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The ability of Legionella pneumophila to cause Legionnaires’ disease is dependent on its capacity to survive
in the intracellular environment of its host cells. Furthermore, outbreaks of this disease have been associated
with contaminated water sources where L. pneumophila survives as a parasite of protozoa. In this study, we
determined the effect of nutritional auxotrophy on the ability of L. pneumophila to survive in the intracellular
environment of its host cells. We generated a diaminopimelic acid (DAP) auxotroph (AA400) of L. pneumophila
by disruption of the aspartate-b-semialdehyde (asd) gene. The ability of AA400 to survive within macrophages
and protozoa was found to be defective. This defect was due solely to the asd disruption since complementation
of the mutant with the wild-type asd gene restored its capacity for intracellular survival. Furthermore, the
defect was not completely complemented by DAP supplementation to the culture media. Thus, our results
suggest that disruption of the asd gene may prove to be useful in the design of attenuated vaccines against
Legionnaires’ disease.

Legionella pneumophila, a gram-negative facultative intracel-
lular bacterium, is a major cause of community-acquired and
nosocomial pneumonia and is associated with a high level of
mortality, particularly among immunocompromised individu-
als (14, 17, 32). The ability of L. pneumophila to cause disease
is dependent on its ability to survive and replicate within a
specialized membrane-bound phagosome in human macro-
phages and epithelial cells (29, 34). At the ultrastructural and
molecular levels, the life cycle of L. pneumophila within human
phagocytic cells is very similar to its life cycle in its environ-
mental host, the protozoa (1, 13, 21). We have recently de-
scribed the expression of type IV pili by L. pneumophila and
their role in adherence to both mammalian and protozoan cells
(41). Although some of the attachment and uptake mecha-
nisms of the two hosts are similar, there are also distinct dif-
ferences (4, 13, 21–23, 25, 31, 45).

Protection against bacterial pathogens has become increas-
ingly urgent due in part to the alarming rise in drug resistance
among these pathogens (43). Interestingly, it has been shown
that L. pneumophila becomes 1,000-fold more resistant to an-
tibiotics after intracellular growth (11). This rise in antibiotic
resistance may be partly due to the expression of unique bac-
terial genes in the intracellular environment (2, 3, 5, 6, 42).
Furthermore, treatment of patients infected with L. pneumo-
phila with the commonly used antibiotics often fails to eradi-
cate the disease (35). Thus, alternative methods for the treat-
ment of Legionnaires’ disease may be necessary.

The most effective means to generate a protective immune
response against intracellular bacterial pathogens is by live
attenuated bacteria that deliver particulate antigens to anti-
gen-processing cells (27, 30). One promising method of bacte-
rial attenuation is the generation of auxotrophic strains that
are unable to survive intracellularly due to the absence of the

essential nutrient that they require within the host cell. Exam-
ples of these are the aromatic amino acid auxotrophs of Sal-
monella typhimurium and the leucine and diaminopimelic acid
(DAP) auxotrophs of mycobacteria (10, 20, 38).

As in most gram-negative bacteria, a major constituent of
the peptidoglycan layer of L. pneumophila is DAP (8, 24). DAP
is involved in the peptide cross-linking of the peptidoglycan.
Since mammalian cells do not utilize or synthesize DAP, in-
tracellular bacterial pathogens that are auxotrophic for DAP
would not be able to survive in the mammalian host. There-
fore, it may be possible to develop chemotherapeutic agents
that target enzymes of the DAP biosynthetic pathway. Such an
auxotroph may also be a potential live attenuated vaccine can-
didate or a vehicle for the delivery of immunogenic antigens of
other intracellular pathogens. To identify a possible target of
chemotherapeutic agents and to determine the feasibility of
using L. pneumophila as a particulate antigen delivery system,
we cloned and characterized the aspartate-b-semialdehyde de-
hydrogenase (asd) gene of L. pneumophila and examined the
phenotype of a null mutant.

