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We have recently described the expression of two pili of different lengths on the surface of Legionella pneu-
mophila (B. J. Stone and Y. Abu Kwaik, Infect. Immun. 66:1768-1775, 1998). Production of long pili requires
a functional pilE; locus, encoding a type IV pilin protein. Since type IV pili in Neisseria gonorrhoeae are as-
sociated with competence for DNA transformation, we examined the competence of L. pneumophila for DNA
transformation under conditions that allowed the expression of type IV pili. We show that L. pneumophila is
naturally competent for DNA transformation by isogenic chromosomal DNA and by plasmid DNA containing
L. pneumophila DNA. Many different L. pneumophila loci are able to transform L. pneumophila after addition
of plasmid DNA, including gspA, ppa, asd, and pilE, . The transformation frequency is reduced when competing
DNA containing either L. pneumophila DNA or vector sequences is added to the bacteria, suggesting that up-
take-specific sequences may not be involved in DNA uptake. Competence for DNA transformation correlates
with expression of the type IV pili, and a pilE;, mutant defective in expression of type IV pili is not competent
for DNA transformation. Complementation of the mutant for competence is restored by the reintroduction of
a cosmid that restores production of type IV pili. Minimal competence is restored to the mutant by introduction
of pilE; alone. We conclude that competence for DNA transformation in L. pneumophila is associated with
expression of the type IV pilus and results in recombination of L. pneumophila DNA into the chromosome. Since
expression of type IV pili also facilitates attachment of L. pneumophila to mammalian cells and protozoa, we

designated the type IV pili CAP (for competence- and adherence-associated pili).

Legionella pneumophila is the causative agent of Legion-
naires’ disease. Infection by L. pneumophila occurs after in-
troduction of bacteria from an environmental source into a
human host after inhalation of contaminated aerosols (see
references 1 and 5 for recent reviews). The bacteria are then
able to replicate within phagosomes of mononuclear phago-
cytes and possibly epithelial cells (36, 37). Multiple bacterial
factors appear to be required for attachment of L. pneumo-
phila to protozoan and mammalian cells. Complement-depen-
dent and complement-independent mechanisms have been de-
scribed for attachment of L. pneumophila to macrophages and
lung fibroblasts (10, 22, 40). Mutants defective in attachment
to both protozoan and mammalian cells have recently been
described (19-21, 26).

One of the L. pneumophila attachment factors that has been
recently described is the pili (50). Expression of pili by L. pneu-
mophila was originally identified by electron microscopy (41,
42). The pili can be categorized as short (0.1 to 0.6 wm) or long
(0.8 to 1.5 wm) (50). Expression of long pili on the bacterial
surface is abolished by an insertion mutation in the pilE; locus,
encoding a type IV pilin protein (50). The pilE, mutant has a
50% reduction in attachment to the protozoan Acanthamoebae
polyphaga and a 50 to 65% reduction in attachment to human
alveolar epithelial cells and U937 macrophage-like cells.

In addition to L. pneumophila, type IV pilin genes have been
identified in a number of pathogenic bacteria, such as Neisseria
gonorrhoeae (35), Neisseria meningitidis (39), Pseudomonas
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aeruginosa (28), enteropathogenic Escherichia coli (15), and
Vibrio cholerae (17, 46). Type IV pili are characterized by a
region of homology at the amino-terminal end of the amino
acid sequence (27, 52). Protein components involved in bio-
genesis of type IV pili have been implicated in protein secre-
tion, twitching motility, and filamentous phage assembly (27,
52). In N. gonorrhoeae, factors required for type IV pilus ex-
pression on the bacterial surface are also required for natural
competence for DNA transformation (for a recent review, see
reference 18).

Genetic exchange between naturally competent bacteria has
been described for a number of bacteria, including N. gonor-
rhoeae (49), Bacillus subtilis (54), Haemophilus influenzae (9),
Streptococcus pneumoniae (8), Acinetobacter calcoaceticus (29),
and others (see reference 33 for a review). Competence for
transformation can be constitutive, as is the case for N. gonor-
rhoeae (49). Competence can also be induced as a function of
growth conditions, such as in H. influenzae (48). Natural trans-
formation requires uptake of extracellular DNA prior to in-
corporation of the DNA in the bacterial genetic repertoire.
DNA uptake in the gram-negative bacteria N. gonorrhoeae (16,
23) and H. influenzae (47) is recognition sequence dependent
while DNA uptake in the gram-positive bacteria B. subtilis and
S. pneumoniae (reviewed in reference 33) and in the gram-
negative bacterium A. calcoaceticus (32, 38) is recognition se-
quence independent. Processing of DNA prior to transforma-
tion (reviewed in reference 33) allows entry of linear DNA
molecules into the bacterium in a single-stranded form prior to
recombination into the chromosome in a rec4-dependent man-
ner. Circular DNA molecules are rendered linear prior to
similar processing and recombination, although reconstitution
of replicating plasmids can also occur.
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TABLE 1. Bacterial strains and plasmids

