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Denitrification and arginine fermentation are central metabolic processes performed by the opportunistic
pathogen Pseudomonas aeruginosa during biofilm formation and infection of lungs of patients with cystic
fibrosis. Genome-wide searches for additional components of the anaerobic metabolism identified potential
genes for pyruvate-metabolizing NADH-dependent lactate dehydrogenase (ldhA), phosphotransacetylase (pta),
and acetate kinase (ackA). While pyruvate fermentation alone does not sustain significant anaerobic growth of
P. aeruginosa, it provides the bacterium with the metabolic capacity for long-term survival of up to 18 days.
Detected conversion of pyruvate to lactate and acetate is dependent on the presence of intact ldhA and ackA-pta
loci, respectively. DNA microarray studies in combination with reporter gene fusion analysis and enzyme
activity measurements demonstrated the anr- and ihfA-dependent anaerobic induction of the ackA-pta pro-
moter. Potential Anr and integration host factor binding sites were localized. Pyruvate-dependent anaerobic
long-term survival was found to be significantly reduced in anr and ihfA mutants. No obvious ldhA regulation
by oxygen tension was observed. Pyruvate fermentation is pH dependent. Nitrate respiration abolished pyru-
vate fermentation, while arginine fermentation occurs independently of pyruvate utilization.

Pseudomonas aeruginosa is an important opportunistic patho-
gen causing persistent infections of the lungs of cystic fibrosis
patients. Under these conditions, P. aeruginosa forms macro-
colonies and generates a microaerobic to anaerobic environ-
ment (40). P. aeruginosa is also an important model organism
for studying biofilm formation. Biofilms allow bacteria to sur-
vive under unfavorable conditions in the habitat (35). It has
been shown previously that the deeper layers of biofilms are
anaerobic (21, 40, 42, 44).

P. aeruginosa is usually described as a bacterium which fa-
vors aerobic growth conditions (29). However, recent data ob-
tained from chemostat experiments suggest that the organism
tries to establish a microaerobic milieu for optimal growth (32).
Under oxygen-limiting conditions, P. aeruginosa grows in the
presence of nitrate or nitrite by using denitrification (11, 46).
Under these conditions, nitrate or nitrite replace oxygen as al-
ternative electron acceptors. In the absence of nitrate or nitrite,
arginine serves as energy substrate for anaerobic growth (38).
P. aeruginosa degrades arginine to ornithine, which is linked to
the generation of ATP. For growth under these arginine-fer-
menting conditions a complex medium is required, because
arginine does not serve as carbon source and the ornithine that
is produced is excreted into the medium (38). Arginine fer-
mentation was also found to be induced under various stress
conditions. It is only partially repressed by the presence of
nitrate (24). Without arginine or alternative electron acceptors
in the anaerobic growth medium, P. aeruginosa rapidly be-
comes energy starved and cell numbers decline dramatically
from 1 � 109 to 5 � 105 cells per ml within 16 days (6).

The central regulator for the onset of the anaerobic metab-
olism is Anr (18, 34). This protein is highly homologous to
Escherichia coli Fnr. The anr gene encodes the cysteine resi-
dues which were found to be essential in E. coli Fnr for the
formation of the oxygen-sensitive iron-sulfur cluster. Anr di-
rectly induces genes required for arginine fermentation and
cyanide biosynthesis (45). Furthermore, Anr induces the gene
for a second Fnr-type regulator, named Dnr (4). Dnr, in com-
bination with the two-component regulatory system encoded
by the narXL locus, is responsible for the induction of the
denitrification pathway (4, 23, 43).

Other strictly aerobic bacteria, such as Bacillus subtilis and
Arthrobacter globiformis, possess unexpected fermentation ca-
pacities (10, 16, 27). B. subtilis requires either glucose and
amino acids or glucose and pyruvate for a mixed acid type of
fermentation. However, in contrast to E. coli, a bacterium with
highly effective glucose fermentation, B. subtilis and P. aerugi-
nosa lack pyruvate formate lyase (7, 28).

To investigate P. aeruginosa for yet-unknown fermentation
pathways, we started a genome-wide search for genes poten-
tially involved in fermentation processes. We identified com-
ponents of a putative pyruvate fermentation pathway. While
this pathway does not support anaerobic growth of P. aerugi-
nosa, it is important for long-term survival under these condi-
tions. An investigation of the genes and physiological reactions
involved is described.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are shown in Table 1. Employed E. coli strains were grown in
Luria-Bertani (LB) medium (33). Ampicillin was used at a concentration of 100
�g/ml, and gentamicin was used at 10 �g/ml. P. aeruginosa was grown in OS
medium supplemented with 2.5 g of yeast extract/liter (38). In indicated exper-
iments 20 mM pyruvate replaced arginine as the energy source. Carbenicillin was
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used at a concentration of 500 �g/ml, and gentamicin was used at 100 �g/ml.
During the procedure for the construction of stable chromosomal gene disrup-
tion mutants, sucrose-resistant colonies were obtained by streaking P. aeruginosa
merodiploids or cells containing sacB encoding plasmids on LB agar or Pseudo-
monas Isolation Agar (Gibco, Eggenstein, Germany) supplemented with 5%
(wt/vol) sucrose and 200 �g of gentamicin/ml (22).