MATERIALS AND METHODS

Bacterial strains and vectors. The virulent AA100 strain of L. pneumophila
has been described previously (3). Escherichia coli DH5a (Bethesda Research
Laboratories [BRL], Gaithersburg, Md.) was used for the majority of cloning
experiments. E. coli K-12 derivative strain x2981 carries an asd insertion muta-
tion that renders it auxotrophic for DAP (5, 7). Plasmid pUC-4K was purchased
from Pharmacia (Piscataway, N.J.) and was the source of the kanamycin (kan)
resistance gene used as a probe for Southern hybridization. Plasmids pBC-SK1

and pBlueScript were purchased from Stratagene (La Jolla, Calif.). Plasmid
pBOC20 is a chloramphenicol-resistant plasmid that contains oriT and the sacB
gene from Bacillus subtilis (6). The sacB gene encodes levansucrase and is lethal
to L. pneumophila grown in the presence of sucrose (16). The conjugative
plasmid pRK212.1 was used as a helper plasmid to mobilize plasmid pBOC20 by
conjugation as described previously (6).

DNA manipulations. Chromosomal DNA preparations, transfection, restric-
tion enzyme digestion, and DNA ligation were performed as described elsewhere
(39) unless specified otherwise. Restriction enzymes and T4 DNA ligase were
obtained from BRL.

Plasmid DNA preparations were performed by using a Qiagen (Chatsworth,
Calif.) plasmid kit according to the manufacturer’s recommendations. Transfor-
mations were carried out by electroporation using a Gene Pulser as recom-
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mended by the manufacturer (Bio-Rad, Hercules, Calif.). Purification of DNA
fragments from agarose gels for subcloning or labeling for Southern hybridiza-
tion was done by using a Qiaex kit as recommended by the manufacturer (Qia-
gen). Transfer of DNA from agarose gels into membranes, fluorescein labeling
of DNA probes, hybridizations, and detection were performed as previously
described (5).

Tissue culture and protozoan culture. Macrophage-like U937 cells were main-
tained at 37°C and 5% CO2 in RPMI 1640 tissue culture medium supplemented
with 10% heat-inactivated fetal calf serum (Sigma Chemical Co., St. Louis, Mo.).
Prior to infection, cells were differentiated with phorbol 12-myristate 13-acetate
(PMA) for 48 h as described previously (5). Differentiated cells are nonreplica-
tive adherent macrophage-like cells. Monolayers were washed three times with
the tissue culture medium prior to infection. For infection of monolayers, L.
pneumophila grown for 48 h at 37°C on buffered charcoal-yeast extract (BCYE)
agar plates was resuspended in RPMI 1640. The infection was carried out as
described for each experiment.

Hartmannella vermiformis CDC-19 (ATCC 50237) has been cloned and grown
in axenic culture as a model for the study of the pathogenesis of L. pneumophila
(19). The amoebae were maintained in ATCC culture medium 1034, and infec-
tion with L. pneumophila was done in assay medium as previously described (4).

Gene cloning and amplification of the L. pneumophila asd gene. To generate an
L. pneumophila chromosomal DNA library, AA100 DNA was partially digested
with Sau3A and sucrose gradient size-selected fragments of 35 to 50 kb were
ligated into a BamHI site in cosmid pLTP6, a derivative of pLTP5 (9). The
ligation mixture was packaged into l phage with the use of a l packaging mix
(Stratagene). The packaged DNA was transfected into E. coli HB101. To isolate
clones that carry the asd gene of L. pneumophila, the cosmid DNA library was
conjugated from HB101 into the E. coli DAP auxotroph x2981. Clones that
complemented the x2981 defect were selected. A common 4.3-kb HindIII frag-
ment from these clones was found to complement the asd defect in x2981. The
4.3-kb fragment was subcloned into pBlueScript (pOH1) and into pBOC20
(pOHBOC1).

