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Legionella pneumophila, the causative agent of Legionnaires’
disease, is a facultative intracellular bacterium which can grow
in human monocytes (12), alveolar macrophages (17), and the
macrophages of guinea pigs, hamsters, and rats (13, 26). In
mice, the bacterium cannot proliferate in peritoneal macrophages from many mouse strains, such as C57BL/6, C3H/HeN,
and BALB/c (23, 26), but it can proliferate in thioglycolateelicited peritoneal macrophages from A/J mice (23). This
mouse strain difference offers a useful tool for studying the
mechanism which enables some L. pneumophila strains to grow
intracellularly. In a previous study (25), we analyzed the genetic control of the innate resistance of macrophages from
C57BL/6 (nonpermissive) and A/J (permissive) mice to L.
pneumophila Philadelphia-1. The study clearly showed that the
nonpermissive trait is dominant and that a single gene, designated Lgn1, controls the trait. Further studies on Lgn1 revealed that the gene was located on the distal portion of mouse
chromosome 13 (1, 3). Lgn1 is distinct from other genes known
to influence the capacity of the host macrophage to control
multiplication of intracellular parasites, such as Ity/Bcg/Lsh on
mouse chromosome 1 (2, 7, 18), Lps on mouse chromosome 4
(20, 24), and others (8, 9). Therefore, the identification and
study of the Lgn1 gene may reveal a novel mechanism by which
nonpermissive macrophages can suppress intracellular multiplication of this bacterium (1, 3).
To analyze the nature of the Lgn1 gene’s function, it is
necessary not only to clone the Lgn1 gene but also to characterize the spectrum of the bacterial species and strains on
which the gene product functions. Understanding the parasite
characteristics required for Lgn1 control may be useful for
understanding its mechanism of action. It remains unknown
whether the bacteriostatic activity of the Lgn1r allele of the
gene is effective against different Legionella species and strains.
In addition, as far as we know, there is no report of intracellular growth of Legionella species other than L. pneumophila in
murine macrophages.
Male and female A/J and C57BL/6 mice were obtained from
Shizuoka Experimental Animals (Hamamatsu, Japan). Progeny of these strains were bred in the animal center at the
University of Occupational and Environmental Health, Kitaky-

ushu, Japan. Construction of the congenic mouse strain (A.B
Lgn1) was performed as follows. In brief, the resistance-susceptibility phenotypes of macrophages from the progeny of a
(A/J 3 C57BL/6)F1 3 A/J backcross were determined by
methods described previously (25). The progeny that exhibited
less than a 1.0 log10 increase in L. pneumophila Philadelphia-1
CFU per well after 3 days were selected as possessing the
resistance allele (Lgn1r) of C57BL/6 mouse origin. The progeny bearing Lgn1r were then backcrossed with the A/J mouse.
The procedures of backcrossing the progeny and of typing their
macrophages for resistance or susceptibility to L. pneumophila
Philadelphia-1 were performed for 18 generations. The backcross progeny with the Lgn1r/r genotype were used as the congenic-strain mice (A.B Lgn1) in this study. These mice were
used when they were 8 to 10 weeks old; both sexes were used.
The bacterial strains used in this study are listed in Table 1.
The bacterial strains were passaged once intraperitoneally in
Hartley guinea pigs as described previously (24) or in cultured
peritoneal macrophages of guinea pigs (26) before they were
used in this study. Fresh isolates from the spleen on day 3
postinoculation or from the macrophages on day 3 postinfection were grown on buffered charcoal-yeast extract agar plates
(6). The bacteria were stored at 2808C in tryptic soy broth
(Difco Laboratories, Detroit, Mich.) supplemented with 20%
(vol/vol) glycerol until use. By using rabbit polyclonal antisera
against L. pneumophila serogroups 1 to 6 (Denka Seiken Co.,
Ltd., Tokyo), the serogroups of L. pneumophila were confirmed by slide agglutination tests following the instructions of
the manufacturer.
The intracellular growth of legionellae in thioglycolate-elicited peritoneal macrophages from A/J, C57BL/6, and congenic
mice was examined after in vitro phagocytosis. Peritoneal exudate cells were collected by lavage of the peritoneal cavities of
mice 4 days after intraperitoneal injection of 2.5 ml of 4%
thioglycolate medium (Difco). The preparation of peritonealmacrophage monolayers from the peritoneal exudate cells, the
in vitro phagocytosis, and the microscopic observation of
Gimenez-stained macrophage monolayers were carried out exactly as described previously (25). The postphagocytic determination of Legionella CFU was performed as described previously (16).
We examined the intracellular growth of 15 strains of L.
pneumophila (Table 1) in thioglycolate-elicited peritoneal macrophages of A/J, C57BL/6, and congenic mice. In L. pneumophila Philadelphia-1 (serogroup 1) (Fig. 1A), after a 48-h in-
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We examined the intracellular growth of 20 strains within six species of Legionella in thioglycolate-elicited
peritoneal macrophages from A/J and C57BL/6 mice and a congenic strain derived from them (A.B Lgn1). With
the exception of Legionella pneumophila Togus-1 and Bloomington-2, the intracellular growth of the 15 L.
pneumophila strains tested was controlled by Lgn1. However, the intracellular growth of five Legionella species
other than L. pneumophila was not under Lgn1’s control.
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TABLE 1. Bacterial strains used in this study
Strain