For anaerobic growth, P. aeruginosa was incubated in completely filled rubber-
stoppered bottles shaken at 100 rpm to minimize aggregation of the bacteria.
Anaerobic conditions were achieved after 3 min through consumption of residual
oxygen by the inoculated bacteria. This was verified by using the redox indicator
resazurin at a concentration of 200 �g/liter as well as oxygen electrode measure-
ments in control experiments.

Viable cell counting and live/dead staining. Viable cell counts were deter-
mined by periodic removal of samples from the anaerobic culture with sterile
syringes; the serial dilution of cells was obtained in phosphate-buffered saline
followed by plating of the dilutions on LB agar. CFU were determined by
counting the colonies after incubation of the LB plates at 37°C for 24 h. In
addition, a fluorescence microscopic analysis of the samples after staining the
cells using the LIVE/DEAD BacLight kit (Molecular Probes, Leiden, The Neth-
erlands) was performed following the instructions of the manufacturer. The kit
contained two different dyes: propidium iodide, resulting in red fluorescence
from stained chromosomal DNA of dead cells, and SYTO9, resulting in green
fluorescence from stained viable cells.

HPLC analysis of fermentation products. For the measurements of secreted
metabolites by long-term surviving P. aeruginosa, aerobically grown bacteria in
the early stationary phase were harvested, washed, and resuspended at an optical
density at 578 nm (OD578) of 0.3 in OS minimal medium supplemented with 2.5 g
of yeast extract/liter at a pH of 7.0. The suspensions were further incubated in
rubber-stoppered bottles to achieve anoxic conditions as described above. After
addition of the indicated amounts of pyruvate, samples were withdrawn with
syringes at various time intervals. Fermentation products were determined by
high-performance liquid chromatography (HPLC) analysis from the supernatant
of the cultures after removal of the bacteria by centrifugation as previously
described (10).

Construction and testing of an ackA-pta-lacZ reporter gene fusion. The puta-
tive promoter region of the ackA-pta loci was fused to lacZ. A 314-bp PCR
product covering the region from �310 to �4 upstream of the translational start
of the ackA gene was generated with primer Pa-ackA-for (5�-GCATGGTTCG
AgAtCTTTTCGATAAAGAAG-3�) and primer Pa-ackA-rev (5�-GCATCACg
GaTCCTTGGTCTGCTC-3�). Pa-ackA-for contained a double-base mismatch
(lowercase g and t) which introduced a BglII restriction site (underlined) in the

resulting PCR fragment into the PCR fragment. Pa-ackA-rev contained a dou-
ble-base mismatch (lowercase g and a) and introduced a BamHI site (under-
lined). The PCR fragment was digested by using BglII and BamHI. The resulting
291-bp fragment was fused to lacZ by cloning it into the BglII and BamHI site of
pQF50 (17) to generate pACKA. Integrity of the construct was verified by
complete DNA sequence determination. Reporter gene fusion assays were per-
formed as previously outlined (31). Obtained activities are given in Miller units
(25).

Construction of P. aeruginosa �pta and �ldhA mutants. For construction of
the various gene disruption mutants, the previously described sacB-based strat-
egy was employed (22). In the P. aeruginosa �pta mutant PAO-ME1, 288 bp of
the pta gene was deleted and replaced by a gentamicin resistance cassette. For
the construction of the required suicide vector pMEP2, a PCR fragment con-
taining 348 bp of the 3� region and 1,791 bp of the pta gene was cloned into
BamHI- and HindIII-digested pEX18Ap vector (22). The primer pair used for
amplification of the pta-containing PCR fragment was Pa-pta-cuta-for (5�-CGT
CGAAGGCATGGatCCGACCCGTC-3�) and Pa-pta-cutb-rev (5�-GGGTGCG
CTGGACaAGcTTCATCCAGC-3�). Pa-pta-cuta-for contained a double-base
mismatch (lowercase a and t) which introduced a BamHI site (underlined) into
the resulting PCR fragment. Pa-pta-cutb-rev contained a double-base mismatch
(lowercase a and c) and introduced a HindIII site (underlined). The resulting
vector, pMEP1, was digested with SalI, which removed a 288-bp fragment from
the pta gene between two naturally occurring SalI sites. A gentamicin resistance
cassette was liberated from plasmid pPS858 by using SalI and was inserted into
pMEP1, generating pMEP2. The P. aeruginosa pta mutant was generated with
pMEP2 following published strategies (22). The chromosomal disruption of pta
was verified by colony PCR as described previously (22). The primer pair used
for verification of the constructed mutants was Pa-ptaint-for (5�-GCGACCAT
GATGCTTGCCCTG-3�) and Pa-ptaint-rev (5�-GCATCATACTGCAAGGGT
CCGTC-3�).