To amplify the L. pneumophila asd gene, two primers complementary to
sequence 200 bp upstream (BAM-1) and downstream (X-1) (59-GCGGGATC
CCTGCGTGGG-39 and 59-GCGCTCGAGAAGTAAGACA-39, respectively)
of the asd gene were used for PCR. BAM-1 was designed to generate a BamHI
restriction site and X-1 was designed to generate an XhoI restriction site to
facilitate subcloning. A 1.4-kb fragment was isolated and subcloned into pBOC20
(pOHBOC2).

DNA sequencing. To locate and partially sequence the asd gene of L. pneu-
mophila, unidirectional deletion with exonuclease III was used as described
elsewhere (26, 37). The dideoxy-chain termination method of Sanger et al. (40)
was employed, using a Sequenase kit (United States Biochemical, Cleveland,
Ohio). The T3 promoter primer of the vector was used for sequencing of the
exonuclease III-digested DNA. Once homology to other known asd sequences
was found, oligonucleotides were synthesized (BRL) and sequencing of both
strands of the gene was performed. The DNA sequences were compared to other
sequences at the National Center for Biotechnology Information databases by
using blastX and blastP programs.

Transposon mutagenesis and allelic exchange into the L. pneumophila chro-
mosome. A 4.3-kb fragment containing the asd gene of L. pneumophila was
subcloned into pBOC20, designated pOHBOC1, and transformed into the E. coli
x2981. Mini-Tn10::kan mutagenesis was performed exactly as described previ-
ously (6). An insertion within the asd gene in pOHBOC1 was conjugated into L.
pneumophila, and allelic exchange was performed exactly as described previously
(6). Confirmation of the chromosomal insertion was obtained by Southern hy-
bridization analysis.

Cytopathogenicity of L. pneumophila mutants to U937 cells. Infection of PMA-
differentiated U937 monolayers was performed in triplicate wells of 96-well
plates containing 5 3 104 CFU/well at a multiplicity of infection of 1. The
infected monolayers were incubated at 37°C for 24, 48, or 72 h. For measure-
ments of the number of remaining viable cells in the monolayer, the monolayers
were treated with alamar blue dye as described previously (5). The relative
degree of cytopathogenicity of L. pneumophila to the monolayers was expressed
as the optical density of the reduced alamar blue as an indicator of the remaining
viable cells that reduced the dye.

Growth kinetics of L. pneumophila mutants in U937 cells and in H. vermifor-
mis. Differentiated 5 3 104 U937 cells in 96-well plates were infected with L.
pneumophila in triplicate at a multiplicity of infection of 10 for 30 min at 37°C.
Wells were then washed three times with tissue culture medium and incubated in
the presence of 50 mg of gentamicin per ml at 37°C for 1 h to kill extracellular
bacteria. Wells were washed three times with tissue culture medium to remove
gentamicin. Time zero was harvested at this point by hypotonic lysis of the
monolayers and plating dilutions onto BCYE plates for colony enumeration. The
rest of the monolayers were incubated at 37°C for several time intervals. At the
end of each time interval, the supernatant of the monolayer was transferred to a
sterile well and monolayers were lysed hypotonically. The lysate was combined
with the supernatant, and aliquots were plated onto BCYE agar plates for
enumeration of bacteria.

To determine the infectivity of the L. pneumophila strain to H. vermiformis, 105

amoebae/ml were infected with 103 CFU of L. pneumophila/ml in 5 ml of culture

in triplicate as described previously (4). At several time points, aliquots were
plated on BCYE agar plates for enumeration of bacteria.

Nucleotide sequence accession number. The sequence shown in Fig. 2 has
been assigned GenBank accession no. AF034213.

