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The opportunistic pathogen Pseudomonas aeruginosa causes a variety of infections in immunocompromised
individuals, including individuals with the heritable disease cystic fibrosis. Like the carbon sources metabo-
lized by many disease-causing bacteria, the carbon sources metabolized by P. aeruginosa at the host infection
site are unknown. We recently reported that L-alanine is a preferred carbon source for P. aeruginosa and that
two genes potentially involved in alanine catabolism (dadA and dadX) are induced during in vivo growth in the
rat peritoneum and during in vitro growth in sputum (mucus) collected from the lungs of individuals with
cystic fibrosis. The goals of this study were to characterize factors required for alanine catabolism in P.
aeruginosa and to assess the importance of these factors for in vivo growth. Our results reveal that dad4 and
dadX are arranged in an operon and are required for catabolism of L-alanine. The dad operon is inducible by
L-alanine, D-alanine, and L-valine, and induction is dependent on the transcriptional regulator Lrp. Finally, we
show that a mutant unable to catabolize pL-alanine displays decreased competitiveness in a rat lung model of

infection.

A hallmark of successful bacterial pathogens is their ability
to replicate within their hosts, where they not only must ac-
quire nutrients for growth but also often compete with com-
mensal microorganisms. Although this basic tenet of bacterial
pathogenesis, which was espoused originally by Louis Pasteur
in the late nineteenth century (21) and more recently by E. D.
Garber and other workers (3, 6), has been recognized for some
time, it has generally been overlooked, and the metabolic path-
ways critical for proliferation in most infection sites are un-
known. Basic knowledge regarding metabolic processes uti-
lized by infecting bacteria is of fundamental importance for
understanding bacterial pathogenesis and may offer opportu-
nities for development of novel therapeutics. Indeed, interfer-
ing with bacterial metabolism in vivo has been efficacious for
inhibiting the pathogenesis of several bacterial pathogens. For
example, mutants of the poultry pathogen Campylobacter jejuni
that are unable to catabolize L-serine display markedly reduced
colonization of the chick gut (32). Likewise, loss of threonine
utilization by the pulmonary pathogen Legionella pneumophila
prevents replication in alveolar macrophages (26).

The gram-negative opportunistic pathogen Pseudomonas
aeruginosa is a leading cause of ophthalmic, burn wound, and
nosocomial infections and causes chronic pulmonary infections
in individuals with cystic fibrosis (CF) (9). In addition, P.
aeruginosa colonizes numerous environments outside the host,
and its ability to catabolize a wide array of carbon sources
likely allows proliferation in these diverse environments. From
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a host-pathogen perspective, the carbon sources available for
growth significantly affect production of extracellular virulence
factors and biofilm formation in P. aeruginosa (19, 20, 29).
Despite these findings, we have little insight into the molecular
mechanism of carbon preference or into the effects that spe-
cific carbon sources have on host colonization and prolifera-
tion within infection sites.

Previous work in our laboratory determined that P. aerugi-
nosa preferentially catabolizes r-alanine over other carbon
sources, including most amino acids, lactic acid, and glucose
(19). Interestingly, our laboratory also reported that the
mRNA levels of two genes putatively involved in alanine ca-
tabolism, dadA and dadX, are highly elevated in a peritoneal
rat infection model (17) and during in vitro growth in sputum
collected from adult CF lungs (20). Based on the preference
for alanine and the induction of genes predicted to be involved
in alanine catabolism under these two conditions, we hypoth-
esized that alanine may be an important in vivo carbon source
for P. aeruginosa. The goals of the present study were to de-
termine the factors that are critical for P. aeruginosa catabolism
of alanine and to assess the importance of alanine catabolism
for colonization and proliferation in an in vivo model of infec-
tion.