Species, strain,

. Reference(s)
serogroup, or Relevant properties or source
plasmid
Bacteria
L. pneumophila
AA100 3
AA400 AA100; asd::Kan" 25
BS100 AA100; pilE, ::Kan® 50
BS200 AA100; Nal* This study
Serogroup 1 pilE, " 50
Serogroup 2 pilE " 50
Serogroup 3 pilE, " 50
Serogroup 4 pilE, " 50
Serogroup 5 pilE " 50
Serogroup 6  pilE; " 50
Serogroup 7 pilE " 50
Serogroup 8  pilE, " 50
Serogroup 9 pilE, " 50
Serogroup 10 pilE, * 50
Serogroup 11 pilE, * 50
Serogroup 12 pilE, * 50
Serogroup 13 pilE * 50
L. wadsworthii ~ pilE; " 50
L. santicrucis pilE, ™ 50
L. cherii pilE, " 50
L. longbeachae  pilE| 50
L. gormanii PilE;. 50
L. micdadei pilE, 50
E. coli DH5a supE44 AlacU169 (b80 24
lacZAM15) hsdR17 recAl
endA1 gyrA96 thi-1 relAl
Plasmids
pBC SK+ ColEL1 origin, lacZa, Cm" Stratagene (La Jolla,
Calif.)
pBC-K pBC SK+; Cm" Kan" This study
pUC4K pBR322 origin; Amp* Kan'; Pharmacia Biotech
source for the Kan" marker (Piscataway, N.J.)
pBJ120 pBC SK+; Cm" pilE, * 50
pBJ114 pBC SK+; Cm" pilE, ::Kan" 50
pBOC20 oriV oriT sacB Cm" 6
pBJ115 pBOC20; Cm" pilE| ::Kan" 50
pGS-K pBOC20; Cm" gspA::Kan® 4
pJA2A-K2 pBOC20; Cm" ppa::Kan" 2
pOHBOC1 pBOC20; Cm" asd* 25
pOHBOCI1-K pBOC20; Cm" asd::Kan" 25
pOHBOC2 pBOC20; Cm" asd™ 25
pTLP6 ortV oriT rpsL cos’ Cm" 7, 34
pCC3 pTLP6; Cm" pilE, * 50

In this report, we describe the phenomenon of natural com-
petence for DNA transformation in L. pneumophila. Transfor-
mation of L. pneumophila occurs after addition of exogenous
DNA, either L. pneumophila chromosomal DNA or plasmid
DNA containing L. pneumophila DNA. Transformation is
dependent upon recombination of donor DNA into the chro-
mosome. Similar to the case for N. gonorrhoeae (11, 14, 49),
transformation in L. pneumophila is induced under conditions
similar to those for expression of type IV pili. Transformation
in L. pneumophila requires the type IV pilin locus (pilE; ), which
is also essential for expression of type IV pili.

MATERIALS AND METHODS

Bacterial strains and plasmids. The L. pneumophila serogroups and strains,
Legionella species, and E. coli strain used in this study are listed in Table 1. Strain
BS200 is a spontaneous nalidixic acid-resistant (Nal") mutant generated from
passage of strain AA100 on buffered charcoal-yeast extract (BCYE) agar sup-
plemented with 30 g of nalidixic acid per ml. The plasmids used in this study are
also described in Table 1. Plasmid pBC-K was derived from pBC SK+ by inser-
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tion of the Kan" gene from pUC4K into the EcoRI site. Cosmid pCC3 was iso-
lated from a chromosomal library of L. pneumophila AA100 that contains ap-
proximately 45 kb of L. pneumophila DNA.

DNA preparation. Chromosomal DNAs from L. pneumophila and E. coli
strains were isolated as previously described (45) or by using a Puregene DNA
isolation kit (Gentra Systems, Inc., Minneapolis, Minn.) as specified by the man-
ufacturer. Plasmid DNA was isolated by using a QIAGEN (Chatsworth, Calif.)
Midiprep kit. DNA preparations were resuspended in sterile distilled water and
vortexed prior to use.