RESULTS

Cloning of the L. pneumophila asd gene. The Asd enzyme
plays a central role in the biosynthesis of several amino acids in
addition to DAP (44). Since the asd gene is conserved across
several species, our strategy to clone the asd gene of L. pneu-
mophila was to complement an asd defect in E. coli x2981 with
an L. pneumophila cosmid library for growth without DAP
supplementation. Twelve clones that grew without a supple-
ment of DAP were isolated. The cosmid DNA from these
clones was purified, and a common 4.3-kb HindIII fragment
was purified, subcloned into pBlueScript, and designated
pOH1. pOH1 complemented the asd mutation of x2981 for
growth without DAP. Thus, pOH1 contained the asd gene of
L. pneumophila.

Sequencing and analysis of the L. pneumophila asd gene.
Restriction mapping of pOH1 was used to further localize the
L. pneumophila asd gene. Several digestion products were sub-
cloned into pBlueScript and tested for the ability to comple-
ment the asd defect in x2981. The L. pneumophila asd gene was
localized to a 2.6-kb region of the 4.3-kb fragment between the
PstI and SacI sites (Fig. 1A). Sequencing of the fragment
revealed the presence of a potential 1,041-nucleotide open
reading frame (Fig. 2).

Alignment of the predicted protein sequence of the open
reading frame to other protein sequences in the databases
revealed that it was most similar to the Asd of Vibrio cholerae,
with 61% identity and 80% similarity. Several conserved amino
acids among all known asd sequences were also present in the

FIG. 1. (A) Restriction map of the L. pneumophila 4.3-kb fragment contain-
ing the asd gene. The relative location of a mini-Tn10::kan insertion in the asd
gene is indicated. (B) Southern hybridization of DNA from wild-type L. pneu-
mophila (AA100), Dasd L. pneumophila (AA400), and plasmid pOHBOC1K
harboring the 4.3-kb L. pneumophila fragment with the mini-Tn10::kan insertion.
All DNA samples were digested with PstI and probed with pOH1 harboring the
4.3-kb L. pneumophila fragment. The 1.8-kb increase in the size of the band in
pOHBOC1K and AA400 corresponds to the size of the kan cassette insertion.
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predicted L. pneumophila asd gene product. Most notably were
glycines 11, 14, and 17 involved in coenzyme binding, cysteine
132 and glutamine 159 in the active subunit of the enzyme, and
arginine 238 important for substrate binding (36).

Generation of an asd insertion mutant of L. pneumophila. To
facilitate allelic exchange into the L. pneumophila chromo-
some, the 4.3-kb fragment harboring the L. pneumophila asd
gene was subcloned into pBOC20, designated pOHBOC1, and

FIG. 2. DNA sequence of the L. pneumophila asd gene. The start codon is indicated in bold.
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subjected to mini-Tn10::kan mutagenesis. Selection for clones
that did not complement the x2981 asd defect was used to
screen for potential asd mini-Tn10::kan insertion mutants. One
of the mini-Tn10::kan asd insertion mutants, designated
pOHBOC1K, was mobilized into L. pneumophila AA100 by
conjugation, and an asd mutant designated AA400 was isolated
(Materials and Methods) (Fig. 1A). Allelic exchange into the
L. pneumophila chromosome was confirmed by Southern hy-
bridization, which showed a 1.8-kb increase in the size of the
fragment that contained the asd gene (Fig. 1B). AA400 was
auxotrophic for DAP and exhibited DAP dose-dependent
growth in culture medium (data not shown). A DAP concen-
tration of 40 mg/ml was the lowest concentration sufficient for
optimal in vitro growth of AA400 (Fig. 3A). Growth of AA400
in BYE medium without a supplement of DAP was restored by
introduction of pOHBOC1 into AA400 (AA400c [AA400 com-
plemented with wild-type asd]; Fig. 3A). AA400 did not grow
in the absence of DAP supplement, and viable bacteria were
absent from the culture 6 days after incubation without DAP
(Fig. 3B).