In the �ldhA mutant PAO-ME3, 727 bp of the ldhA gene was deleted and
replaced by a gentamicin resistance cassette. For the construction of the suicide
vector pMEP11, a PCR fragment containing 550 bp of the 5� region, the com-
plete ldhA gene (985 bp), and 330 bp of the 3� region was cloned into the BamHI-
and HindIII-digested pEX18Ap vector. The primer pair used for amplification of
the PCR fragment was Pa-ldhA-cuta-for (5�-GGTGCCGGgGATCcCGCTCAC-
3�) and Pa-ldhA-cutb-rev (5�-CGAAGTCGAGACaAGCtTGGCACTGGT-3�).
Pa-ldhA-cuta-for contained a double-base mismatch (lowercase g and c) and
introduced a BamHI site (underlined). Pa-ldhA-cutb-rev contained a double-
base mismatch (lowercase a and t) and introduced a HindIII site (underlined).
The resulting vector, pMEP5, was digested with SdaI, which removed a 727-bp

TABLE 1. Strains of P. aeruginosa and E. coli and plasmids used

Bacterial strain
or plasmid Genotype or phenotype Reference

or source

P. aeruginosa
PAO1 Wild type 15
PA6261 PAO1 �anr 43
RM536 PAO1 dnr::tet Tcr 3
PAO9104 PAO1 narL::cat Cmr 23
CHA-A2 CHA ihfA::tet Tcr 13
PAO-MW20 PAO1 rpoS::aacC1 Gmr 39
PAO6281 PAO1 gacA::�-Sp/Sm 30
PAO-ME1 PAO1 �pta::aacC1-gfp Gmr This study
PAO-ME3 PAO1 �ldhA::aacC1-gfp Gmr This study

E. coli
DH5� DH5a supE44 �lacU169 (	80 lacZ�M15) hsdR recA1 endA1 gyrA96 thi-1 relA1 20
SM10 thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu Kmr 12

Plasmids
pEX18Ap Apr; oriT� sacB�; gene replacement vector with MCS from pUC18 22
pQF50 Apr; promoterless lacZ gene 17
pPS858 Apr, Gmr; source of gentamicin cassette 22
pMEP1 Apr; pEX18Ap with a BamHI-HindIII-digested PCR fragment (2,139 bp) of the pta gene This study
pMEP2 Apr, Gmr; pMEP1 with 288-bp SalI deletion in the pta gene replaced with Gmr-gfp fragment from pPS858 This study
pMEP5 Apr; pEX18Ap with a BamHI-HindIII-digested PCR fragment (1,865 bp) carrying the 3� end of gacS,

complete ldhA, and the sequence downstream of ldhA
This study

pMEP11 Apr, Gmr; pMEP5 with 727-bp SdaI deletion in the ldhA gene replaced with Gmr-gfp fragment from pPS858 This study
pACKA pQF50 containing a 291-bp fragment of the putative promoter region of loci ackA-pta This study
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fragment from the ldhA gene at the two natural SdaI sites. A gentamicin resis-
tance cassette liberated from plasmid pPS858 by PstI digestion was inserted into
pMEP5, generating pMEP11. The P. aeruginosa ldhA mutant was generated by
using pMEP11 following published strategies (22). The primer pair used for
verification of the constructed mutants was Pa-ldhAint-for (5�-GGCACGGCT
TCGAACTGCAC-3�) and Pa-ldhAint-rev (5�-CGTTGGGGAAGCTCAGCAG
G-3�).

Microarray experiments. Microarray analyses of anr-dependent ackA-pta and
ldhA transcription were performed. For this purpose, the expression profile of
aerobically grown P. aeruginosa PAO1 was compared to that of anaerobically
grown PAO1, anr, and dnr mutant strains under aerobic and anaerobic condi-
tions. Strains were inoculated in AB minimal medium (9) supplemented with 50
mM nitrate and 50 mM glucose and grown aerobically to an OD578 of 0.3.
Cultures were immediately shifted to anaerobic conditions and were incubated
for 2 h. Subsequently, cells were harvested and RNA was extracted by a modified
hot phenol method (1). RNA from three independent cultures was pooled for
one GeneChip experiment. Two GeneChips for each mutant and growth condi-
tion were compared as detailed before (5, 8). Generation of cDNA, labeling, and
hybridization of Affymetrix GeneChips was carried out by following protocols
provided by the manufacturer (Santa Clara, Calif.). Data analysis was carried out
with Affymetrix Microarray Suite 5.0. Affymetrix scaling was used to normalize
data from different arrays. A scale factor was derived from the mean signal of all
of the probe sets on an array and a user-defined target signal. The signal from
each individual probe set is multiplied by this scale factor. The user-defined
target signal was set to 100 in our experiments, and all other signals were related
to that. Therefore, normalized Affymetrix units represent obtained relative signal
intensities under these defined conditions.

Pta assay. For the preparation of cell extracts from aerobically grown cells,
bacteria were grown to exponential phase at an OD578 of 0.3 in LB medium
supplemented with 10 mM gluconate and 20 mM pyruvate, harvested, and
washed twice with 100 mM Tris-HCl buffer, pH 8.0. Alternatively, wild-type and
mutant P. aeruginosa isolates were first cultivated in the same medium as de-
scribed above under aerobic conditions. After reaching an OD578 of 0.3, cultures
were poured into anaerobic flasks and 20 mM pyruvate was added. The bacteria
were further incubated under oxygen exclusion for 24 h. The cells were subse-
quently harvested and washed twice with 100 mM Tris-HCl buffer, pH 8.0. After
cell disruption by sonication, the cell homogenate was centrifuged for 10 min at
16,000 � g. To remove residual cell debris and membranes the supernatant was
subsequently centrifuged for 2 h at 125,000 � g. The resulting clear supernatant
contained 1 to 1.5 mg of protein per ml and was immediately used as a cell extract
for enzyme assays. Phosphotransacetylase (Pta) activity was determined spectro-
photometrically at 30°C by following the formation of acetyl-coenzyme A (CoA)
from acetyl phosphate and CoA resulting in an increase of absorption at 233 nm.
The assay mixture (600 �l) contained 90 mM Tris-HCl buffer (pH 8.0), 90 mM
potassium chloride, 0.2 mM CoA, 14.5 mM acetyl phosphate, and 5 to 20 �g of

cell extract proteins (37). The addition of acetyl phosphate initiated the reaction.
An extinction coefficient (ε233) of 4.44 mM�1 cm�1 was used in the Pta assay,
representing the difference between the extinction coefficients of acetyl-CoA and
CoA. One unit of activity was defined as the enzyme activity that converted
1 �mol of acetyl-CoA into product after 60 min at 30°C. Protein concentrations
were determined by using the bicinchoninic acid assay (Sigma-Aldrich, Munich,
Germany).