Bacterial culture and induction of competence. L. pneumophila strains ob-
tained from freezer stocks were used directly or grown on BCYE agar for 48 h
at 37°C prior to culture for induction of competence or examination of pilus
expression by electron microscopy. Bacteria were grown in 5 ml of buffered yeast
extract (BYE) broth without shaking at 37°C for 4 days in 15-ml capped plastic
tubes. Prior to addition of chromosomal DNA or plasmid DNA, 4.6 ml of BYE
broth was removed from the culture without disturbing the bacteria settled at the
bottom of the culture tube. DNA was added to the bacterial culture (unless
otherwise specified) to a final concentration of 400 wg of chromosomal DNA per
ml or 40 pg of plasmid DNA per ml in a final volume of 0.5 ml, gently mixed, and
returned to 37°C for an additional 2 days. Viable counts were determined for
total bacteria on BCYE agar and for transformed bacteria on BCYE agar
containing the appropriate antibiotics (20 pug of kanamycin per ml, 2.5 pg of
chloramphenicol per ml, or 30 pg of nalidixic acid per ml).

L. pneumophila AA400 was grown in the presence of 40 pg of diaminopimelic
acid (DAP) per ml. DAP was also added during transformation of AA100 with
pOHBOCI1-K and during growth for total viable counts. L. pneumophila cultures
grown under alternate growth conditions were all started from L. pneumophila
cultures grown on plates. Bacteria were resuspended in 1 ml of sterile water at
approximately 10° CFU/ml, and 20 pl (in BYE broth) or 200 pl (in water) was
added to each 5-ml culture. Cultures were incubated at 24, 30, or 37°C. Aerated
cultures and cultures grown on agar prior to electron microscopic examination or
addition of DNA were grown for 2 days at 37°C. Transformation experiments
performed in the presence of competing plasmid DNA were performed as
described above except that 4 or 80 pg of competing plasmid DNA per ml was
added to the bacteria and gently mixed just prior to addition of 4 ug of pBJ114
DNA per ml.

Data analysis. The transformation frequency was calculated as the number of
antibiotic-resistant CFU per milliliter/total CFU per milliliter. For transfer of the
asd gene into AA400, transformation frequency was measured as CFU per
milliliter for cells grown on BCYE without DAP/CFU per milliliter for cells
grown on BCYE with DAP. All experiments were performed with duplicate
samples and performed two or more times, depending on the degree of variabil-
ity. Data presented are from representative experiments, and error ranges are
calculated from duplicate samples.

RESULTS

L. pneumophila is naturally competent for DNA transforma-
tion. We have recently described the expression of type IV pili
by L. pneumophila. Since type 1V pili have been associated with
natural DNA transformation in N. gonorrhoeae (11), L. pneu-
mophila was examined for competence after growth of the
bacteria under conditions which promoted expression of pili
(50). Bacteria were grown without aeration for 4 days in BYE
medium (as described in Materials and Methods). DNA trans-
formation was first attempted with chromosomal DNA isolat-
ed from strain BS200, a spontaneous Nal" isogenic mutant of
L. pneumophila AA100. The ability of L. pneumophila wild-
type strain AA100 to become Nal" was examined after addition
of BS200 chromosomal DNA. The bacteria and DNA were
allowed to incubate for 2 days prior to enumeration of trans-
formants. The Nal" phenotype from BS200 was transferred to
AA100 at a frequency of approximately 1.4 X 107° = 7.1 X
10~ ® with the addition of 400 g of chromosomal DNA per ml.
Incubation of bacteria with DNA for less than 2 days resulted
in a decreased transformation frequency (data not shown). In
contrast, addition of the same amount of chromosomal DNA
from AA100 to strain AA100 did not result in detection of any
transformants (>10"7).

DNA transformation of an alternative resistance marker was
attempted. The transformation frequency of isogenic chromo-
somal DNA containing a Kan" marker, which is 1.7 kb in size,
was determined. The Kan" marker was previously introduced
into L. pneumophila AA100 by homologous recombination to
generate strain BS100 and is present within pilE|, the type IV



VoL. 181, 1999

4 -

N
S
S
|
\
N\

\
\
\

G

I

Log Transformation Frequency

]
-
-
5
1]

pBC-K

pUC-4K
pBOC20

Q

pIAA-K2 7

POHBOGK 77727
pOHBOCA
pOHBOC2

FIG. 1. Transformation of L. pneumophila with plasmid DNA. Transforma-
tion frequency was measured after addition, at 4 pug/ml, of plasmid DNA from
pUC4K, pBC-K, pBJ114 (pilE| ::Kan"), pBJ115 (pilE\ ::Kan"), pJA2A-K2 (ppa::
Kan"), pGS-K (gsp4::Kan®), or pOHBOCI1-K (asd::Kan") to L. pneumophila
AA100. The number of chloramphenicol-resistant transformants was measured
after addition of pBOC20. Loss of auxotrophy for DAP was measured after
addition of 4 pg of pPOHBOCI1 or pPOHBOC?2 plasmid DNA per ml to L. pneu-
mophila AA400. The limit of detection for transformation frequency was 107°.
Error bars indicate standard deviations.