MATERIALS AND METHODS

Bacterial strains and media. P. aeruginosa wild-type strain UCBPP-PA14
(PA14) (22) and isogenic dadA, dadX, and Irp transposon insertion mutants were
obtained from the MGH-Parabiosys:NHLBI Program for Genomic Applica-
tions, and the transposon mutants were verified using PCR as described previ-
ously (http://pga.mgh.harvard.edu/cgi-bin/pal4/mutants/retrieve.cgi). P. aerugi-
nosa was cultured on tryptic soy agar (TSA), in tryptic soy broth, in brain heart
infusion broth (BHI), in morpholinepropanesulfonic acid (MOPS) minimal me-
dium (20) containing 1X Socransky vitamin solution (30) and 20 mM of a
specified carbon source, or in synthetic CF sputum medium (19). Bacterial
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TABLE 1. Strains and plasmids

J. BACTERIOL.

Strain or plasmid Characteristics Reference
E. coli DH5« endAI hsdR17 supE44 thi-1 recAl gyrA relAl A(lacZYA-argF)U169 deoR 25
[$80dlac A(lacZ)M15]
P. aeruginosa strains
UCBPP-PA14 Wild type 22
Irp mutant UCBPP-PA14 lrp::Mar2xT7 (Gm") 14
dadA mutant UCBPP-PA14 dadA::Mar2xT7 (Gm") 14
dadX mutant UCBPP-PA14 dadX::Mar2xT7 (Gm") 14
PA14_70010 mutant UCBPP-PA14 PA14_70010::Mar2xT7 (Gm") 14
Plasmids
pUCP18 E. coli-Pseudomonas Ap" shuttle vector 28
pMP220 Broad-host-range Tc" transcriptional lacZ fusion vector 31
pDadAX pUCP18 with region containing dadA and dadX This study
pDadX pUCP18 with dadX coding region This study
pLrprsp pUCP18 with Irp coding region and modified Shine-Dalgarno sequence This study
pDadA-lacZ pMP220 with dadA::lacZ transcriptional fusion This study

growth was assessed by monitoring the optical density at 600 nm (ODgq). All
cultures were incubated at 37°C, and liquid cultures were incubated with shaking
at 250 rpm. When necessary, antimicrobial agents were used at the following
concentrations: carbenicillin, 300 pg/ml; ampicillin, 100 pg/ml; tetracycline, 25
wg/ml for Escherichia coli and 50 wg/ml for P. aeruginosa; and gentamicin, 100
pg/ml. 5-Bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) was used at
50 pg/ml.

DNA and plasmid manipulation. DNA and plasmids were isolated using
standard methods (1). DNA sequencing was performed at the University of
Texas at Austin core facility.

RNA methods. RNA was isolated from P. aeruginosa cultured in MOPS min-
imal medium containing 20 mM L-alanine and 0.05% yeast extract using RNeasy
minicolumns (Qiagen, Santa Clarita, CA). Removal of contaminating DNA (27)
and reverse transcription PCR (RT-PCR) (23, 24) were performed as previously
described. Primer extension was performed using a fluorescently (6-carboxyfluo-
rescein) labeled primer as previously described (15).

Plasmid construction. Complementation of P. aeruginosa PA14 mutants was
performed using pUCP18 (Table 1), which allows constitutive expression of
genes of interest from the lac operon promoter. The lrp, dadA, dadX, and dadAX
genes, including their Shine-Dalgarno sequences, were amplified by PCR using
an Expand Long Template PCR kit (Roche) from P. aeruginosa PA14 chromo-
somal DNA using primer combinations listed in Table 2. The resulting amplicons
were digested with EcoRI and BamHI and ligated into EcoRI/BamHI-digested
pUCP18. Plasmids containing the genes of interest (pLrp, pDadA, pDadX, and
pDadAX) were confirmed by restriction digestion and DNA sequencing.

pDadA-lacZ was constructed by amplification of the dadA promoter using
primers listed in Table 2. The amplified promoter was digested with EcoRI/KpnI
and ligated into EcoRI/Kpnl-digested pMP220 (31). pMP220 possesses a pro-
moterless lacZ gene with an intact Shine-Dalgarno sequence; thus, ligation of

promoters into this vector allows construction of transcriptional fusions of the
promoter of interest to lacZ. The resulting plasmid was confirmed by DNA
sequencing.