RESULTS AND DISCUSSION

Identification of ORFs potentially involved in the anaerobic
metabolism of P. aeruginosa. We searched the complete ge-
nome sequence of P. aeruginosa (36) for open reading frames
(ORFs) which are potentially involved in anaerobic energy
metabolism by using the BLAST 2.0 program (www.ncbi.nlm
.nih.gov/BLAST) (2). In addition to the genes involved in the
well-established denitrification and arginine fermentation
pathways, various other ORFs potentially involved in the an-
aerobic energy metabolism were identified. The gacS-ldhA op-
eron (PA0926 and PA0927), encoding the sensor kinase GacS
of a GacA/GacS component regulatory system and a potential
fermentative lactate dehydrogenase (LdhA), were detected.
Moreover, the ackA-pta loci (PA0835 and PA0836), potentially
encoding acetate kinase and Pta, respectively, and the adhA
locus (PA5427), encoding a potential alcohol dehydrogenase
(AdhA), were found.

No obvious ORFs encoding proteins homologous to sub-
units of pyruvate formate lyase, which catalyzes the conversion
of pyruvate into acetyl-CoA and formate, or formate hydrogen
lyase, which catalyzes the conversion of formate into carbon
dioxide and hydrogen, were identified. A model for a putative
pyruvate fermentation pathway in P. aeruginosa was deduced
from these observations (Fig. 1).

Pyruvate fermentation provides the basis for anaerobic
long-term survival of P. aeruginosa. P. aeruginosa is usually
described as an aerobic, nonfermenting bacterium (29). This
was also proposed for B. subtilis, which was found to perform
an anaerobic mixed acid fermentation (10). Initially, we tested

FIG. 1. Proposed model for P. aeruginosa pyruvate fermentation. The underlined products were detected by HPLC analysis. PycA, pyruvate
carboxylase; LdhA, fermentative lactate dehydrogenase; Pdh, pyruvate dehydrogenase; Pta, phosphotransacetylase; AckA, acetate kinase; AdhA,
alcohol dehydrogenase. Enzymes of the reductive citric acid cycle: Mdh, malate dehydrogenase; Fum, fumarase; Frd, fumarate reductase.
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whether pyruvate fermentation or the fermentation of glucose
or gluconate in the presence of pyruvate sustains anaerobic
growth of P. aeruginosa. However, none of these substrates
allowed significant growth of P. aeruginosa under anaerobic
conditions. We also unsuccessfully tested various minimal and
complex media (data not shown). These observations are in
agreement with the results of previous investigations, which
demonstrated the limitation of anaerobic growth of P. aerugi-
nosa to denitrification and arginine fermentation. Unexpect-
edly, over a longer period of up to 18 days we observed con-
stant cell numbers for P. aeruginosa when cultured under
anaerobic conditions in OS medium containing pyruvate (Fig.
2A). Viable cell counts were obtained by plating cultures at
different time points on solid complex medium and direct
counting the bacteria in a Thoma counting chamber. We com-
pared the survival of P. aeruginosa in media with and without

pyruvate. For that purpose, samples were taken from the par-
allel cultures at various times and viable cell counts of P. aeru-
ginosa were determined. As shown in Fig. 2A, P. aeruginosa
maintains a constant viable cell number over a period of up to
18 days in the presence of pyruvate. In contrast, without pyru-
vate the culturable cell number of P. aeruginosa decreases
logarithmically down to 1% CFU during the same period (Fig.
2A). To rule out the possibility that the observed survival of
P. aeruginosa in the presence of pyruvate is caused by a pro-
tective effect of pyruvate against peroxides or oxygen stress, the
cells were incubated anaerobically in rich medium (LB) con-
taining 50 mM KNO3. The number of the observed CFU for
these experiments was comparable to those observed when
CFU were determined aerobically.

Previously, viable but nonculturable cells which were not
detectable by the plate counting approach were obtained un-
der conditions of oxygen starvation (6). Therefore, we deter-
mined the total cell number in a Thoma counting chamber.
Additionally, we stained the cells with two different dyes spe-
cific for viable cells or dead cells, resulting in green (viable) or
red (dead) fluorescence after UV excitation. Using a fluores-
cence microscope, we observed over a period of 18 days pre-
dominantly (more than 95%) green fluorescence and, thus,
viable P. aeruginosa cells cultivated in the presence of 20 mM
pyruvate under anaerobic conditions. The total cell numbers
observed via Thoma counting remained constant over the
same period. These observations clearly indicate that P. aerugi-
nosa cells were viable and confirmed the data obtained from
the plate counts. In contrast, the total cell number of a P. aeru-
ginosa culture without addition of pyruvate significantly de-
creased over the same period when analyzed by the Thoma
counting chamber. Moreover, the decreased cell numbers of
the cultures contained a larger number of dead cells (up to
25%) when analyzed by the differential viable/dead staining
method. The latter results are in agreement with previous
observations (6). Furthermore, these results clearly demon-
strate that pyruvate is essential for long-term survival under
anaerobic conditions. Interestingly, pyruvate could not be re-
placed by other substrates, such as glucose or gluconate, for
fermentation. Similarly, the combination of pyruvate with glu-
cose or gluconate did not change the survival rate (data not
shown).