pilin locus (50). The transformation frequency after addition of
BS100 chromosomal DNA to AA100 was 5.8 X 1077 = 5.0 X
1077, which is comparable to the frequency of transformation
after addition of BS200 DNA (Nal"). Addition of AA100 chro-
mosomal DNA to strain AA100 did not result in any detectable
transformation (<107?). In all transformation experiments,
variability (up to 10-fold) between experiments with regard to
transformation frequency was seen. However, the competence
phenotype was consistent in all experiments. Therefore, results
shown are representatives of a typical experiment.
Transformation requires L. pneumophila sequences. The
ability of plasmids obtained from an E. coli background to
generate transformants of L. pneumophila was determined
to examine potential barriers to uptake of exogenous DNA. All
plasmids were obtained from the same E. coli strain prior to
transformation experiments to eliminate differences in the
methylation status of the DNA, which may affect transforma-
tion frequency. Plasmids obtained from E. coli are able to
replicate autonomously in L. pneumophila after introduction
by electroporation (data not shown). Plasmid pBJ114 contains
approximately 2 kb of L. pneumophila chromosomal DNA
(including the pilE; open reading frame) with a Kan" marker in
the same location within pilE| as in strain BS100. The trans-
formation frequency was determined for transfer of the Kan"
marker. pBJ114 added to L. pneumophila AA100 at 4 pg/ml
resulted in a transformation frequency of 3 X 10> (Fig. 1).
The transformation frequency was dose dependent (Fig. 2) and
saturable, as addition of more than 4 pg of plasmid DNA per
ml did not increase the transformation frequency (data not
shown). However, plasmids pUC4K (the original source of the
Kan" marker) and pBC-K (containing the same vector as
pBJ114 and the Kan" marker), which have no L. preumophila
DNA, were unable to transfer to AA100 a Kan" phenotype
(Fig. 1). Therefore, the presence of L. pneumophila DNA is

TRANSFORMATION COMPETENCE IN L. PNEUMOPHILA

1397

required for transformation after addition of exogenous plas-
mid DNA.

Transformation of L. pneumophila DNA leads to recombi-
nation with the chromosome. The inability of plasmids pUC4K
and pBC-K to transfer a Kan" phenotype to L. pneumophila is
not due to an inherent inability of L. pneumophila to maintain
these plasmids, since they can be electroporated into L. pneu-
mophila and subsequently maintained. Since the replicative
status of plasmid DNA after uptake by competent L. pneumo-
phila was unknown, the ability of competent L. pneumophila to
maintain plasmid DNA was determined. Our results showed
that no Cm" or Kan" transformants were obtained after addi-
tion of exogenous pBC-K DNA. Interestingly, transformants
obtained after addition of pBJ114 DNA to AA100 were able to
grow in the presence of kanamycin but not chloramphenicol,
suggesting a recombination event between the L. pneumophila
DNA from pBJ114 and the chromosome. Southern analysis of
chromosomal DNA obtained from 17 Kan® transformants and
probed with pilE; indicated replacement of the pilE, locus
with the pilE;::Kan® locus from pBJ114 (data not shown).
Therefore, transformation of L. pneumophila with pBJ114 is
related to the presence of L. pneumophila chromosomal DNA
sequences and resulted in homologous recombination of the
DNA into the chromosome.

Uptake of DNA by N. gonorrhoeae and H. influenzae re-
quires the presence of specific sequences within the DNA (16,
23, 47), while S. pneumoniae and B. subtilis do not require the
presence of recognition sequences for DNA uptake (33). To
help determine if specific L. pneumophila DNA sequences
were required for uptake of DNA, transformation of L. pneu-
mophila with plasmid DNA was measured in the presence
of competing DNA. Plasmid pBJ114 (4 ng/ml) was added to
L. pneumophila after addition of competing DNA. Plasmids
pBJ120 (containing the pilE; locus) and pBC-K (containing no
L. pneumophila DNA) were able to reduce the frequency of
transformation in a dose-dependent manner. Addition of pBC-
K or pBJ120 reduced transformation equally well. Addition of
4 ng of DNA per ml reduced transformation frequency 5- to

10-fold, while 80 pg of plasmid DNA per ml reduced transfor-
mation 10- to 100-fold. Addition of 400 wg of chromosomal
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FIG. 2. DNA concentration dependence of transformation with plasmid
DNA. Transformation frequency was measured after addition of the indicated
amount of plasmid DNA. The limit of detection for transformation frequency
was 10~°. Error bars indicate standard deviations.
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FIG. 3. Position of the Kan" marker in cloned DNA fragments. The relative
position of the marker is shown for pBJ114 and pBJ115 (pilE), pPOHBOCI1-K
(asd), pGS-K (gspA), and pJA2A-K2 (ppa). A 1-kb fragment is shown for scale.