L.
L.
L.
L.
L.

micdadei TATLOCK
dumoffii Tex-KL
bozemanii WIGA
oakridgensis OR-10
feeleii WO-44C

Source

1
1
1
1
1
1
1
2
3
3
4
4
5
5
6

ATCC 33152
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
ATCC 33154
ATCC 33155
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Clinical isolate
Environmental isolate

1

ATCC
ATCC
ATCC
ATCC
ATCC

1

33218
33279
33217
33761
35072

cubation, there was about a 300-fold increase in macrophages
of A/J mice bearing the susceptibility allele (Lgn1s). In macrophages of C57BL/6 and congenic (A.B Lgn1) mice bearing
the resistance allele (Lgn1r), the bacterial growth was suppressed, and there was less than a 10-fold increase in the
number of bacteria in each of these cultures. These mouse
strain differences were confirmed by light microscopy after
Gimenez staining of macrophage monolayers cultured on
chamber slides (data not shown). With the exception of the
Togus-1 (serogroup 2) (Fig. 1B) and Bloomington-2 (serogroup 3) (Fig. 1C) strains, all of the strains of L. pneumophila
tested here (Table 1) could grow intracellularly in A/J macrophages but could not grow in C57BL/6 or congenic-mouse
macrophages (data not shown but same as for Philadelphia-1
strain in Fig. 1A). The mouse strain differences observed with
the Philadelphia-1 strain were not observed with L. pneumophila Togus-1 and Bloomington-2 (Fig. 1B and C), indicating
that the bacteriostatic activity of Lgn1r is not specific to the
species as a whole.
To determine whether bacteriostatic activity of Lgn1 is specific to certain serogroups of L. pneumophila, we examined the
intracellular growth of the GIFU 10073 strain, which belongs
to the same serogroup as Bloomington-2 (serogroup 3) (Fig.
1D). The bacterial growth in C57BL/6 and congenic-strain
macrophages was suppressed less than 10-fold, which is different from the growth of the Bloomington-2 strain, suggesting
that the bacteriostatic activity of Lgn1r is not specific to serogroups of L. pneumophila.
Legionella micdadei, Legionella bozemanii, Legionella dumoffii, and Legionella feeleii are most frequently implicated in
cases of pneumonia or Pontiac fever caused by Legionella species other than L. pneumophila (5). Using these strains, we
investigated intracellular bacterial growth in thioglycolate-elicited peritoneal macrophages of A/J, C57BL/6, and congenic
mice. For L. micdadei TATLOCK (Fig. 2A), there was about a
20-fold increase in the number of CFU in A/J macrophages
after a 24-h incubation. The viable counts leveled off thereafter. In C57BL/6 and congenic-mouse macrophages, the time
courses of intracellular bacterial growth were slightly slower
than that in A/J macrophages, but the levels of bacterial growth

FIG. 1. Time courses of intracellular growth of L. pneumophila strains in
peritoneal macrophages of A/J (E), C57BL/6 (F), and congenic (A.B Lgn1) (h)
mice. The data are the means 6 the standard deviations of representative results
for four individual experiments, each using five mice. SG, serogroup.