To randomize levels of the leucine-responsive regulatory protein (Lrp) pro-
duced from pLrp, pLrprsp Was constructed and selected as follows. In addition
to the EcoRlI site, the 5’ Irp primer (Table 2) incorporated a six-base randomized
sequence (Ng) in place of the native Irp Shine-Dalgarno sequence (GGGAGC).
Following PCR amplification and ligation into pUCP18, plasmids with random-
ized Irp Shine-Dalgarno sequences were transformed via electroporation into a
P. aeruginosa lp mutant carrying pDadA-lacZ. Transformants that restored
L-alanine-dependent induction of B-galactosidase in pDadA-lacZ were selected,
and the DNA sequence of the randomized Shine-Dalgarno sequence was deter-
mined.

B-Galactosidase assays. The B-galactosidase activity of P. aeruginosa carrying
pMP220 or pDadA-lacZ was assayed by using the Tropix Galacto-Light Plus
chemiluminescent system (Applied Biosystems, Bedford, MA). Strains were
grown overnight in synthetic CF sputum medium with 50 wg/ml tetracycline,
washed, and subcultured into fresh medium to obtain an ODy, of approximately
0.15. After 2 h of growth, 500 .l of each culture was aliquoted into an Eppendorf
tube to which 500 pl Z buffer, 33 pl 0.1% sodium dodecyl sulfate, and 67 pl
chloroform were added. After vortexing and centrifugation, assays were per-
formed as described previously (33).

The B-galactosidase activities of a complemented P. aeruginosa lrp mutant
carrying pDadA-lacZ and corresponding vector controls were also assayed using
the Tropix Galacto-Light Plus system. For these assays, P. aeruginosa strains were
grown overnight in MOPS minimal medium with 20 mM succinate and diluted
into fresh medium to obtain an ODg, of 0.02. After 4 h of growth, cultures were
diluted to obtain an ODg of 0.15, and individual cultures were then spiked with

TABLE 2. Oligonucleotide primer sequences

Use Primer

Sequence

Plasmid construction

pDadAX dadAXfor+SD
dadAXRevXbal
pDadX dadX5'EcoRI
dadX3'BamHI
pLrprsp Lrp Random SD
3'IrpBamHI
pDadA-lacZ dadAprom-for

dadAprom-rev

Primer extension of dadA

CTACGAGCTCAAAATAACAAACGTCCGCGGTTC
TCGGTCTAGATGCCTGCGCAAAGAATTCGGAAAG

GGGAATTCGCTGAAGAGAGACCCGTCGCC
CGCGGATCCTCAAGCCCCGGAATAGACGCGCGGC

GGGAATTCCCAGACNNNNNNCCTCCATCCATGCGTACC
CGGGATCCTCAATCCGGAACCGGTAGGTCGAGCG

GGGGTACCCGCGAAGGCTCCGCGAGCGCTC
GCTCTAGAACGTCGCGGAGGAACCGCGGACG

CCAAGGACCAGAACTCGCATTG
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FIG. 1. Organization and characterization of the dad operon in P.
aeruginosa. (A) Reaction scheme for L-alanine and D-alanine degra-
dation. (B) Chromosomal region of the P. aeruginosa dad operon. The
dadA, PA14_70010, and dadX genes are indicated by arrows, and the
line above the arrows indicates the region amplified in the RT-PCR
experiments described below. (C) RT-PCR amplification of the region
indicated by the line above the dad operon in panel B. Lane gDNA, P.
aeruginosa PA14 chromosomal DNA template positive control; lane
—RT, negative control template derived from RT of P. aeruginosa
RNA with no reverse transcriptase added; lane cDNA, cDNA tem-
plate synthesized from P. aeruginosa RNA; lane —, no-template con-
trol. The numbers on the left indicate the sizes of standards (in base
pairs). The expected length of the amplicon is 566 bp.

5 mM - or L-alanine or L-valine or with an equal volume of H,O. After 2 h of
growth, the B-galactosidase activity was assessed as described above.