P. aeruginosa anaerobically converts pyruvate into lactate,
acetate, and succinate. Because pyruvate was found to be es-
sential for anaerobic survival of P. aeruginosa, we analyzed the
growth medium for possible pyruvate fermentation products.
HPLC analysis measured increasing amounts of lactate, ace-
tate, and succinate accompanied by a stoichiometric decrease
of the pyruvate concentration (Fig. 2B). P. aeruginosa formed
under the following anaerobic conditions: 0.56 mol of lactate
(9.0 mM), 0.39 mol of acetate (6.3 mM), and 0.04 mol of
succinate (0.7 mM) per mol of pyruvate (16.2 mM) (Table 2).
No additional compounds, such as ethanol, acetoin, formate,
or 2,3-butanediol, were identified during HPLC analysis. The
complete stoichiometric conversion of pyruvate to the corre-
sponding fermentation products after 18 days coincided with
the beginning of the decrease of viable cell counts (Fig. 2A),
underscoring the importance of pyruvate fermentation for the
anaerobic survival of P. aeruginosa.

In a control experiment we tested the fermentation products

FIG. 2. (A) Anaerobic survival of P. aeruginosa without pyruvate
(�) and in the presence of 20 mM pyruvate (■ ). P. aeruginosa was
grown aerobically in OS medium with 20 mM gluconate into the early
stationary phase. Bacteria were harvested, washed, resuspended in OS
medium at an OD578 of 0.3, and poured into rubber-stoppered bottles.
Pyruvate (20 mM) was added where indicated. Viable cell counts were
determined by plating the cultures onto LB agar plates. The deter-
mined CFU are the means of three independent experiments. Error
bars indicate the observed standard deviations; 100% survival repre-
sents 5.3 � 108 
 1.02 � 108 CFU/ml (�) and 5.6 � 107 
 0.99 � 108

CFU/ml (■ ), respectively. (B) Kinetics of pyruvate utilization and prod-
uct formation under anaerobic survival conditions of P. aeruginosa in
the presence of 20 mM pyruvate as the sole carbon and energy source.
A representative experiment of a single culture is shown. Observed
standard deviations are explained in footnote a of Table 2. The result-
ing error bars are omitted for the sake of clarity. Pyruvate (F), lactate
(�), acetate (ƒ), and succinate (‚) were detected by using HPLC
analysis of the supernatant as described in Materials and Methods.
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acetate (6.5 mM), lactate (9.0 mM), and succinate (0.7 mM),
alone and in combination, for their ability to support long-term
anaerobic survival in OS medium. However, none of the prod-
ucts or the combination sustained anaerobic survival (data not
shown).

These results confirmed our initially proposed model of a
mixed acid pyruvate fermentation in P. aeruginosa. The one
exception was that we did not observe a significant conversion
of acetyl-CoA into ethanol (dashed line in Fig. 1).

Effect of external pH, nitrate respiration, and arginine fer-
mentation on pyruvate fermentation. Resting cells of P. aerugi-
nosa with an OD578 of 4 were incubated anaerobically with 50
mM pyruvate at the following external pH values: 5.0 in 100
mM morpholinepropanesulfonic acid (MES) buffer and 6.0,
7.0, and 8.0 in 100 mM phosphate buffer. Cell suspensions of P.
aeruginosa in phosphate buffer with pH values of 6.0 and 7.0
were used to perform pyruvate fermentation as described
above, which was followed by HPLC analysis. Cell suspensions
in MES buffer with a pH of 5.0 neither consumed significant
amounts of pyruvate nor formed lactate, acetate, and succinate
(data not shown). At a pH of 8.0 in phosphate buffer there was
only limited pyruvate consumption and subsequent formation
of lactate, acetate, and succinate, indicating a limited pH range
of 6 to 7 for pyruvate fermentation (data not shown).

Pyruvate fermentation of P. aeruginosa in the presence of
the electron acceptor nitrate was monitored. Nitrate was com-
pletely converted into nitrite after 3 h of incubation, which in
turn was converted to nitrogen after 6 h (data not shown).
Pyruvate was consumed rapidly, but no lactate or succinate was
detected by HPLC analysis after 1.5 and 3 h (Fig. 3B). Acetate
was only formed transiently at about 1.5 h and was rapidly
consumed. Similar observations had previously been made for
E. coli and were explained as a glucose overflow metabolism
(41). After 3 h of incubation, when all nitrate had been con-
verted into nitrite, pyruvate consumption slowed down and
finally resulted in the formation of lactate, acetate, and succi-
nate (compare Fig. 3B to C). These observations clearly indi-
cate the complete metabolization of pyruvate via the Krebs
cycle during nitrate respiration analogous to pyruvate metabo-
lization during aerobic growth conditions. Only after full uti-
lization of the primary alternative electron acceptor nitrate

TABLE 2. Fermentation product formation by wild-type P. aeruginosa and several mutantsa

P. aeruginosa
strains

Pyruvate
consumed

(mM)