Cytopathogenicity of AA400 to U937 macrophage-like cells.
AA100 was completely cytopathogenic to U937 cells 48 and
72 h postinfection (Fig. 4). In contrast, AA400 was completely
defective in cytopathogenicity to U937 cells (Fig. 4). A 40-
mg/ml supplement of DAP to the infection with AA400 only
partially restored the cytopathogenicity defect of AA400 (Fig.
4). Increasing the concentration of DAP to 200 mg/ml did not
enhance the cytopathogenicity of AA400 (data not shown).
AA400c exhibited wild-type cytopathogenicity to U937 cells
(Fig. 4). A supplement of DAP had no effect on the cytopatho-
genicity of AA100 (data not shown). Thus, DAP auxotrophy in
L. pneumophila rendered it defective for cytopathogenicity to
U937 macrophages, and a supplement of DAP was unable to
completely rescue the mutant.

In vivo growth of AA400 in U937 macrophage-like cells. The
ability of AA400 to survive and replicate in U937 macrophage-
like cells was determined. In the absence of DAP, AA400 did
not replicate and reached undetectable levels at 11 h postin-
fection in U937 cells (Fig. 5A). A supplement of DAP to U937
cells infected with AA400 resulted in a constant number of
bacterial counts over the time course of the experiment, al-
though a slight increase in bacterial numbers was observed 48 h

postinfection (Fig. 5A). Furthermore, preincubation of the
U937 cells with DAP prior to infection for up to 24 h or
increasing the concentration of DAP to 200 mg/ml did not
enhance the viability of AA400 (data not shown). AA400c

exhibited a wild-type growth pattern in U937 cells (Fig. 5A).
In vivo growth of AA400 in protozoa. Since protozoa are the

environmental hosts of L. pneumophila, we determined the
ability of AA400 to survive within the protozoan H. vermifor-
mis. In the absence of DAP, AA400 did not replicate within H.
vermiformis and was undetectable 4 days postinfection (Fig.
5B). The viability of AA400 was slightly enhanced in the pres-
ence of DAP, although bacteria were undetectable 7 days
postinfection (Fig. 5B). AA400c exhibited a growth pattern
similar to that of AA100 (Fig. 5B). Preincubation of H. vermi-
formis or another protozoan host (Acanthamoeba polyphaga)

FIG. 3. (A) In vitro growth kinetics of AA400 in BYE medium. Cell density was determined at an optical density of 550 nm (OD 550). (B) AA400 grown in BYE
medium in the absence of DAP. Error bars cannot be seen due to their small values.

FIG. 4. Cytopathogenicity of L. pneumophila AA400 (Dasd), AA400c, and
AA100 (wild type) to U937 macrophage-like cells. Error bars cannot be seen due
to their small values.
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with DAP for 24 h prior to infection had no effect on the
viability of AA400 (data not shown).

Does the insertion in asd have a polar effect? Since DAP did
not rescue the mutant in U937 macrophages or H. vermiformis,
it is possible that the mini-Tn10::kan insertion in AA400 has
polar effects on genes downstream of asd which may be im-
portant for intracellular survival of L. pneumophila. Thus, to
determine if the asd defect of AA400 is the sole contributor to
its inability to survive intracellularly, we complemented this
strain with a PCR-generated asd gene. A 1.4-kb region from
pOH1 harboring the L. pneumophila asd gene alone was am-
plified by PCR. This fragment was subcloned into pBOC20 and
designated pOHBOC2. pOHBOC2 was found to complement
the asd defect of x2981. pOHBOC2 was mobilized into AA400,
and colonies were selected for kanamycin resistance and the
ability to grow without DAP supplement.

The ability of one of the asd-complemented clones of
AA400, designated AA400cc, to survive and replicate within H.
vermiformis, A. polyphaga, and U937 cells was compared to that
of AA100 and AA400c. pOHBOC2 complemented AA400 for
intracellular survival and growth in all cell lines tested (Fig. 5C
and D and data not shown). Thus, the inability of AA400 to
grow intracellularly was due solely to the lack of a functional
asd gene.