BIOLOG analysis. For BIOLOG analysis, P. aeruginosa wild-type and dadA
mutant strains were grown overnight in MOPS minimal medium with 20 mM
glucose (17, 20). Cultures were washed twice in MOPS minimal medium (with no
carbon source) prewarmed to 37°C, and diluted to obtain an ODy, of 0.005 in
2.4 ml MOPS minimal medium with no carbon source to which 17.6 ml of IF-Oa
base, 0.24 ml of a dye mixture, and 3.76 ml of sterile distilled H,O were added.
One hundred microliters was added to each well of a BIOLOG PM1 or PM2
plate. The plates were incubated at 37°C, and the absorbance at 595 nm was
measured with a Varioskan microplate reader (Thermo Scientific, Rockford, IL)
every 24 h for 72 h to monitor substrate oxidation.

In vitro competition assays. Overnight BHI cultures of wild-type P. aeruginosa
or the P. aeruginosa dadA mutant were diluted to obtain an ODg, of 0.02 in fresh
BHI and grown for 4 h to mid-exponential phase. Then 5 X 10* CFU of each
strain was added to 5 ml of BHI or MOPS minimal medium containing 20 mM
L-alanine. At 0 and 24 h, cultures were serially diluted and plated in duplicate
onto TSA to determine the total numbers of bacteria (wild-type P. aeruginosa
and the dadA mutant) and onto TSA containing 100 pwg/ml gentamicin to deter-
mine the numbers of P. aeruginosa dadA mutant bacteria. The numbers of P.
aeruginosa wild-type cells were calculated by subtracting the numbers of P.
aeruginosa dadA mutant bacteria from the total number of bacteria.

In vivo competition assays. Wild-type P. aeruginosa and the dadA mutant were
incorporated into agar beads and introduced into the lungs of male Sprague-
Dawley rats as described previously (4, 7, 11-13, 35) in accordance with the
requirements of the ethics committee for animal treatment. After 7 days, the
lungs were removed from sacrificed rats, and homogenized tissues were plated in
triplicate onto Mueller-Hinton agar (which recovers both wild-type and dadA
mutant bacteria) and Mueller-Hinton agar containing 100 wg/ml gentamicin
(which recovers dadA mutant bacteria) to determine the number of CFU. The in
vivo competitive index (CI) was then determined for each animal. The CI was
determined by dividing the output ratio of mutant CFU to wild-type CFU by the
input ratio of mutant CFU to wild-type CFU (2, 8). The reported CIs were
calculated by determining the geometric mean for animals in the same group.
Mann-Whitney sum tests were performed using GraphPad Prism 5 software.
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RESULTS AND DISCUSSION

Two genes in E. coli, dadA and dadX, encode proteins that
are critical for catabolism of L-alanine to pyruvate (Fig. 1A).
DadX is an alanine racemase that converts L-alanine to the
D-alanine isomer, and DadA is a component of alanine dehy-
drogenase that oxidatively deaminates D-alanine to pyruvate
and ammonia (5). Examination of the P. aeruginosa PA14
genome sequence revealed two genes with high levels of ho-
mology to the DadX and DadA genes. PA14_69990 (PA5302
in P. aeruginosa PAO1) putatively encodes a protein with 48%
identity (with an E value of <10~ as determined using
BLASTp) to DadX from E. coli K-12, and PA14_ 70040
(PA5304 in P. aeruginosa PAOL1) putatively encodes a protein
with 62% identity (with an E value of <10~ '°® as determined
using BLASTp) to DadA from E. coli K-12. It is noteworthy
that a P. aeruginosa gene also encodes a second alanine race-
mase, Alr; however, as in E. coli, alr has a low level of consti-
tutive expression in P. aeruginosa and Alr is used primarily for
p-alanine production for cell wall biosynthesis instead of ala-
nine catabolism (34).

Genes involved in specific catabolic pathways are often ar-
ranged in operons in bacteria, and this is the case for dadA4 and
dadX in E. coli (34). Examination of the P. aeruginosa PA14
genome sequence revealed that dadA and dadX likely comprise
an operon with a third gene, PA14_ 70010, which encodes a
putative endoribonuclease-translation inhibitor (Fig. 1B). To
test this prediction, RT-PCR was performed using RNA iso-
lated from P. aeruginosa grown in an alanine-containing me-
dium. The results indicate that, as predicted, an operon en-
compassing dadA, PA14_70010, and dadX is present in P.
aeruginosa (Fig. 1C). This operon structure is supported by
microarray data indicating that dadA, dadX, and PA14_70010
are coregulated in PA14 (17, 20) (data not shown).

