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The population structure of Legionella pneumophila was studied by using partial RNA polymerase gene (rpoB)
and DotA gene (dot4) sequences. Trees inferred from rpoB sequences showed that two subspecies of L.
pneumophila, Legionella pneumophila subsp. pneumophila and Legionella pneumophila subsp. fraseri, were clearly
separated genetically. In both rpoB and dotA trees, 79 Korean isolates used in this study constituted six clonal
populations, four of which (designated subgroups P-I to P-IV) were identified in L. pneumophila subsp.
pneumophila and two of which (designated subgroups F-I and F-II) were identified in L. pneumophila subsp.
fraseri. Although the relationships among subgroups were not identical, such subgrouping was congruent
between the rpoB and dotA trees. Type strains of several serogroups did not belong to any subgroup, presum-
ably because isolates similar to these strains were not present among our local sample of the population. There
was evidence that horizontal gene transfer or recombination had occurred within L. pneumophila. Contrary to
the phylogeny from rpoB and the taxonomic context, subgroups P-III and P-IV of L. pneumophila subsp.
pneumophila proved to be closely related to those of L. preumophila subsp. fraseri or showed a distinct clustering
in the dotA tree. It can be inferred that dotA of subgroups P-III and P-IV has been transferred horizontally from
other subspecies. The diverse distribution of serogroup 1 strains through the gene trees suggests that surface
antigen-coding genes that determine serogroup can be exchanged. Thus, it can be inferred that genetic

recombination has been important in the evolution of L. pneumophila.

Legionella pneumophila was first recognized in 1977 follow-
ing an outbreak of pneumonia at the American Legion Con-
vention in Philadelphia in 1976 (10) and is the causative agent
of Legionnaires’ disease. More than 40 Legionella species have
been characterized, and at least 20 species are known to be
pathogenic to humans (21).

DNA-DNA hybridization analyses (2) and an electro-
phoretic enzyme mobility study (37) have shown that L. pneu-
mophila is not a homogeneous group. L. pneumophila is now
classified into three subspecies, Legionella pneumophila subsp.
pneumophila, Legionella pneumophila subsp. fraseri, and Legio-
nella pneumophila subsp. pascullei, based on DNA-DNA hy-
bridization tests (2). Serological tests have also shown that L.
pneumophila is separated into 15 serogroups (SGs), most of
which belong to L. pneumophila subsp. pneumophila. L. pneu-
mophila subsp. fraseri includes strains of SGs 1, 4, 5, and 15 (2).
Compared to the former two subspecies, only three strains of
SG 5 isolated from water have been classified as L. pneumo-
phila subsp. pascullei (2). L. pneumophila SG 1 is the most
frequent human pathogen among the 15 SGs (28).

Although these methods have been useful in providing a
basic population structure for L. pneumophila, which is the
most important pathogen among Legionella species, fine
grouping of the population structure can be different depend-
ing on the methods utilized. Moreover, DNA-DNA hybridiza-
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tion and electrophoretic enzyme mobility tests may be ambiguous
and may reflect the genetic structure indirectly. Classification
by serogrouping is also limiting because SGs 7 to 15 have no
available routine serological assay, and its specificity is ques-
tionable (49). On the other hand, recent progress with the
nucleotide sequencing technique makes gene analysis easier
and more convenient. Compared to other methods, nucleotide
sequencing has several advantages: (i) it provides direct ge-
netic information and universal criteria, (ii) more variation can
be identified than by hybridization and electrophoretic mobil-
ity, and (iii) sequences can be compared more easily with those
of other sources or laboratories (19, 27). So far, the 16S rRNA
gene is the most widely used molecular marker for phyloge-
netic studies of bacteria (52, 53). However, it was suggested
that its lower variation is inadequate for the population study
within a species (27), and its utility has been questioned be-
cause of its heterogeneity (6). Thus, the use of other protein-
coding genes has been suggested as an alternative.