after a 48-h incubation were the same as that in A/J macrophages. For L. bozemanii WIGA (serogroup 1) (Fig. 2B), there
was about a 300-fold increase in the number of CFU in macrophages of A/J mice after a 48-h incubation. In C57BL/6 and
congenic-mouse macrophages, the time courses and the levels
of intracellular bacterial growth were almost the same as those
in A/J macrophages. L. dumoffii Tex-KL (Fig. 2C), L. feeleii
WO-44C (serogroup 1) (Fig. 2D), and Legionella oakridgensis
OR-10 (data not shown) could also grow as well in macrophages of C57BL/6 and congenic mice as they did in A/J mouse
macrophages. The mouse strain differences demonstrated for
L. pneumophila were not observed with the other five Legionella species. Microscopic observation of Gimenez-stained
macrophage monolayers 48 h after infection also clearly confirmed the lack of mouse strain differences (data not shown).
It has not yet been examined whether the multiplication of
many Legionella species and serogroups in mouse macrophages is genetically controlled by Lgn1. Hence, it has generally been accepted that C57BL/6 mouse macrophages do not
permit intracellular growth of L. pneumophila (22, 23, 26).
However, we found that L. pneumophila Togus-1 (serogroup 2)
(Fig. 1B) and Bloomington-2 (serogroup 3) (Fig. 1C) could
grow intracellularly in thioglycolate-elicited peritoneal macrophages of C57BL/6 and congenic mice bearing Lgn1r. In addition, C57BL/6 and congenic-mouse macrophages as well as A/J
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L. pneumophila
Philadelphia-1
Nagasaki 80-045
GIFU 9799
GIFU 9888
GIFU 10067
GIFU 10068
GIFU 12438
Togus-1
Bloomington-2
GIFU 10073
GIFU 11491
GIFU 10841
GIFU 11395
GIFU 12293
KO 127

Serogroup
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FIG. 2. Time courses of intracellular growth of L. micdadei, L. bozemanii, L.
dumoffii, and L. feeleii in peritoneal macrophages of A/J (E), C57BL/6 (F), and
congenic (A.B Lgn1) (h) mice. The data are the means 6 the standard deviations of representative results for three individual experiments, each using three
mice. SG, serogroup.

macrophages permitted bacterial growth of all five other Legionella species tested here (Fig. 2). In this study we used
thioglycolate-elicited peritoneal macrophages of mice. It was
reported that thioglycolate-elicited peritoneal macrophages
show impairment of intracellular killing of a number of microorganisms due to loading with thioglycolate (4, 15). Further
studies, using resident peritoneal macrophages of C57BL/6
mice, are required for assessing the permissiveness of C57BL/6
mouse macrophages for the seven Legionella strains used in
this study.
The congenic strain used here was established after 18 generations of backcrossing with A/J mice, and it holds approximately a 15-centimorgan gene fragment of C57BL/6 origin on
chromosome 13 (unpublished data). Macrophages of the congenic strain (A.B Lgn1) showed the same pattern as macrophages of C57BL/6 (Fig. 1 and 2). This supports the theory that
the strain difference between A/J and C57BL/6 mice observed
here is controlled by Lgn1 and that the seven Legionella strains
which grew in the macrophages of the congenic strain are not
controlled by Lgn1.
Macrophages of the congenic mouse strain did not permit
bacterial growth, although bacteria could survive in these macrophages (Fig. 1A and D). These results suggest that the Lgn1
gene product has a bacteriostatic activity rather than a bacte-
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ricidal activity and that A/J mouse macrophages may be defective in their ability to inhibit bacterial growth. Since the
genetic defect can be overcome by gamma interferon activation of A/J macrophages (14), the Lgn1 gene product may
affect a very early step of the macrophage-Legionella interaction, such as macrophage signal transduction in response to the
infecting bacterium.
Since there are some reports suggesting that diverse intracellular growth mechanisms are used by Legionella strains and
species (10, 11, 19, 21), it is reasonable to speculate that expression of the bacteriostatic activity controlled by the Lgn1r
allele may reflect the development of adaptive mechanisms
which enable Legionella strains and species to grow intracellularly. To study possible sites of action of Lgn1 gene products,
it is necessary to elucidate the modes of survival and multiplication within phagocytes specific to the different strains analyzed in this study.
The positional cloning of the Lgn1 gene is currently under
way. The spectrum of bacterial strains identified in this study
that are or are not influenced by the presence of the Lgn1r
allele not only provides a valuable tool with which to analyze
the gene’s effect but also may point at the bacterial gene
products on which the Lgn1r allele acts. Gene transfer experiments using different Legionella species may identify such
genes and shed light on Lgn1’s mechanism of action.
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