To assess the role of the dad operon in growth with alanine,
dadA, PA14_70010, and dadX transposon mutants were ob-
tained from the randomized, nonredundant library of P. aerugi-
nosa PA14 mutants (14). Mutants in this library contain single-
site MAR2xT7 transposon insertions. MAR2xT7 is a mariner
transposon that contains aacCI that is expressed from a con-
stitutive promoter and confers gentamicin resistance. Inser-
tional inactivation of dadA eliminated the ability of P. aerugi-
nosa to grow using L-alanine or p-alanine as a sole source of
carbon and energy, while growth on the small acid succinate
was not altered (Table 3). As expected, inactivation of dadX

TABLE 3. Growth of P. aeruginosa mutants

Growth with carbon sources”
P. aeruginosa strain

Succinate D-Alanine L-Alanine
Wild type/pUCP18 + + +
dadA mutant/pUCP18 + - -
dadA mutant/pDadAX + + +
dadX mutant/pUCP18 + + -
dadX mutant/pDadX + + +
PA14_70010 mutant + + +
Irp mutant/pUCP18 + - -
Irp mutant/pLrpgsp + + +

“ Growth was assessed at 48 h. +, growth greater than that of the no-carbon
control.
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TABLE 4. Carbon source oxidation by wild-type P. aeruginosa and
the dadA mutant

Oxidation (Asgs)”
Carbon source

Wild type dadA mutant
D-Alanine 0.38, 0.35 0.08, 0.09
L-Alanine 1.16, 1.20 0.09, 0.08
L-Alanyl glycine 0.60, 0.67 0.12, 0.09
L-Alaninamide 0.61, 0.54 0.09, 0.10
L-Serine 0.15, 0.16 0.63, 0.47
L-Uridine 0.56, 0.57 0.13, 0.12

“ Carbon source oxidation in BIOLOG phenotype microarrays was deter-
mined by measuring the A5 at 48 h postinoculation. The two numbers in each
cell are values from two independent experiments. Only substrates for which
there was at least a threefold change in each experiment are shown.

also eliminated growth on L-alanine but not growth on D-
alanine (Table 3). Growth of both mutants could be restored
by addition of the inactivated genes in trans, although comple-
mentation of the dadA mutant required expression of dadA
and dadX. This was likely due to polar effects of the dadA
MAR2xT7 transposon insertion, which inserted into dadA such
that the constitutive aacCI promoter was oriented opposite the
direction of dadAX transcription. It is noteworthy that
MARZ2xT7 insertional inactivation of PA14_70010 had no ef-
fect on growth with p- or L-alanine (Table 3).

Amino acid dehydrogenases can potentially affect growth on
a variety of amino acids other than the primary substrate. To
test the possibility that DadA is important for oxidation of
additional amino acids in P. aeruginosa, the abilities of wild-
type P. aeruginosa and the dadA mutant to oxidize an array of
potential carbon sources were assessed using BIOLOG phe-
notype microarrays. As expected, the dadA mutant exhibited a
reduced ability to oxidize D- and L-alanine, as well as the
L-alanine-containing dipeptide L-alanyl glycine and the L-ala-
nine derivative L-alaninamide (Table 4). The dadA mutant also
oxidized L-uridine to a lesser extent and showed increased
oxidation of L-serine (Table 4). Although oxidation of carbon
sources in addition to carbon sources containing alanine was
impacted by loss of dadA, the most severe phenotypes were
observed with alanine and alanine derivatives.

