INFECTION AND IMMUNITY, Mar. 1998, p. 883-892
0019-9567/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 66, No. 3

Identification of Macrophage-Specific Infectivity Loci (mil) of
Legionella pneumophila That Are Not Required
for Infectivity of Protozoa

LIAN-YONG GAO, OMAR S. HARB, anp YOUSEF ABU KWAIK*

Department of Microbiology and Immunology, University of Kentucky
Chandler Medical Center, Lexington, Kentucky 40536-0084

Received 2 October 1997/Returned for modification 24 November 1997/Accepted 8 December 1997

We have recently shown that many mutants of Legionella pneumophila exhibit similar defective phenotypes
within both U937 human-derived macrophages and the protozoan host Acanthamoeba (L.-Y. Gao, O. S. Harb,
and Y. Abu Kwaik, Infect. Immun. 65:4738—-4746, 1997). These observations have suggested that many of the
mechanisms utilized by L. pneumophila to parasitize mammalian and protozoan cells are similar, but our data
have not excluded the possibility that there are unique mechanisms utilized by L. pneumophila to survive and
replicate within macrophages but not protozoa. To examine this possibility, we screened a bank of 5,280
miniTn/0::kan transposon insertion mutants of L. pneumophila for potential mutants that exhibited defective
phenotypes of cytopathogenicity and intracellular replication within macrophage-like U937 cells but not within
Acanthamoeba polyphaga. We identified 32 mutants with various degrees of defects in cytopathogenicity, intra-
cellular survival, and replication within human macrophages, and most of the mutants exhibited wild-type phe-
notypes within protozoa. Six of the mutants exhibited mild defects in protozoa. The defective loci were desig-
nated mil (for macrophage-specific infectivity loci). Based on their intracellular growth defects within
macrophages, the mil mutants were grouped into five phenotypic groups. Groups I to III included the mutants
that were severely defective in macrophages, while members of the other two groups exhibited a modestly
defective phenotype within macrophages. The growth kinetics of many mutants belonging to groups I to II1
were also examined, and these were shown to have a similar defective phenotype in peripheral blood monocytes
and a wild-type phenotype within another protozoan host, Hartmannella vermiformis. Transmission electron
microscopy of A. polyphaga infected by three of the mil mutants belonging to groups I and II showed that they
were similar to the parent strain in their capacity to recruit the rough endoplasmic reticulum (RER) around
the phagosome. In contrast, infection of macrophages showed that the three mutants failed to recruit the RER
around the phagosome during early stages of the infection. None of the mil mutants was resistant to NaCl, and
the dot or icm NaCl" mutants are severely defective within mammalian and protozoan cells. Our data indicated
that in addition to differences in mechanisms of uptake of L. preumophila by macrophages and protozoa, there
were also genetic loci required for L. pneumophila to parasitize mammalian but not protozoan cells. We
hypothesize that L. pneumophila has evolved as a protozoan parasite in the environment but has acquired loci
specific for intracellular replication within macrophages. Alternatively, ecological coevolution with protozoa
has allowed L. pneumophila to possess multiple redundant mechanisms to parasitize protozoa and that some

of these mechanisms do not function within macrophages.

The Legionnaires’ disease bacterium, Legionella pneumo-
phila, is one of the common etiologic agents of pneumonia
with mortality rates of up to 50% (10, 19, 31, 46). Upon trans-
mission to humans, the bacteria invade and reside within al-
veolar macrophages and epithelial cells (20). The bacterium
replicates within a rough endoplasmic reticulum (RER)-sur-
rounded phagosome that is inhibited from maturation through
the endosomal-lysosomal degradation pathway (2, 26, 27, 41).
Within this unique intracellular niche, the bacteria undergo
phenotypic modulation (3, 4, 6, 40).

Outbreaks of Legionnaires’ disease occur through droplet
transmission of the bacterium from an environmental water
source, predominantly air conditioning cooling towers (20). In
the environment, L. pneumophila is a parasite of at least 13
species of amoebae and ciliated protozoa (20). Several inves-
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tigators provided evidence that protozoa play a major factor in
transmission of Legionnaires’ disease (6, 8, 9, 13, 18, 20, 38).

Uptake of L. pneumophila by macrophages and protozoa
occurs by different mechanisms (5, 29). We have recently shown
that attachment and uptake of L. pneumophila by the proto-
zoan Hartmannella vermiformis are mediated by a 170-kDa
Gal/GalNAc lectin receptor on the surface of protozoa (25,
44). Uptake of L. pneumophila by human macrophages has
been shown to be mediated by the complement receptor, but
non-complement-mediated uptake also occurs (24, 28, 32).
Whether a Gal/GalNAc lectin homolog is present in mamma-
lian macrophages is still to be determined. We have recently
shown expression of multiple pili by L. pneumophila and that
one of these pili is involved in attachment to mammalian and
protozoan cells (39).