DNA from L. pneumophila AA100 or E. coli DH5a per ml
completely abolished transformation. Because both plasmids
and both sources of chromosomal DNA could reduce the
transformation frequency, it is unlikely that L. prneumophila
has a mechanism to recognize specific sequences prior to up-
take of DNA. Rather, the specificity of transformation of DNA
seems to be related to the frequency of recombination. There-
fore, the inability to detect transformation after addition of
pUCH4K or pBC-K plasmid DNA is probably due to an inability
of heterologous DNA to recombine into the L. pneumophila
chromosome.

Transformation of L. pneumophila with gspA, ppa, and asd
loci. Whether the acquisition of DNA by L. pneumophila was
specific only for the pilE; locus was addressed by attempting
transformation of L. pneumophila after addition of exogenous
plasmid DNA harboring various L. pneumophila loci: gspA,
ppa, and asd. Synthesis of a global stress protein (GspA) can be
induced under various in vitro stress conditions as well as dur-
ing intracellular infection within macrophages (1, 2, 4). The
ppa locus encodes a pyrophosphatase that is also induced dur-
ing intracellular infection (2). Production of aspartate-f-semi-
aldehyde dehydrogenase (Asd) is required for peptidoglycan
biosynthesis in L. pneumophila (25). All of these loci were
interrupted by a Kan" marker and introduced into L. pneumo-
phila on a pBOC20-based vector. The relative position of the
Kan" marker in each cloned DNA fragment is shown in Fig. 3.
Transformation of AA100 was examined for each plasmid
and compared to transformation after addition of pBJ115, a
pBOC20-based plasmid containing the pilE| locus interrupted
by a Kan" insertion. The pilE| , gspA, ppa, and asd loci from the
plasmids were all able to be recovered by L. pneumophila (Fig.
1). In contrast, the vector pPBOC20 was unable to transfer a de-
tectable phenotype to AA100. Therefore, transformation of
L. pneumophila may occur after addition of a variety of
L. pneumophila loci on plasmid DNA. The frequency of trans-
formation was variable between different experiments (up to
10-fold), but transformation ability was consistent in all exper-
iments. The relative amount of L. pneumophila chromosomal
DNA on each transforming plasmid did not correlate to the
transformation frequency. The differences between the trans-
formation frequencies of the plasmids were not significant ex-
cept for comparison of pBJ114 and pBJ115 with pJA2A-K2
(unpaired ¢ test, P < 0.05).

All of the loci examined contained at least 2.0 kb of chro-
mosomal DNA which had been disrupted by the insertion of
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the Kan" marker. The ability of L. pneumophila to be trans-
formed by plasmid DNA without a resistance marker disrupt-
ing the L. pneumophila-derived DNA was also assessed. Two
different plasmids containing the asd locus were tested for the
ability to transform L. pneumophila AA400. AA400 was gen-
erated from strain AA100 by the insertion of a Kan" marker
into asd and is auxotrophic, requiring addition of DAP for
growth (25). The transformation frequency after addition of
plasmids containing the uninterrupted asd locus to AA400 (re-
generating the wild-type phenotype) was determined. pPOHBOC1
contains ~4.3 kb of chromosomal DNA, while pPOHBOC2 con-
tains ~1.4 kb, including 209 bp upstream and 209 bp downstream
of the open reading frame of asd. Although AA400 was trans-
formed at a frequency of 8.2 X 1077 after addition of
pOHBOCI DNA, transformation was not detected after addi-
tion of pPOHBOC?2 or pBOC20 (Fig. 1). Thus, transformation
of L. pneumophila occurred independently of the presence of
the Kan® marker on the plasmid. However, the inability of
AA400 to be transformed after addition of pPOHBOC2 DNA
may be due to a requirement for the presence of a minimum
amount of DNA for recombination.

Dependence of competence upon culture conditions. The
frequency of transformation of L. pneumophila AA100 to Nal*
after addition of isogenic BS200 chromosomal DNA was ex-
amined at different phases of growth. The transformation fre-
quency of AA100 increased over time when the bacteria were
grown under conditions required for pilus expression (37°C,
broth culture, without aeration). Transformation was undetect-
able when DNA was added to the culture at day 0 (transfor-
mants were sampled after a 2-day incubation with the DNA
[see Materials and Methods]) and peaked at 4 days after in-
oculation of cultures (Fig. 4, bottom panel). Transformation
was undetectable when DNA was added to cultures grown for
6 days (Fig. 4, bottom panel). Bacterial viability did not de-
crease significantly during the duration of the experiment (Fig.
4, top panel).