As dadA and dadX in P. aeruginosa are induced during
growth in a rat peritoneal model and in sputum collected from
CF lungs (17, 20), we were interested in defining and charac-
terizing the promoter region controlling transcription of these
genes. To identify the promoter region, primer extension was
used to map the transcriptional start site upstream of dadA. A
prominent 74-bp cDNA was detected (Fig. 2A) that mapped
the transcriptional start site to the thymidine located 54 bases
upstream of the dadA translational start site (Fig. 2B). Exam-
ination of the promoter region revealed a putative —10 DNA
sequence (TATACT) but no clear —35 sequence.

In E. coli, dadAX is inducible by leucine as well as b- and
L-alanine (16). To examine regulation of the dad genes in P.
aeruginosa, the promoter region of dadAX was ligated into the
lacZ transcriptional fusion vector pMP220 (31) to create
pDadA-lacZ. pDadA-lacZ was transformed into P. aeruginosa,
and the B-galactosidase activity was monitored in the presence
and absence of potential amino acid inducers. Addition of
L-alanine, D-alanine, and L-valine resulted in significant in-
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AACCCCTACTTIGTCCGGTITTITTTACCTGAGTAACCGCCTA

AAATTGGTGATTATTTCTGCCTGCCTCTTCCTATACTGCG
CGCATCTACACGCTCAAAATAACAAACGTCCGCGGTTCCT
CCGCGACGTGGGAGGCGAICAATGCGAGTTCTGGTCCTTGG

FIG. 2. Identification of the P. aeruginosa dad operon promoter by
primer extension analysis. Primer extension was performed using a
fluorescently (6-carboxyfluorescein) labeled primer as previously de-
scribed (15). (A) Sizes of primer extension cDNA fragments detected
and fluorescence values for the fragments. The fluorescence value
indicates the relative quantity of the cDNA product. (B) Promoter
region of the dad operon based on primer extension data. The tran-
scriptional start site is indicated by bold type, the dadA translational
site is underlined, the putative —10 is double underlined, and the
target sequence of the primer extension oligonucleotide primer is
enclosed in a box.

creases in dad operon transcription (Fig. 3) while all other
amino acids, including leucine, had no significant effect on dad
transcription (data not shown).

In E. coli, Lrp is a transcriptional regulator of the dad
operon (10, 18, 36, 37). E. coli Lrp is a global regulator of the
feast/famine regulatory protein family that binds DNA either
specifically or nonspecifically, alone or with other transcrip-
tional regulators (such as the cyclic AMP receptor protein).
Lrp both transcriptionally activates and represses dadAX in E.
coli through binding of activating sites and removal from re-

Wwt
20 O /rp/pUCP18
B Irp/pLrpggp

Fold-Change
B-galactosidase

L-alanine L-valine

D-alanine

FIG. 3. P. aeruginosa dad operon is inducible by D-alanine, L-ala-
nine, and L-valine and is controlled by Lrp. The B-galactosidase activ-
ities of wild-type P. aeruginosa (wt), the lrp mutant with the comple-
mentation vector (Irp~/pUCP18), and the genetically complemented
Irp mutant (Irp~ /pLrpggp) carrying pDadA-lacZ were assessed in the
presence and absence of D-alanine, L-alanine, and L-valine. The
changes were determined by dividing the average -galactosidase val-
ues for pDadA-lacZ with the amino acid inducer by the average B-ga-
lactosidase values without the amino acid inducer. The values are the
averages of two separate experiments performed in triplicate, and the
error bars indicate standard deviations. *, P < 0.05, as determined by
Student’s ¢ test.
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pressor sites in the presence of the inducers p-alanine, L-ala-
nine, and leucine (37). Examination of the P. aeruginosa ge-
nome sequence revealed the presence of eight putative feast/
famine regulatory protein family members. One of these
proteins, encoded by PA14_70080 (PAS5308 in P. aeruginosa
PAO1), exhibits 48% identity (with an E value of <105 as
determined using BLASTp) to Lrp from E. coli K-12 and is
located approximately 3.6 kb upstream of the dad operon on
the P. aeruginosa PA14 chromosome. To determine whether
Lrp is a transcriptional regulator of the dad operon in P.
aeruginosa, a P. aeruginosa PA14 MAR2xXT7 Irp insertion mu-
tant was obtained from the PA14NR library and transformed
with the dadA::lacZ reporter plasmid, pDadA-lacZ, and B-ga-
lactosidase activity was monitored in the presence and absence
of the dadA inducers D-alanine, L-alanine, and L-valine. Inser-
tional inactivation of /rp significantly reduced B-galactosidase
activity in the presence of all three inducers, and induction
could be significantly restored by expression of Irp in trans (Fig.
2). These results, correlated with Genechips microarray exper-
iments (data not shown), reveal that, in contrast to the situa-
tion in E. coli, Lrp is an activator of dad operon transcription
in P. aeruginosa and p-alanine, L-alanine, and L-valine are
coinducers. As expected, the /rp mutant was also defective for
growth with D- or L-alanine, and growth could be restored by
addition of Irp in trans (Table 3). It should be noted that for /rp
complementation, Irp containing a modified Shine-Dalgarno
sequence (modified from the native sequence GGGAGC to
TCCCTC) was used to reduce expression from the multicopy
pUCP18-derived complementation plasmid.