In contrast to differences in uptake by the two different host
cells, ultrastructural characterization of the intracellular infec-
tion of protozoa by L. pneumophila has shown that it appears
to be similar to that of mammalian cells (1). Within protozoa,
the bacterium also multiplies within a RER-surrounded pha-
gosome that does not fuse with lysosomes (1, 12, 23). We have
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recently shown that many mutants of L. pneumophila exhibit
similar defective phenotypes within both human-derived mac-
rophages and protozoa (7, 23). These observations have sug-
gested that L. pneumophila utilizes the same mechanisms to
parasitize both mammalian and protozoan cells (1, 16, 20).
Moreover, it is thought that L. pneumophila has evolved as a
parasite of protozoa in the natural environment and that gen-
eration of aerosols by human-made devices is the only factor
that has allowed L. pneumophila to have access to humans and
cause Legionnaires’ disease (1, 16, 20).

In this study, we screened a bank of transposon insertion
mutants of L. pneumophila for potential mutants that exhibited
defective phenotypes within macrophages but not within pro-
tozoa. We have identified 32 mutants with various degrees of
defects in intracellular survival and replication within human
macrophages but with a wild-type phenotype within protozoa.
The data showed that some genetic loci are utilized by
L. pneumophila to parasitize mammalian macrophages but not
protozoa. We speculate that L. pneumophila acquired loci spe-
cific for intracellular replication within macrophages or that
ecological coevolution with protozoa allowed L. pneumophila
to possess multiple redundant mechanisms to parasitize pro-
tozoa and that some of these mechanisms do not function
within macrophages.

MATERIALS AND METHODS

Bacterial strains and vectors. The virulent AA100 strain of L. pneumophila
has been described previously (3). AA100A is an attenuated NaCl" derivative of
AA100 that has been described previously (5). L. pneumophila strains were
grown on buffered charcoal-yeast extract (BCYE) agar plates or in buffered yeast
extract (BYE) broth. Escherichia coli DH5« (Bethesda Research Laboratories,
Gaithersburg, Md.) was used for the majority of cloning experiments. The plas-
mid pUC-4K was purchased from Pharmacia (Piscataway, N.J.) and was the
source of the kanamycin resistance gene used as a probe for Southern hybrid-
ization. The plasmid pCDPO5 is a chloramphenicol-resistant plasmid that con-
tains miniTn/0::kan and the sacB gene from Bacillus subtilis and was a kind gift
from N. Cianciotto (Northwestern University, Chicago, Ill.) (33). The sacB gene
encodes levansucrase and is lethal to L. pneumophila grown in the presence of
sucrose (17). The plasmid pAM10 contains a 12-kb EcoRI insert encompassing
both the dot and icm loci and was kindly provided by H. A. Shuman (Columbia
University, New York, N.Y.) (30).

Transposon mutagenesis and construction of a bank of mutants. The use of
miniTn/0::kan in L. pneumophila has been described previously (33). Briefly,
after electroporation of the plasmid pCDPO05, containing miniTn/0::kan (33),
into the L. pneumophila wild-type strain AA100, bacteria were incubated in BYE
broth for 2 h at 37°C and plated onto BCYE agar plates containing 20 pg of
kanamycin per ml and 6% sucrose. For each electroporation, 200 to 300 colonies
were isolated for measurements of their infectivity (23).

DNA manipulations. Chromosomal DNA preparations, transfections, and re-
striction enzyme digestions were performed as described elsewhere, unless oth-
erwise specified (37). Restriction enzymes were obtained from Bethesda Re-
search Laboratories.

Plasmid DNA preparations were performed with the Qiagen (Chatsworth,
Calif.) plasmid kit according to the manufacturer’s recommendations. Transfor-
mations were carried out by electroporation with a Bio-Rad (Hercules, Calif.)
Gene Pulser as recommended by the manufacturer. Purification of DNA frag-
ments from agarose gels for Southern hybridization was done with a QIAEX kit
according to manufacturer’s recommendations (Qiagen). Transfer of DNA from
agarose gels onto membranes, fluorescein labeling of DNA probes, hybridiza-
tions, and detection were performed as described before (4).