To determine if the transformation frequency could be al-
tered by changes in culture conditions, transformation of
L. pneumophila AA100 was examined after addition of pBJ114
DNA under various culture conditions. The transformation
frequency was measured after bacterial culture at different
temperatures to determine if competence was affected by tem-
perature. Transformation was apparent after incubation of the
bacteria at 37, 30, and 24°C (Table 2). No consistent difference
in the transformation frequencies measured at different tem-
peratures was observed. Also, the presence of 5% CO, during
culture at 37°C had no effect (Table 2). The ability of L. pneu-
mophila to become competent in an aqueous environment, as
might be relevant in the environment, was measured. Bacteria
were grown on solid medium and resuspended in double-dis-
tilled sterile water for 4 days at 37 or 24°C, and pBJ114 DNA
was added. However, no transformation was detected (Ta-
ble 2). Therefore, as determined with the culture conditions
tested, L. pneumophila is transformation competent when
grown at 24 to 37°C in BYE broth without aeration.

Because recognition sequence-dependent transformation in
N. gonorrhoeae requires factors involved in type IV pilus bio-
genesis (18), the correlation between type IV pilus expression
and competence in L. pneumophila was examined. The ability
of L. pneumophila to be transformed after addition of chro-
mosomal DNA was originally determined for bacteria grown
under conditions which allow expression of type IV pili (50).
Therefore, transformation of L. pneumophila was measured
after growth of bacteria under conditions where no type IV pili
are expressed. Expression of type IV pili by L. preumophila
was not evident as determined by electron microscopic exam-
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FIG. 4. Induction of competence in L. pneumophila. (Top) Viable counts
before addition of DNA. Sample numbers correspond to samples taken at the
time points indicated in the bottom panel. (Bottom) L. pneumophila BS200
chromosomal DNA (400 pg/ml) was added to cultures at the time points indi-
cated, and the cultures were allowed to incubate for an additional 2 days before
transformation frequency was determined. No transformants were detected after
addition of DNA at days 0 and 6. The limit of detection for transformation
frequency was 10~°. Error bars indicate standard deviations.

ination after culture of the bacteria in BYE broth with aeration
at 37°C or on BCYE agar at 37°C (data not shown). No trans-
formation of L. pneumophila was detected after addition of
pBJ114 when the cultures were aerated or when L. pneumo-
phila was grown on solid medium (Table 2). Therefore, the
transformation-competent phenotype and expression of type
IV pili are induced under similar culture conditions.

A pilE; mutant is not competent for DNA transformation.
The gene products required for type IV pilus expression in
N. gonorrhoeae are essential for uptake sequence-dependent
competence resulting in DNA transformation (18). Since type
IV pilus expression in L. pneumophila and natural transforma-
tion competence are induced under similar growth conditions,
the requirement for type IV pilus expression in L. pneumophila
for transformation competence was examined. In contrast
to wild-type strain AA100, the pilE; mutant BS100 is unable
to express type IV pili (50). Therefore, the requirement of
L. pneumophila transformation for the pilE; locus was deter-
mined with BS100 and compared to transformation of AA100.

In contrast to AA100, the pilE; mutant BS100 was unable
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to be transformed after addition of chromosomal DNA from
strain BS200 (transformation frequency of >10~°). To confirm
that type IV pili were required for competence, the ability of
the wild-type pilE; locus to restore competence to BS100 was
determined. Cosmid pCC3 contains the pilE; locus and re-
stores expression of type IV pili to strain BS100 (50). The
cosmid also restored transformation frequency of BS100 to
wild-type levels (1.9 X 107¢ = 7.1 X 10~®). Since pCC3 con-
tains a large fragment of chromosomal DNA from L. pneumo-
phila, restoration of competence to BS100 was determined
with pBJ120, a plasmid that contains only one complete open
reading frame, pilE, . Introduction of pBJ120 into BS100 min-
imally restored transformation frequency (7.6 X 108 = 1.0 X
10~7). Neither the pTLP6 nor the pBC vector was able to
restore competence to BS100 (transformation frequency of
<10~°). However, BS100 harboring pBJ120 does not express
type IV pili (50). We cannot exclude the possibility that low
levels of PilE; on the surface of L. pneumophila may result in
both a minimal transformation frequency and reduced num-
bers of type IV pili, which would be difficult to detect by
electron microscopic examination, particularly since only 10%
of wild-type bacteria express the type IV pili (50). Neverthe-
less, the type IV pilin gene is sufficient to restore a minimal
level of competence for DNA transformation.

Prevalence of natural competence for transformation in le-
gionellae. The prevalence of the pilE; locus in L. pneumophila
serogroups and in various Legionella species has been recently
determined by Southern analysis (50). The locus was present in
all 13 L. pneumophila serogroups (analyzed under high-strin-
gency conditions) and showed variable hybridization for 16
Legionella species examined (analyzed under low-stringency
conditions). The natural transformation competence of repre-
sentatives of the L. pneumophila serogroups and Legionel-
la species was determined after addition of plasmid DNA
(pOHBOCI1-K) containing a Kan" marker inserted within asd
obtained from L. pneumophila AA100. The asd locus was cho-
sen because the gene was likely to be present in all species,
since none of the Legionella species tested were auxotrophic
prior to transformation. This was further confirmed by DNA
hybridization with asd as a probe. In situ hybridizations of all
tested serogroups and strains showed hybridization to all 13
serogroups (data not shown). Four of six Legionella species
tested hybridized to asd as well (L. wadsworthii and L. santi-
crucis did not hybridize).