In several other species of pathogenic bacteria, such as Strep-
tococcus pneumoniae (7), Neisseria meningitidis (8), and Heli-
cobacter pylori (43), nucleotide sequence analysis at multiple
protein-coding gene loci has helped us to understand the pop-
ulation structure of such pathogens, as well as providing better
information on the epidemiology of pathogenic bacteria. In
this study, the molecular sequences of a housekeeping gene
(rpoB) and a virulence-related gene (dotA) were used to study
the genetic population structure of L. pneumophila. rpoB en-
codes the B-subunit of DNA-dependent RNA polymerase (26,
38). Rifampin resistances of Escherichia coli and Mycobacte-
rium tuberculosis are related to mutations in a particular region
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TABLE 1. L. pneumophila reference strains used in this study

Accession no.

Subspecies Serogroup Strain
poB dotA
L. pneumophila subsp. pneumophila 1 ATCC 33152 (Philadelphia-1) AF367748 AY036018
L. pneumophila subsp. pneumophila 1 ATCC 33153 (Knoxville-1) AY036036 AY036019
L. pneumophila subsp. pneumophila 1 SF9 AY036037 AY036020
L. pneumophila subsp. pneumophila 1 ATCC 43109 (OLDA) AY036038 AY036021
L. pneumophila subsp. pneumophila 2 ATCC 33154 (Togus 1) AY036039 AY036022
L. pneumophila subsp. pneumophila 3 ATCC 33155 (Bloomington 2) AY036040 AY036023
L. pneumophila subsp. fraseri 4 ATCC 33156 (Los Angeles 1) AY036041 AY036024
L. pneumophila subsp. fraseri 5 ATCC 33216 (Dallas 1E) AY036042 AY036025
L. pneumophila subsp. pneumophila 6 ATCC 33215 (Chicago 2) AY036043 AY036026
L. pneumophila subsp. pneumophila 7 ATCC 33823 (Chicago 8) AY036044 AY036027
L. pneumophila subsp. pneumophila 8 ATCC 35096 (Concord 3) AY036045 AY036028
L. pneumophila subsp. pneumophila 9 ATCC 35289 (International 23) AY036046 AY036029
L. pneumophila subsp. pneumophila 10 ATCC 43283 (Leiden 1) AY036047 AY036030
L. pneumophila subsp. pneumophila 11 ATCC 43130 (797-PA-H) AY036048 AY036031
L. pneumophila subsp. pneumophila 12 ATCC 43290 (570-CO-H) AY036049 AY036032
L. pneumophila subsp. pneumophila 13 ATCC 43736 (82A3105) AY036050 AY036033
L. pneumophila subsp. pneumophila 14 ATCC 43703 (1169-MN-H) AY036051 AY036034
L. pneumophila subsp. fraseri 15 ATCC 35351 (Lansing 3) AY036052 AY036035

of the rpoB (39, 44). Recently, rpoB sequences were used as an
alternative tool in the phylogeny and identification of enteric
bacteria (22), Mycobacterium (17), spirochetes such as Borrelia
(18, 33), and Bartonella (32). It was suggested that the use of
rpoB could avoid the limitations of the 16S rRNA gene, which
has been used broadly in the phylogeny and identification of
bacteria (6), but it has not been used in the study of population
structure within particular microbial species until now.

dotA is known to be related to the virulence of L. pneumo-
phila (1, 36, 46, 47, 51) and is regarded as a pathogenicity
island, such as cagA in H. pylori, hly in uropathogenic E. coli, or
vir complex in Agrobacterium tumefaciens (11, 12, 16). L. pneu-
mophila with a mutation in dot4 cannot replicate intracellu-
larly because it is unable to alter the endocytic pathway of
macrophages (1, 47). According to Southern hybridization
tests, other Legionella species, such as Legionella micdadei,
harbor sequences homologous to dotA as well as other genes
related to the Icm/Dot transfer system (16), although they have
not been identified yet.

MATERIALS AND METHODS

L. pneumophila strains. Eighteen L. pneumophila reference strains (Table 1)
and 79 Korean isolates were used in this study. Of the 79 isolates, three were
isolated from lung tissues of pneumonia patients and the others were isolated
from air-conditioning cooling tower water between the years 1985 and 2000.