Cloning and sequencing of the chromosomal junctions of Kan insertion in the
mutants. Genomic DNA from the L. pneumophila mutants was digested with
EcoRI and ligated to EcoRI-digested pBC (Stratagene Inc., La Jolla, Calif.).
After ligation, the samples were concentrated by ethanol precipitation, resus-
pended in 2 pl of sterile water, electroporated into DH5«, and plated in the
presence of kanamycin and chloramphenicol. Plasmid DNA was extracted, di-
gested with EcoRI, and probed with the Kan cassette in Southern blots, along
with EcoRI-digested genomic DNA from the mutants, to confirm the fidelity of
the cloning.

For sequencing the regions flanking the Kan cassette, the flanking sequences
were amplified by PCR. Two primers homologous to a region immediately
upstream (5'-TGATTTTGATGACGAGCG-3") or downstream (5'-GTGACG
ACTGAATCCGGT-3') of an internal HindIII site within the Kan cassette were
designed and designated UHIND and DHIND, respectively. The T7 and T3
primers of pBC were also used in the PCR. Since the orientation of the Kan
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cassette in these clones is not known, UHIND and DHIND were used in con-
junction with T7 and T3 primers. This strategy allowed amplification of either
side of the Kan cassette and the flanking chromosomal sequences, and thus the
cloned fragment will contain one IS70 inverted repeat to allow sequencing. The
PCR included an annealing step at 55°C for 1 min and an extension step at 72°C
for 2 or 5 min. PCR products were sequenced by using a primer designated
Tnl10.2 (5'-TCATTAGGGGATTCATCA-3"), which is homologous to the in-
verted repeat of the IS70 elements of miniTn/0::kan. The sequence of approx-
imately 350 to 450 nucleotides at the junction of insertion was obtained and used
in database searches.

Human U937 macrophages and peripheral blood monocytes. Macrophage-like
U937 cells were maintained as previously described (23). Prior to infection, the
cells were differentiated in 96-well tissue culture plates for 48 h by using phorbol
12-myristate 13-acetate as described previously (3). For infection of monolayers,
L. pneumophila grown for 20 h at 37°C in BYE broth was resuspended in RPMI
1640. The infection was carried out as described below for each experiment.

Preparation of peripheral blood monocytes was performed as described by
Horwitz (27). Briefly, human mononuclear cells were isolated from heparinized
blood of healthy donors with no history of Legionnaires’ disease by using Ficoll-
Hypaque density gradients. Mononuclear cells were plated in 96-well tissue
culture plates at 1.2 X 10° cells/well in serum-free RPMI to allow monocytes to
adhere to the plastic dishes for 90 min at 37°C in 5% CO,. The cultures were
washed three times with RPMI to remove nonadherent lymphocytes, and infec-
tions were performed in RPMI containing 15% heat-inactivated fetal bovine
serum exactly as described above for the U937 cells.

Protozoan cultures. Axenic Acanthamoeba polyphaga has been described as a
useful model to study protozoan infections by L. pneumophila (23). Infections
were performed in 96-well tissue culture plates with Acanthamoeba buffer (23) as
described below for each experiment. H. vermiformis CDC-19 (ATCC 50237) has
been cloned and grown in axenic culture as a model for study of the pathogenesis
of L. pneumophila (1, 21). H. vermiformis was maintained in American Type
Culture Collection culture medium 1034 (21).

Transmission electron microscopy. A. polyphaga was infected with L. pneu-
mophila at a multiplicity of infection (MOI) of 100 for 1 h, followed by washing
of extracellular bacteria. Preparation of ultrathin sections was performed as
described previously (23). Briefly, infected amoebae were fixed with 3.5% glu-
teraldehyde followed by 1% OsO,, dehydrated with ethanol, and embedded in
Eponate 12 resin (Ted Pella, Redding, Calif.). Ultrathin sections were stained
with uranyl acetate followed by lead citrate and examined with an H-7000/STEM
electron microscope (Hitachi Inc., Tokyo, Japan) at 75 kV.

Cytopathogenicity of L. pneumophila mutants to U937 macrophages and A.
polyphaga. L. pneumophila strains were grown in BYE broth for 20 h in 48-well
plates. Infection of phorbol 12-myristate 13-acetate-differentiated U937 mono-
layers with L. pneumophila strains was performed, in triplicate, in 96-well plates
containing 10° cells/well at an MOI of 5. The infected monolayers were incu-
bated at 37°C for 38 h. For measurements of the number of remaining viable cells
in the monolayer, the monolayers were treated with 10% Alamar Blue dye
(Alamar Bioscience Inc., Sacramento, Calif.), and viability of the monolayers was
determined exactly as described previously (23).

Infection of A. polyphaga with L. pneumophila strains was performed, in
triplicate, in 96-well tissue culture plates with 5 X 10* cells/well at an MOI of 5.
After 1 h of coincubation, monolayers were washed three times with Acan-
thamoeba buffer (23) and incubated at 37°C for 30 h. The viability of A. polyphaga
was determined by trypan blue dye exclusion as described previously (23).