TABLE 2. Effect of culture conditions on transformation frequency

Plasmid Culture Temp Other culture Transformation
medium (°C) condition frequency”

pBC-K BYE 37 <107

pBJ114 BYE 37 39xX1077 =13 %1077
pBC-K BYE 30 <107?

pBJ114 BYE 30 9.5X107°=2.0x107°
pBC-K BYE 24 <107?

pBJ114 BYE 24 1.6 X 1077+ 1.4 %1078
pBC-K  BYE 37 Aeration <107°

pBJ114 BYE 37 Aeration <107?

pBC-K BYE 37 CO, <107

pBC-K BCYE 37 CO, <107?

pBJ114 BCYE 37 <107

pBC-K Water 37 <107°

pBJ114  Water 37 <107°

pBC-K  Water 24 <107°

pBJ114  Water 24 <107°

¢ Transformation frequency was measured after addition of 40 pg of plasmid
DNA per ml.
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As expected, transformation was detected for L. pneumo-
phila AA100 (serogroup 1). However, even though all sero-
groups hybridized with a probe containing the pilE; locus in
high-stringency Southern hybridizations, transformation was de-
tected only for L. pneumophila serogroup 5, at a frequency of
1.4 X 107 = 4.2 X 1077, All other Legionella species tested
were not transformable whether they hybridized to the type IV
pilin gene or not (transformation frequency, <10~?). The in-
ability of these Legionella species to be transformed after ad-
dition of the asd-containing plasmid suggests that the pilE,
locus is not functional. However, the chromosomal DNA from
L. pneumophila AA100 may be a barrier to homologous
recombination in different serogroups or species if the asd loci
are not similar enough to allow homologous recombination.
Alternatively, DNA uptake or recombination by other sero-
groups or species may be hindered by alternative restriction
systems not encountered in L. pneumophila AA100.

DISCUSSION

This is the first description of natural competence for trans-
formation in L. pneumophila. The ability of L. pneumophila to
become competent for DNA transformation is dependent on
growth conditions and is induced under conditions similar to
those for expression of type IV pili on the bacterial surface.
Disruption of the pilE; locus of L. pneumophila results in loss
of type IV pili and also abolishes induction of competence.
Restoration of both expression of pili and transformation com-
petence is accomplished by reintroduction of the wild-type
pilE| locus on a cosmid. Since type IV pili of L. pneumophila
are also involved in adherence to protozoan and mammalian
cells, the pili have been designated CAP, for competence- and
adherence-associated pili.

PilE, is similar to type IV pilin proteins found in N. gonor-
rhoeae, P. aeruginosa, and Moraxella bovis, among others (50).
However, only in N. gonorrhoeae has a connection between the
type IV pilus structure and natural competence for DNA trans-
formation been observed (18). While B. subtilis and H. influ-
enzae both maintain DNA uptake mechanisms with compo-
nents that resemble proteins found in association with type IV
pilin systems (13, 30, 53), neither has been shown to produce
any type IV pilus structure. In addition, many pathogenic spe-
cies, such as P. aeruginosa, produce type IV pili (51) but have
not found to be naturally competent. Therefore, L. pneumo-
phila is the second example of a bacterium which requires a
type IV pilin locus for both pilus expression and natural com-
petence for DNA transformation.

In N. gonorrhoeae, all of the gene products required for type
IV pilus biogenesis are also required for DNA uptake (18).
These include PilE, the major pilus structural component (35),
and PilC, an adhesin (43) which has been localized to the tip of
the pilus (44) and also to the outer membrane (18). Interest-
ingly, transformation requires the presence of PilE and PilC
but not necessarily the assembled pilus structure (18). A sim-
ilar phenomenon may be present in L. prneumophila. Reintro-
duction of only the pilE; open reading frame into the pilE,
mutant consistently restored competence, but at a minimal
level compared to complementation with a cosmid harboring
the locus. The pilE; gene alone did not restore expression of
type IV pili, suggesting perhaps reduced levels of PilE, at the
bacterial surface. Incomplete complementation may be due to
inefficient transcription of pilE; from the plasmid or may rep-
resent the requirement for additional loci that were disrupted
by a polar effect in the pilE; mutant. Regardless, the pilE,
gene alone is sufficient for restoration of minimal levels of
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transformation, and the pilE; locus is required for both type IV
pilus expression and transformation competence.