DNA extraction. DNA was extracted by the bead-beater—phenol extraction
method (17). In a 2.0-ml screw-cap microcentrifuge tube, 100 pl of cell suspen-
sion was placed with 100 pl of phenol-chloroform-isopropyl alcohol (50:49:1)
and 100 pl (packed volume) of glass beads. To disrupt the cells, the tube was
oscillated on a mini-bead beater (Biospec Products) for 30 s at 5,000 rpm. The
tube was centrifuged at 15,000 rpm for 10 min, and the aqueous phase was
transferred into a new tube. The DNA was precipitated with isopropyl alcohol
with the same volume and dissolved with 60 wl of deionized distilled water. It was
used as a template for PCR.

PCR amplification. A pair of primers, RL1 (5'-GAT GAT ATC GAT CAY
CTD GG-3') and RL2 (5'-TTC VGG CGT TTC AAT NGG AC-3'), was used
to amplify the rpoB DNA (369 bp) containing the highly conserved Rif" region
(17, 24, 39). The sequence variations of the corresponding region are very useful
for discriminating species of the genera Mycobacterium (17) and Borrelia (18).

Another pair of primers, DL1 (5'-TTG ATT TGG TGA AAC TCA ATG
G-3") and DL2 (5'-CAA TCA AAA TCC TGG TGC TTC-3'), was applied to
amplify the dot4 DNA (434 bp) (1). Template DNA (ca. 50 ng) and 20 pmol of

each primer were added to a PCR mixture tube (AccuPower PCR PreMix;
Bioneer, Daejeon, Korea), which contained 1 U of Tag DNA polymerase, each
deoxynucleoside triphosphate at a concentration of 250 uM, 50 mM Tris-HCl
(pH 8.3), 40 mM KCl, 1.5 mM MgCl,, and gel loading dye (18). The final volume
was adjusted to 20 wl with distilled water. The reaction mixture was subjected to
30 cycles for amplification. Each cycle consisted of 30 s at 95°C for denaturation,
30 s at 55°C for annealing, and 1 min at 72°C for extension; a final extension at
72°C was carried out for 5 min (model 9700 Thermocycler; Perkin-Elmer Cetus).
The amplified PCR products were detected on 1.5% agarose gels stained by
ethidium bromide and were purified for the sequencing process with a QIAEX
1T gel extraction kit (Qiagen, Hilden, Germany).

Nucleotide sequencing. The partial rpoB and dot4 sequences of the purified
PCR products were directly determined with forward and reverse primers by
using an Applied Biosystems model 377 automated sequencer and a BigDye
terminator cycle sequencing kit (Perkin-Elmer Applied Biosystems, Warrington,
United Kingdom). For the sequencing reaction, 30 ng of purified PCR products,
2.5 pmol of primer, and 4 pl of BigDye terminator RR mix (Perkin-Elmer
Applied Biosystems; no. 4303153) were mixed and adjusted to a final volume of
10 pl with distilled water. The reaction was run with 5% (vol/vol) dimethyl
sulfoxide for 30 cycles of 15 s at 95°C, 5 s at 50°C, and 4 min at 60°C. Both strands
were sequenced as a cross-check.

Sequence analysis. The rpoB and dotA sequences (300 and 360 bp, respec-
tively) were aligned with the multiple-alignment program CLUSTAL X (45). The
amino acid sequences were deduced in the MegAlign program (Windows version
3.12e; DNASTAR, Madison, Wis.), and compared with published sequences (1,
24). The phylogenetic trees were inferred from both DNA sequences by the
parsimony and neighbor-joining methods in PAUP (Phylogenetic Analysis Using
Parsimony, version 4; Sinauer Associates, Sunderland, Mass.). In the rpoB tree,
Legionella gormanii was selected as an outgroup, while a midpoint rooting option
was applied to root the tree due to the absence of a reliable outgroup in dotA.
The branch supporting values were evaluated with 500 bootstrap replications (9,
14). The nucleotide substitution in dotA was analyzed by measuring the ratio of
synonymous substitutions per synonymous site (dg) and nonsynonymous substi-
tutions per nonsynonymous site (dy), which were estimated by using the SNAP
program (www.mlst.net) based on the method of Nei and Gojobori (23) and
incorporating a statistic developed by Ota and Nei (25).

