII-targeted antimicrobials. Nat Commun 7:12944.
https://doi.org/10.1038/ncomms12944.

41. Duwat P, Ehrlich SD, Gruss A. 1999. Effects of metabolic flux on stress
response pathways in Lactococcus lactis. Mol Microbiol 31:845–858.
https://doi.org/10.1046/j.1365-2958.1999.01222.x.

42. Simon D, Chopin A. 1988. Construction of a vector plasmid family and its
use for molecular cloning in Streptococcus lactis. Biochimie 70:559–566.
https://doi.org/10.1016/0300-9084(88)90093-4.

Mechanism of Acetoin Toxicity in Lactococcus lactis Applied and Environmental Microbiology

December 2021 Volume 87 Issue 24 e01079-21 aem.asm.org 11

https://doi.org/10.1111/j.1365-2958.2006.05105.x
https://doi.org/10.1038/srep36769
https://doi.org/10.1007/s00253-016-7687-1
https://doi.org/10.1016/j.procbio.2014.05.005
https://doi.org/10.1007/s11306-019-1492-7
https://doi.org/10.1128/JB.01768-06
https://doi.org/10.1111/j.1365-2958.1995.mmi_17061121.x
https://doi.org/10.1046/j.1365-2958.1999.01149.x
https://doi.org/10.1046/j.1365-2958.1999.01149.x
https://doi.org/10.3390/ijms18010169
https://doi.org/10.3390/ijms18010169
https://doi.org/10.1128/mmbr.61.4.429-441.1997
https://doi.org/10.1128/mmbr.61.4.429-441.1997
https://doi.org/10.1128/AEM.02518-10
https://doi.org/10.1046/j.1365-2958.2000.01711.x
https://doi.org/10.1128/AEM.00413-07
https://doi.org/10.1126/science.aag1095
https://doi.org/10.1093/oxfordjournals.jbchem.a124441
https://doi.org/10.1006/taap.2002.9525
https://doi.org/10.1080/15287394.2013.796302
https://doi.org/10.1128/AEM.69.1.304-311.2003
https://doi.org/10.1016/j.femsle.2005.07.007
https://doi.org/10.1128/AEM.01761-13
https://doi.org/10.1099/00207713-44-2-256
https://doi.org/10.1021/acs.jpcb.5b00958
https://doi.org/10.1016/j.ymben.2018.05.012
https://doi.org/10.1074/jbc.M307413200
https://doi.org/10.1074/jbc.M307413200
https://doi.org/10.1007/s00775-010-0664-8
https://doi.org/10.1007/s00775-010-0664-8
https://doi.org/10.1021/bi00173a020
https://doi.org/10.1021/bi00173a020
https://doi.org/10.1128/jb.178.3.931-935.1996
https://doi.org/10.1128/JB.00533-10
https://doi.org/10.1111/mmi.12295
https://doi.org/10.1128/JB.186.6.1648-1657.2004
https://doi.org/10.1128/JB.186.6.1648-1657.2004
https://doi.org/10.1038/ncomms12944
https://doi.org/10.1046/j.1365-2958.1999.01222.x
https://doi.org/10.1016/0300-9084(88)90093-4
https://aem.asm.org

	RESULTS
	Acetoin provokes DNA and protein damage.
	Acetoin toxicity is based on its keto group.
	Acetoin treatment affects L. lactis proteomic profiles.
	Acetoin stress dramatically alters L. lactis fatty acid composition.
	The pst operon, encoding the high affinity phosphate transporter, is a mutational hot spot for acetoin resistance.

	DISCUSSION
	MATERIALS AND METHODS
	Strains and growth conditions.
	Rifampin assays.
	PCR assay.
	AcetoinR mutant isolation.
	Characterization of transposon targets.
	(Phospho)proteome.
	(i) Sample preparation.
	(ii) 2D-Electrophoresis.
	Fatty acid analysis.
	Construction of a Δcfa mutant.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