Acquisition of DNA fragments by bacteria can be dependent
upon particular sequences found within the fragment or can be
independent of these sequences. In N. gonorrhoeae, for exam-
ple, type IV pilus-dependent uptake is species specific and re-
quires the presence of a 10-bp sequence frequently found as
part of transcription terminators within gonococcal chromo-
somal DNA (16, 23). However, transformation can also occur
independently of such sequences in the absence of pili (12).
The exact function of such sequences during DNA uptake is
unknown. However, other mechanisms for DNA uptake ap-
pear to be independent of particular sequences, as is the case
in S. pneumoniae (33), B. subtilis (33), and A. calcoaceticus (32,
38). Since L. pneumophila-derived DNA on a plasmid, vector
DNA, L. pneumophila chromosomal DNA, and E. coli chro-
mosomal DNA were capable of reducing the transformation
frequency of a plasmid containing L. pneumophila DNA, the
presence of an uptake mechanism specific for L. pneumophila
sequences is unlikely. In this respect, L. pneumophila would be
different from N. gonorrhoeae in the requirement for recogni-
tion sequence-specific DNA uptake during type IV pilin-de-
pendent transformation.

However, it is unknown if uptake of vector DNA without the
presence of L. pneumophila DNA occurs. We have been un-
able to differentiate between a lack of DNA uptake and DNA
degradation after uptake because of the low transformation
frequency and high levels of background during attempted
radiolabelled-DNA uptake experiments (data not shown). Our
failure to detect transformation of vector DNA may therefore
be due either to failure of L. pneumophila to internalize the
DNA or to degradation of DNA after uptake. Since vector
DNA and E. coli chromosomal DNA block transformation, it
is most likely that vector DNA is taken up and degraded.

In other bacterial transformation systems, transforming DNA
is taken up as single-stranded DNA fragments and thus re-
quires recombination onto the bacterial chromosome or recir-
cularization of DNA into a plasmid (33). In L. pneumophila,
there is a barrier to transformation for plasmid DNA that does
not contain L. pneumophila chromosomal DNA. This barrier is
not due to a general failure to maintain plasmid DNA, since
electroporated plasmids are maintained in L. pneumophila.
However, Southern hybridization analysis confirmed that trans-
formation of a plasmid containing L. prneumophila DNA is a
result of homologous recombination (of L. pneumophila DNA
but not the vector) into the L. pneumophila chromosome. It is
probable that plasmid DNA taken up by the bacteria is unable
to recircularize and replicate autonomously and therefore that
homologous recombination must occur for transformation to
be detected.

Transformation of L. pneumophila after addition of plasmid
DNA was dependent on culture conditions which correlated
with growth conditions used during previous characterization
of CAP pili (50). Temperature-regulated pilus expression has
previously been described for L. pneumophila (31). Pili were
found to be differentially expressed at 30°C but not at 37°C
when grown on solid media. Expression correlated with tran-
scription of pilBCD, whose products are homologues of
P. aeruginosa PilB, PilC, and PilD (31), which are required for
type II protein secretion and pilus biogenesis (52). As reported
here, growth of L. pneumophila at 30°C in broth did not result
in a consistent difference in transformation frequency when
compared to growth at 24 or 37°C. However, as there was
variability between experiments (up to 10-fold), and because
type IV pilus expression is low (10% of that for wild-type
bacteria), it is not possible to evaluate slight differences in
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transformation frequency that may have occurred due to tem-
perature regulation of pilus expression.

It is possible that the variability seen during transformation
experiments could be caused by nuclease activity present in the
culture medium during introduction of DNA into L. pneumo-
phila or by different levels of shearing of DNA in individual
DNA preparations. Two different chromosomal DNA isolation
procedures were used to prepare DNA. However, variability
between experiments was seen regardless of the isolation pro-
cedure used. Because of the observed variability, the inconsis-
tent differences between transformation efficiencies were dif-
ficult to interpret. However, despite the variability in frequency
seen, the ability of L. pneumophila to become competent for
transformation after addition of exogenous DNA and the de-
pendence of transformation upon the pilE; locus were very
consistent for all experiments.

The discovery that L. pneumophila is naturally competent
for DNA transformation will be beneficial in genetic manipu-
lations of the bacteria. However, the consequences of the abil-
ity of L. pneumophila to acquire genetic elements by natural
competence for DNA transformation are unknown. The ability
to incorporate DNA into the bacterial chromosome from the
extracellular environment is an important mechanism for hor-
izontal exchange of genetic information. Considering the ubig-
uitous presence of L. pneumophila in the environment, natural
competence for DNA transformation may allow incorporation
of genes into the bacterial chromosome which could increase
environmental fitness or increase the ecological niches avail-
able to the microorganism.
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