Nucleotide sequence accession numbers. The rpoB and dotA DNA sequences
determined in this study were submitted to the GenBank database. The accession
numbers of 18 reference strains are given in Table 1.

RESULTS AND DISCUSSION

Subspecies of L. pneumophila. The phylogenetic relation-
ships of 97 L. pneumophila strains including 18 reference
strains, which were inferred from the rpoB and dotA sequences
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FIG. 1. mpoB tree of L. pneumophila inferred by the parsimony method in PAUP. This tree is one of the 82 most parsimonious trees which
required 70 steps. The rpoB sequences of L. gormanii were used as an outgroup to root this tree. Subgroups are indicated by specific bars on the
right, and branches leading to each subspecies are also included. The branch lengths are proportional to changes in the nucleotides. Branches
supported by values higher than 50% in the bootstrap analysis (500 replications) are indicated.

by the parsimony method, are shown in Fig. 1 and 2, respec-
tively. Tree topologies inferred by the neighbor-joining method
were not significantly different from those inferred by the par-
simony method. Both the rpoB and dotA trees showed the
existence of six distinct subgroups (designated P-I to P-1V, F-1,

and F-II), which were also grouped in the neighbor-joining
trees without any exception. Subgroups P-I, P-1I, P-III, and
P-1V belonged to L. prneumophila subsp. pneumophila, and
subgroups F-I and F-II belonged to L. pneumophila subsp.
fraseri (2). rpoB gave more reliable relationships within L.
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FIG. 2. dotA tree of L. pneumophila based on nucleotide sequences. This tree is one of the 45 most parsimonious trees, which required 193
steps. It was constructed by the procedure described for Fig. 1. Due to the absence of a reliable outgroup in dotA4, the midpoint rooting method
was applied to root this tree. Branches supported by values higher than 50% in the bootstrap analysis (500 replications) are indicated.

pneumophila, because two subspecies were distinctly separated ancy in the relationships among subgroups. Although subgroup
in the rpoB tree but not in the dotA tree. However, L. pneu- P-III was closely related to subgroups F-I and F-II in the dot4
mophila subsp. pneumophila and L. pneumophila subsp. fraseri tree (Fig. 2), they did not intermix with L. preumophila subsp.
are separated genetically in both gene trees, despite a discrep-  fraseri.
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TABLE 2. Distribution of serogroups of L. pneumophila

SG (strain) belonging to subgroup

Gene
P-1 P-1I P-111 P-IV F-1 F-II Other”
rpoB 1 (Philadelphia-1) 1 (Knoxville-1) 2 14 5 4 1 (SF9)
1 (OLDA) 3 6 15 7
13 12 8
9
10
11
dotA 1 (Philadelphia-1) 1 (Knoxville-1) 2 14 5 4 7
1 (OLDA) 3 6 15 8
1 (SF9)” 10 9 11
12 13

“ Reference strains not belonging to any subgroup in this study.
® Strain not belonging to subgroup P-I in a strict sense.

The DNA-DNA relatedness among the three subspecies
(i.e., L. pneumophila subsp. pneumophila, L. pneumophila
subsp. fraseri, and L. pneumophila subsp. pascullei) showed 66
to 74% similarities (2), which is very close to the species limit
(50). According to 16S rRNA gene analysis, L. pneumophila
subsp. pneumophila and L. pneumophila subsp. fraseri showed
a 99.2% sequence similarity (15), which is within the species
boundaries (41, 50). The difference in biochemical traits
among the three subspecies has not been determined (2), but
the population genetic analysis using the protein-coding genes
rpoB and dotA in this study indicated that they are genetically
distinct. The morphological phenotypes or biochemical traits
of bacteria do not always coincide with their genotypes. Ge-
netic divergence may not be revealed at the phenotypic level
because it occurred too recently and/or it is simply not yet
detectable.