Products formed

Concn (mM) Product/pyruvate (mol/mol)

Lactate Acetate Succinate Lactate Acetate Succinate Total

Wild type 16.2 9.0 6.3 0.7 0.56 0.39 0.04 0.99
ldhA mutant 1.1 NDb 0.6 0.5 NDb 0.55 0.45 1.00
pta mutant 4.8 2.2 1.5 0.4 0.46 0.31 0.08 0.85
IHF mutant 0.4 NDb 0.5 0.3 NDb NCc NCc NCc

anr mutant 11.8 6.5 4.5 0.4 0.55 0.38 0.03 0.96
dnr mutant 15.3 8.5 6.6 0.3 0.55 0.43 0.02 1.00
narL mutant 16.3 9.1 6.4 0.6 0.56 0.39 0.04 0.99

a Indicated strains were incubated anaerobically at an OD578 of 0.3 (approximately 6�108 CFU/ml) for 23 days at 37°C in OS medium using 20 mM pyruvate as sole
carbon source. The amounts of pyruvate consumed and fermentation products formed were quantified by HPLC analysis of the growth media as described in Materials
and Methods. CO2 formed and redox-equivalent turnover, as outlined in Fig. 1, have to be added to balance the fermentation equation. Experiments were repeated
three times. The standard deviation of determined concentrations above 9 mM was below 5%, standard deviation of determined concentrations between 1.1 and 9 mM
was below 8.5%, and standard deviation of determined concentrations below 1.1 mM was below 22%.

b ND, not detected.
c NC, not calculated.

FIG. 3. Kinetics of pyruvate degradation and product formation by
resting cells of P. aeruginosa in 100 mM phosphate buffer (pH 7.4). The
cells were grown for 21 h in OS minimal medium with 50 mM nitrate
as electron acceptor and 10 mM gluconate–20 mM pyruvate as carbon
source under oxygen limitation and then were harvested and washed in
phosphate buffer. Finally, the cell suspensions (OD578 between 8 and
9) of bacteria were incubated under anoxic conditions with the addi-
tion of 50 mM arginine (A), 50 mM nitrate (B), or without further
additions (C). Pyruvate (F), lactate (�), acetate (ƒ), and succinate (‚)
were detected by HPLC analysis of the supernatant as described in
Materials and Methods. Graphs represent the results of three inde-
pendent experiments; standard deviations were below 7% for the de-
termined pyruvate, lactate, and acetate concentrations and below 15%
for the already low succinate concentrations.
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does the organism use pyruvate via a fermentative mode of
energy generation.

Moreover, pyruvate was fermented in the presence of argi-
nine, another fermentable substrate. As expected, pyruvate
was completely converted into its typical fermentation prod-
ucts from the beginning of incubation (Fig. 3A). After 4.5 h,
the pH of the medium had increased to 8.0 because of NH3

generated by arginine fermentation. From that time point
pyruvate was only very slowly fermented (Fig. 3A). This was in
accordance with the experiment described above, which was
performed at a pH of 8. Clearly, both fermentation processes
can be maintained in parallel. In theory, the parallel fine-tuned
activity of both pathways, the acid-producing pyruvate fermen-
tation and NH3-generating arginine fermentation, would con-
tribute to the stabilization of an appropriate extracellular pH
value for long-term survival.

The gacS-ldhA and ackA-pta loci are required for pyruvate
fermentation. Two loci on the P. aeruginosa chromosome, ldhA,
encoding a fermentative lactate dehydrogenase, and ackA-pta,
encoding acetate kinase and Pta, were investigated for their
potential involvement in the observed fermentative metabo-
lism and its corresponding regulation. The mutants PAO-ME1
(�pta) and PAO-ME3 (�ldhA) were constructed and tested for
their long-term anaerobic survival capacities and for the pro-
duction of fermentation products. The viable cell numbers of
both mutants decreased significantly upon anaerobic incuba-
tion in the presence of pyruvate (Fig. 4A). HPLC analysis of
the supernatant of an ldhA knockout mutant culture after 23
days of anaerobic incubation showed neither the consumption
of significant amounts of pyruvate nor the formation of lactate,
acetate, succinate, or other products (Table 2). However, in
the supernatant of the pta knockout mutant a small decrease in
the concentration of pyruvate (from 20 to 15.2 mM) as well as
small amounts of lactate (2.2 mM), acetate (1.5 mM), and
succinate (0.4 mM) were measured. These observations are
explained by the activity of other Ptas in P. aeruginosa specific
for metabolites, such as propionyl-CoA or butyryl-CoA, which
also can accept acetyl-CoA as substrate to a lesser degree. On
the other hand, the action of the respiratory pyruvate oxidase
(PoxB), which catalyzes the one-step conversion of pyruvate
into acetate and carbon dioxide, might account for the small
increase of acetate observed in the pta mutant.

These results obtained from the �ldhA and �pta mutants
confirm that the investigated ORFs are coding for the enzymes
essential for pyruvate fermentation as proposed in our model
(Fig. 1). Moreover, the almost complete failure of both sys-
tems, one NAD� regenerating, the other ATP producing, in
single chromosomal mutants indicates their close cooperation
during long-term survival and pyruvate formation.