DISCUSSION

Nutritional auxotrophs of several facultative intracellular
pathogens have been generated and shown to be defective in
intracellular survival and avirulent in animal models (12, 20,
28). Furthermore, targeting bacterium-specific metabolic path-
ways with antibiotics may prove to be an effective means of
interrupting a pathogen’s intracellular life cycle. To determine
the effect of nutritional auxotrophy on the intracellular life
cycle of L. pneumophila and the feasibility of using the Asd
enzyme as a potential target for treatment, we generated an
aspartate-b-semialdehyde dehydrogenase (asd) mutant of L.
pneumophila.

The asd mutant (AA400) was found to be completely defec-
tive in cytopathogenicity to U937 cells. In addition, AA400 was
defective in intracellular growth within U937 macrophages, H.
vermiformis, and A. polyphaga. In contrast to the thymidine and
tryptophan auxotrophs of L. pneumophila that can be rescued
by the respective nutrient, AA400 was not rescued by DAP
(33). The inability of a DAP supplement to complement the
intracellular growth of AA400 may be explained by several
possibilities. First, in U937 cells the bacterial counts remained
constant in the presence of DAP, which may indicate that some
DAP reached the L. pneumophila phagosome, thereby pro-
longing the intracellular survival of AA400, or that the rate of
replication of AA400 in the presence of DAP is equal to its
rate of death in the intracellular environment. Second, al-
though eukaryotic cells do not utilize DAP, it is possible that
DAP is degraded by the cell lines examined in this study before
it reaches the L. pneumophila phagosome. Third, it is possible
that DAP is unable to cross the cell membrane of the cell lines
tested or, if it does, may not reach the L. pneumophila phago-
some in sufficient quantities, especially since 40 mg of DAP per
ml was required for optimal in vitro growth. However, recently
an asd mutant of S. typhimurium was shown to be capable of
taking up DAP in the intracellular environment of Int-407 cells
(15). This may indicate a difference between the phagosomal
compartments of L. pneumophila and S. typhimurium, the lack
of a DAP transport mechanism in the tested cell lines, or both.

It is possible that the insertion mutation in the L. pneumo-
phila asd gene resulted in a polar effect, thereby altering the
expression of downstream genes that may be necessary for
intracellular survival. However, complementation of AA400
with the wild-type asd gene restored its ability to grow within
all the tested cell lines. This finding indicates that the asd
defect alone in AA400 is sufficient to disrupt its intracellular
growth.

The ability of L. pneumophila to cause disease in humans has
been closely associated with its ability to survive within proto-
zoa in the contaminating water sources (18). The inability of
AA400 to survive within H. vermiformis and A. polyphaga even
in the presence of DAP in the culture media may indicate the
possibility of targeting bacterium-specific metabolic pathways
with antimicrobial agents in water systems. However, it should
be cautioned that the inability of AA400 to survive intracellu-
larly in tissue culture conditions may not reflect its ability for
intracellular survival in environmental water reservoirs.

In summary, a DAP auxotroph of L. pneumophila was gen-
erated and found to be unable to survive in the intracellular
environment of mammalian and protozoan cells. Our data
indicate that the DAP biosynthetic pathway is a potential tar-
get for antibiotic therapy, and its disruption may be useful in
the design of attenuated L. pneumophila vaccines. Further-
more, the inability of this mutant to survive in its environmen-
tal host may extend the idea of antimicrobial treatment of

FIG. 5. (A and B) Intracellular growth kinetics of L. pneumophila AA400
(Dasd), AA400c, and AA100 (wild type). E, AA400 plus 40 mg of DAP per ml;
h, AA100; {, AA400c; ‚, AA400, no DAP. (C and D) Comparison of intracel-
lular survival of AA400 complemented with the PCR-generated asd (AA400cc)
to that of AA100 and AA400c. CFU levels were determined by plating dilutions
from each time point on BCYE agar. Some error bars cannot be seen due to their
small values. h, AA100; {, AA400cc; E, AA400c.
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infected individuals to the treatment of water supplies that are
associated with Legionnaires’ disease outbreaks.
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