Generally, bacterial species have been defined as strains with
at least 70% DNA-DNA relatedness and/or sharing more than
97% 16S rRNA gene sequence similarity (41, 50). However,
these cutoff values are arbitrary and not guaranteed to identify
populations of bacteria that correspond to real ecological units
(27). It was reported that the 16S rRNA gene lacks resolving
capacity below the species level (35). In addition, individual
strains may have two or more 16S rRNA genes with relatively
high sequence dissimilarity (35, 48). Thus, clustering based on
the sequences of several protein-coding genes has been rec-
ommended as a primary criterion for delimiting taxa (27). The
results of this study support the statement that it is necessary to
use several protein-coding genes in a phylogenetic or popula-
tion study of bacteria (19, 40).

Comparison of nucleotides and deduced amino acids. The
measure of similarity for rpoB was slightly lower than that for
dotA. For the nucleotide sequences of rpoB, 97.0 to 100%
similarity was observed among the strains of L. pneumophila
subsp. pneumophila and 98.3 to 100% similarity was observed
among the L. pneumophila subsp. fraseri strains. The strains
that belong to two different subspecies showed 87.3 to 89.7%
similarity. However, the deduced amino acids in the rpoB se-
quence were all the same in spite of such nucleotide differ-
ences.

The overall nucleotide sequence similarities of dotA among
the 97 strains used in this study were 78.1 to 100%. The nu-

cleotides sequences of dotA within each subgroup were nearly
identical, as in rpoB, except for subgroup P-IV (96.1 to 98.3%).
However, the deduced amino acid sequences of dot4 (S,,; to
Fso6 in reference 1) were remarkably different among the sub-
groups compared to the same amino acid sequences of rpoB.
There was a single amino acid variation (Vs;,—1s5,) between
the strain Philadelphia-1 (ATCC 33152) and all of the strains
belonging to subgroup P-II except Knoxville-1 (ATCC 33153)
and K9909 (Fig. 3). On the other hand, there were 19 to 24
amino acid substitutions between subgroups P-I and P-IV, and
there were 27 to 28 substitutions between subgroups P-I and
P-III. Subgroups F-I and F-II differed by three or four amino
acids. There were 25 to 28 amino acid substitutions between
Philadelphia-1 and L. pneumophila subsp. fraseri (subgroups
F-1 and F-1I) (Fig. 3).

This distinction of the amino acid differences between the
two protein-coding genes can be explained by their nature. As
a housekeeping gene, rpoB encodes the RNA polymerase
B-subunit, and there is a strong aversion to alteration of amino
acids, so most of the base substitutions are usually synony-
mous. Contrary to rpoB, dotA is related to the virulence of L.
pneumophila (1, 36, 46, 47, 51). Unlike in the RNA polymer-
ase, a diversity of amino acids in DotA occurred via lateral
gene transfer and/or point mutation. A high dg/dy ratio (7.29)
showed no evidence of positive selection for the amino acid
change (25) in dotA.

Distribution of serogroups within the population structure
of L. pneumophila. The positions of the reference strains are
presented in Table 2. Of these, the strains of SG 13 (ATCC
43736) and SG 1 (SF9) differed in position between the two
trees (Fig. 1 and 2; Table 2). Meanwhile, SG 13 in the rpoB tree
and SF9 of SG 1 in the dotA4 tree showed several nucleotide
differences from the others, so they were not likely to belong to
subgroup P-1 in a strict sense. In L. pneumophila subsp. fraseri,
the placement of ATCC 35251 (SG 15 or Lansing 3) was
unclear in that it was within subgroup F-I in the rpoB tree and
within subgroup F-II in the dotA4 tree (Table 2).

ATCC 33823 (SG 7), ATCC 35096 (SG 8), ATCC 43283
(SG 10), and ATCC 43130 (SG 11) did not belong to any
subgroup in either the rpoB or dotA trees. Strains not belong-
ing to any subgroup may exist because only the Korean strains
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were used in this study. If more globally collected isolates were
included, more than six clonal populations might be present.

Four reference strains of SG 1 were included in this study.
They did not cluster into a single subgroup in either of the gene
trees. While ATCC 33152 (type strain) and OLDA both be-
longed to subgroup P-I, Knoxville-1 (ATCC 33153) was part of
subgroup P-II. Strain SF9 did not cluster into any subgroup in
the rpoB tree (Fig. 1 and 2).