Expression of the ackA-pta locus is regulated by oxygen
tension via Anr and integration host factor (IHF). To investi-
gate the oxygen tension-dependent expression of the ldhA and
ackA-pta loci, DNA microarray experiments were performed.
Whole cellular RNA preparations were screened for the pres-
ence of ldhA-, ackA-, and pta-specific mRNA formation.
RNA preparations from aerobically and anaerobically grown
P. aeruginosa were compared. No obvious changes in ldhA
expression in response to changes in oxygen tension were ob-
served (Table 3). In agreement with these findings, there were
no obvious differences in NADH-dependent lactate dehydro-

genase activity in the cell extracts that were prepared from
aerobically and anaerobically grown P. aeruginosa.

However, the expression of the ackA-pta operon was in-
creased sixfold under anaerobic conditions. Due to the short
half-life of mRNA, we failed to follow the transcriptional pro-
file for a longer time period. For that purpose, the complete
promoter region of the P. aeruginosa ackA-pta locus was fused
to the lacZ reporter gene. After 2 days under pyruvate fermen-
tation conditions, the induction of this reporter gene fusion
was 3.7-fold that under aerobic conditions. The observed in-
duction factor was a little lower than the observed sixfold
induction by the DNA microarray approach. In order to con-
firm the anaerobic induction of the ackA-pta loci at the enzyme

FIG. 4. (A) Anaerobic survival of P. aeruginosa wild type (■ ), ldhA
mutant (E), and pta mutant (ƒ) in the presence of 20 mM pyruvate.
CFU of wild-type P. aeruginosa without pyruvate served as a control
(�). P. aeruginosa wild type and mutants were grown aerobically in OS
minimal medium using 20 mM gluconate as sole carbon source. At an
OD578 of 0.3, cells and media were transferred to rubber-stoppered
bottles and 20 mM pyruvate was added. Survival under anaerobic
conditions without alternative electron acceptors was determined with
viable cell counts on agar plates and was confirmed with fluorescence
microscopy using the LIVE/DEAD BacLight kit as outlined in Mate-
rials and Methods. Graphs represent the results of at least three
independent experiments. Standard deviations were found comparable
to those shown for the experiments in Fig. 2A and were omitted for the
sake of clarity. (B) Anaerobic survival of P. aeruginosa wild type (■ ),
anr mutant (E), dnr mutant (‚), narL mutant ({), and IHF mutant
(�) in the presence of 20 mM pyruvate. P. aeruginosa wild type and
mutants were grown aerobically in OS minimal medium with 20 mM
gluconate as sole carbon source. At an OD578 of 0.3 cells were trans-
ferred to rubber-stoppered bottles and 20 mM pyruvate was added.
Survival under anaerobic conditions without end electron acceptors
was determined with viable cell counts on agar plates as outlined in
Materials and Methods. Graphs represent the results of at least three
independent experiments. Standard deviations were found comparable
to those shown for the experiments in Fig. 2A and were omitted for the
sake of clarity.
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level, Pta enzyme assays were performed. Pta activity in cell
extracts increased about sixfold under anaerobic condition
compared to that under aerobic growth conditions (Table 3).
Interestingly, in the �ldhA mutant full anaerobic induction of
Pta formation was observed. Nevertheless, in the absence of
lactate dehydrogenase (�ldhA) no obvious pyruvate utilization
and long-term survival was observed, indicating the close in-
terplay between both enzymatic systems. As expected, no sig-
nificant pta activity was found in the pta mutant.

In order to identify the regulatory loci involved in the oxy-
gen-dependent control of ackA-pta expression, DNA microar-
ray and ackA-lacZ reporter gene fusion experiments with var-
ious regulatory mutants were performed. Both strategies
revealed the essential role of the anr and ihfA loci for anaer-
obic ackA-pta induction (Table 3). The anr gene encodes an
Fnr type of regulatory protein which most likely contains a
4Fe-4S cluster responsible for oxygen tension perception (18,
19, 34). The ihfA locus encodes one subunit of the DNA-
bending IHF (13, 14). The �-galactosidase activity of the ackA-
lacZ reporter gene fusion was measured in the anr, dnr, narL,
and ihfA mutant strains after 2 days of incubation under fer-
mentative conditions. Expression of the ackA-lacZ reporter
gene fusion in wild-type P. aeruginosa increases 3.7-fold under
fermentative conditions. There was no increase in �-galactosi-
dase activity of the anr mutant, whereas �-galactosidase activ-
ity of the ihfA mutant was even a little lower under fermenta-
tive conditions compared to that of the anr mutant (Table 3).
The narL mutant strains revealed a 2.9-fold increase of re-
porter gene expression under fermentative conditions compa-
rable to wild-type conditions. The dnr mutant led to an only
slightly decreased ackA-lacZ expression. In agreement with
this, both mutant strains revealed efficient anaerobic long-term
survival (Fig. 4B).

The putative promoter region in front of the ackA-pta locus
was scanned for potential binding sites of known regulatory
proteins of P. aeruginosa by using the weight matrix search
program of the PRODORIC database (26). The search re-
vealed the presence of the Anr-Dnr binding motif TTGATTT

TCATCAG (88% identity to the Anr consensus) and the IHF
binding motif CAACACCTGCGCCAC (89% identity to the
IHF consensus), which are localized 182 to 195 bp and 122 to
136 bp upstream of the translational start codon of ackA,
respectively.