To determine if the ability to catabolize alanine was impor-
tant for P. aeruginosa proliferation in vivo, we assessed the
ability of the dadA mutant to compete with wild-type P. aerugi-
nosa in a rat model of infection. The model utilized was an agar
bead lung infection model in which agar beads containing both
wild-type P. aeruginosa and the dadA mutant were introduced
into the lungs of male Sprague-Dawley rats. This model has
been used extensively to examine the ability of P. aeruginosa to
proliferate in the rat lung (7, 11-13, 35). Experiments exam-
ining competition between wild-type P. aeruginosa and the
dadA mutant were also performed in vitro to determine if the
dadA mutant has a generalized competition defect. As ex-
pected, the dadA mutant exhibited no competitive disadvan-
tage when it was cultured in a complex laboratory medium
(BHI agar), but a 3- to 4-log competitive disadvantage was
observed for the dadA mutant when it was grown in MOPS
minimal medium with L-alanine as the primary energy source
(Fig. 4). Interestingly, the dadA mutant exhibited a >3-fold
reduction in competitive fitness compared to wild-type P.
aeruginosa in the rat lung (Fig. 4).

An important goal of this study was to test the hypothesis
that alanine is an important carbon source for P. aeruginosa
during in vivo growth. This hypothesis was based on the ob-
servation that alanine is a preferred in vitro carbon source in P.
aeruginosa (19) and on the observation that genes involved in
alanine catabolism are induced during growth in a peritoneal
rat model of infection and in sputum collected from the lungs
of individuals with CF (17, 19, 20). Although the dadA mutant
displayed a relatively modest reduction (3-fold) in competitive
fitness in the agar bead model, it is interesting that despite its
ability to grow with a wide array of carbon sources, loss of a
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FIG. 4. Invivo competition and in vitro competition of wild-type P.
aeruginosa and the dadA mutant. Equal numbers of the wild type and
the dadA mutant were combined and used to inoculate BHI or MOPS
minimal medium containing L-alanine and a vitamin solution (30) or
were incorporated into agar beads and introduced into the lungs of
male Sprague-Dawley rats (in vivo). Bacteria were quantified for start-
ing inocula at the onset of competition, after 24 h of coculture in vitro,
and for homogenized lung tissue 7 days postinfection by dilution plat-
ing onto growth media with and without gentamicin to determine the
total numbers of bacteria (growth with no gentamicin) and the num-
bers of dadA mutant bacteria (growth with gentamicin). The ratio of
the mutant to the wild type after competition was divided by the ratio
of the mutant to the wild type at the onset of competition to determine
the CI. Average Cls are indicated by horizontal lines (n = 3 in vitro
and n = 7 in vivo). *, P < (.02, as determined by the Mann-Whitney
sum test.

Competitive Index

10

in vivo

single catabolic enzyme involved in alanine utilization reduced
the competitive fitness of P. aeruginosa in vivo. These results
support the idea that even in metabolically diverse bacteria,
such as P. aeruginosa, inactivation of specific carbon catabolic
pathways can impact in vivo proliferation.
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