A diverse distribution of SG 1 strains through the L. pneu-
mophila populations was also observed in previous studies us-
ing other genes, such as mip (31) and the intergenic 23S-5S
ribosomal spacer (34). At times, certain SGs shared identical
rpoB and dotA alleles, such as SGs 1 and 3 in subgroup P-1I and
SGs 2, 6, and 12 in subgroup P-III (Table 2). Such distribution
of SGs suggested that serotyping does not accurately corre-
spond to genetic structure in L. pneumophila.

An SG reflects variations in most likely a small number of
genetic loci that encode the antigenic protein (37). As each
subgroup showed clonality (Fig. 1 and 2), it is not likely that L.
pneumophila has evolved in accordance with SG. The most
plausible explanation is that the surface antigen-coding genes
that determine SG have been transferred horizontally within
the population (7, 30). Recombinational exchanges at the se-
rotype-coding capsular genes in S. pneumoniae have been re-
ported (3, 4, 5). Such gene exchanges that alter SG may be
strongly selected by the host immune system (7).

Horizontal gene exchange of dotA. Subgroups P-III and P-IV
showed incongruent placements between the rpoB and dotA
trees (Fig. 1 and 2). In the rpoB tree, the two subspecies in L.
pneumophila were clearly separated into two groups (Fig. 1),
precisely reflecting their taxonomic relationships. However,
subgroup P-III, which included reference strains of SGs 2, 6, 9,
and 12, showed a close relationship with L. pneumophila subsp.
fraseri, even though they are L. pneumophila subsp. pneumo-
phila (2, 37). Subgroup P-IV, which included a reference strain
of SG 14, also formed a distinct cluster in the dotA tree. The
phylogeny inferred from the deduced amino acid sequences of
the dotA was very similar to that seen in Fig. 2 (not shown).

As an explanatory hypothesis, it is suggested that the region
containing dotA of L. pneumophila subsp. fraseri was horizon-
tally transferred to subgroup P-III of L. pneumophila subsp.
pneumophila. L. pneumophila has been reported to be natu-
rally transformable (20, 42), and the competence of the Legio-
nella species makes it possible for them to exchange genes
naturally (13, 20, 29). Additionally, the Icm/Dot coding gene
cluster has been believed to be a pathogenicity island (11, 16).
Pathogenicity islands are often flanked by small directly re-
peated sequences, are often associated with transfer RNA
genes, and/or often carry genes encoding mobility factors, such
as integrases, transposases, and insertion sequence elements
(11, 12). Therefore, the Icm/Dot coding gene cluster in L.
pneumophila can also be horizontally transferred more readily
as pathogenicity islands in other pathogens (11).

The origin of dotA of subgroup P-IV, which includes SG 14,
was not clear in this study. Its phylogenetic position was dis-
tinct in the dotA tree (Fig. 2), and the deduced amino acids
were unique at 17 sites from Asp,g, to Sersq, or Leuse, (Fig. 3).
Most likely, the dotA of subgroup P-IV originated from sources
other than L. pneumophila subsp. pneumophila or L. pneumo-
phila subsp. fraseri. Although it was so genetically divergent, it
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was more closely related to L. pneumophila subsp. pneumo-
phila than to L. pneumophila subsp. fraseri (Fig. 2). Based on
the phylogenetic relationships, the origin of dotA4 of subgroup
P-1V might be within the species boundary of L. pneumophila,
so it is probable that the dotA of subgroup P-IV originated
from another subspecies of L. pneumophila, possibly L. pneu-
mophila subsp. pascullei. Unfortunately, it could be not con-
firmed because L. pneumophila subsp. pascullei was not in-
cluded in this study.

In conclusion, the results of this study confirmed that the
division of L. pneumophila into two subspecies is supported by
the rpoB data, which gave more reliable relationships than
those of dotA. It was also evident that recombination has oc-
curred among the populations of L. pneumophila, since there
are clear incongruencies in the dot4 tree and a poor correla-
tion between serogroup and genotype. These subgroupings
based on rpoB and dotA sequences will provide a valuable tool
that can supplement identification by culture or serological test
in the epidemiological study of Legionnaires’ disease.
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