The anr and ihfA genes are required for overall pyruvate
fermentation. P. aeruginosa anr, dnr, ihfA, and narL deletion
mutants were grown aerobically to an OD578 of 0.3 followed by
addition of pyruvate and cultivation under anaerobic condi-
tions for 4 weeks as described for wild-type P. aeruginosa. Total
and viable cell numbers with three different approaches were
determined, and HPLC analyses from the supernatant of all
mutants were performed. The viable cell numbers of the anr
mutant had already decreased after 10 days (Fig. 4B), and
HPLC analysis showed no further conversion from pyruvate to
lactate, acetate, and succinate after that time (data not shown).
In agreement with the anr-dependent ackA-pta expression,
this oxygen regulator is required for a prolonged survival of
P. aeruginosa under anaerobic conditions using the pyruvate
fermentation pathway in the absence of external electron ac-
ceptors. In contrast, the dnr mutant maintained constant viable
cell numbers under the anaerobic conditions tested, compara-
ble to those of P. aeruginosa wild type (Fig. 4B). Additionally,
the HPLC analysis of the dnr mutant culture supernatants
showed no difference in the kinetics of pyruvate consumption
and product formation in comparison to the wild type (Table
2).

The viable cell number of a P. aeruginosa ihfA knockout
mutant decreased logarithmically from the start of anaerobic
cultivation down to 0.3% survivors after 16 days (Fig. 4B).
HPLC analysis detected neither pyruvate utilization nor prod-
uct formation (Table 2). The ihfA gene encodes one subunit of
the IHF, a DNA bending protein, which is essential for pyru-
vate formation. To exclude the possibility that the tested mu-
tant P. aeruginosa strains did not survive due to reduced cel-
lular concentrations of protective catalases or peroxidases,
cells were plated on LB agar containing 20 mM pyruvate. After
anaerobic incubation the plates were removed and further

TABLE 3. Expression of ackA, pta, and ldhA in wild-type P. aeruginosa and various mutants depending on oxygen tensiona

Strain

Analyzed parameter and condition

ldhA mRNA ackA mRNA pta mRNA ackA-lacZ
(Miller units)

Pta activity
(U/mg)d

Aerobic Anaerobice Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic

Wild type 3.6 
 0.14b 2.8 
 1.3b 25.6 
 1.2b 142.8 
 32b 13.4 
 3.0b 90.8 
 33b 95 
 7 355 
 38 4.2 
 0.5 24 
 1.3
�anr NDc 2.9 
 1.5b ND 50.3 
 4.1b ND 25.1 
 6.1b 90 
 5 110 
 13
dnr::tet ND 3.3 
 1.5b ND 152 
 0b ND 140 
 18b 104 
 15 201 
 14
ifhA::tet 45 
 6 90 
 6
narL::cat 102 
 7 290 
 14
ldhA::aacC1 4.3 
 0.7 26 
 1.8
pta::aacC1 0.4 
 0.2 0.5 
 0.2

a The results were obtained from microarray experiments and from a ackA-lacZ fusion. The Pta activity in P. aeruginosa wild type and the �pta and �ldhA mutants
were determined as described in Materials and Methods.

b Observed signal strength is given in normalized Affymetrix units as defined in Materials and Methods (5, 8). The standard deviation represents the detected
differences between the independently performed GeneChip experiments.

c ND, not determined. Because Anr and Dnr activity is known to be limited to anaerobic conditions, analysis of aerobically grown cells was not performed.
d One unit of activity is the amount of enzyme that converts 1 �mol of acetyl-CoA to product per 60 min at 30°C.
e Anaerobic conditions for the microarrays, the reporter gene fusions, and enzyme activity measurements differed depending on the nature of determined parameters.

Due to the short half-life of the mRNAs, the RNA for the microarray analysis was prepared 2 h after the shift to anaerobic conditions. Reporter gene fusion expression
was determined after 48 h of anaerobic incubation of the culture, while Pta activity was measured after 24 h of fermentative conditions. Employed media, test principles,
and given units are defined in Materials and Methods.

4602 ESCHBACH ET AL. J. BACTERIOL.



incubated aerobically for 24 h. The observed numbers of CFU
remained unchanged compared to those of solely aerobically
grown cells.

No differences in the viable counts or the HPLC profiles
were observed for a knockout mutant in the narL gene in
comparison to those of the wild type (data not shown). We did
not detect a significant participation of the stationary sigma
factor RpoS nor the response regulator GacA on anaerobic
survival. Survival of the mutant strains was comparable to that
of the wild type. Obviously, pyruvate fermentation is not a
typical stress condition which activates RpoS or GacA, even
when P. aeruginosa is not growing. RpoS and GacA are cer-
tainly essential for the anaerobic starvation that follows after
pyruvate has been consumed.

Conclusions. (i) Under anaerobic growth conditions, in the
absence of alternative electron acceptors P. aeruginosa utilizes
the conversion of pyruvate into acetate and lactate for long-
term survival. This process does not contribute to anaerobic
cell growth. (ii) Long-term survival is sustained by NAD�-
regenerating lactate dehydrogenase, a Pta, and an ATP-gen-
erating acetate kinase. These enzymes are encoded by ldhA
and the ackA-pta operon. The ackA-pta operon is induced
under oxygen-limiting conditions by the oxygen regulator Anr
and DNA-bending IHF, whereas the ldhA gene expression is
independent of oxygen tension. (iii) The observed pyruvate
fermentation may contribute to the survival of P. aeruginosa in
biofilms and during host infection, when oxygen-limiting con-
ditions dominate and nitrate concentration is limited.
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