Attachment of L. pneumophila mutants to U937 cells and A. polyphaga. To
examine for defects in attachment, we performed infections of U937 cell mono-
layers treated with cytochalasin D (1 wg/ml) and A. polyphaga treated with 20
mM methylamine to prevent uptake of the attached bacteria by both host cells,
as we described previously (23). The infected monolayers (MOI = 10) were spun
at 900 X g for 5 min followed by incubation for 30 min at 37°C. At the end of this
infection period, monolayers were washed three times with tissue culture me-
dium to remove nonadherent bacteria and subsequently lysed hypotonically for
U937 cells or with a mild detergent (0.04% Triton X-100) for A. polyphaga.
Aliquots were diluted immediately and plated on BCYE agar plates for enumer-
ation of bacteria. To ensure that the inhibitors were effective in inhibition of
uptake, control monolayers infected in presence of the inhibitor were treated
with 50 ng of gentamicin per ml to kill extracellular bacteria (23). With equiv-
alent numbers of bacteria for the mutants and the wild-type strain, the ability of
the mutants to attach to U937 macrophages or to A. polyphaga was expressed as
a percentage of that of the wild-type strain. It is important to note that none of
the mutants were sensitive to components of the tissue culture media (data not
shown).

Growth kinetics of L. pneumophila mutants in U937 macrophages, peripheral
blood monocytes, A. polyphaga, and H. vermiformis. To determine the number of
intracellular bacteria within U937 macrophages, peripheral blood monocytes,
and A. polyphaga at several time intervals, infections were performed exactly as
described above for the attachment assays. The initial time point (0 h) represents
the time at the end of the 30-min infection period after washing off of the
unattached bacteria and thus represents cell-associated bacteria (attached and
intracellular). Subsequently, monolayers were incubated for 1 h at 37°C in the
presence of 50 pg of gentamicin per ml to kill extracellular bacteria and were
further incubated for several time intervals in the absence of gentamicin. Thus,
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FIG. 1. Cytopathogenicities of the L. pneumophila wild-type strain AA100 and the isogenic insertion mutants to U937 macrophage-like cells 38 h postinfection and
to A. polyphaga 30 h postinfection. The data are representative of three to five independent experiments, performed in triplicate, and the error bars represent standard
deviations. The five phenotypic groups based on intracellular growth kinetics (shown in Fig. 2) are indicated.

the rest of the time points represent the total number of bacteria (intracellular
and released bacteria, presumably after killing of the host cell) at the corre-
sponding time postinfection. At the end of each time interval, the supernatants
were removed and monolayers were lysed as described above. The supernatants
prior to lysis of the monolayers (which may contain released bacteria) were
combined with the ones from the lysed monolayers, and aliquots were plated on
BCYE agar plates for enumeration of intracellular bacteria.

With the exception of the mutant defective in attachment, in which case fewer
bacteria enter the host cell, the decrease in the bacterial number between the
first and the second time points (see Fig. 2) is due to entry by a portion of the
inoculated bacteria, early partial killing within the host cell, or both.

To determine intracellular growth kinetics of L. pneumophila strains within
the protozoan H. vermiformis, 10° amoebae/ml were infected with 10° CFU of
L. pneumophila per ml in 5-ml cultures in triplicate, as described previously (7).

Other in vitro assays. Assays of colony immunoblots, serum sensitivity, defects
in iron acquisition and assimilation, and resistance of the mutants to NaCl were
performed exactly as described previously (23).

RESULTS

Isolation of L. pneumophila mutants defective within hu-
man-derived macrophages but not within protozoa. The U937
macrophages have been widely used as a reliable model to
study intracellular survival and replication of L. pneumophila
within macrophages (20). The ability of L. prneumophila mu-
tants to replicate within these cells correlates with their ability
to cause disease in animal models (14, 15). We and others have
established the use of Acanthamoeba as a reliable protozoan
model to study intracellular survival and replication of L. pneu-
mophila within protozoa (12, 23).

We screened a bank of miniTn/0::kan insertion mutants of
L. pneumophila for mutants that exhibited defective pheno-
types of cytopathogenicity and intracellular replication within
human macrophages but had a wild-type phenotype within the
protozoan A. polyphaga (see Materials and Methods). A total
of 5,280 insertion mutants were isolated from 21 independent
transpositions (23). Intracellular multiplication of L. pneumo-
phila within the host cell results in eventual cytopathogenicity
and killing of the host cell. To identify mutants, our method
was to isolate mutants that exhibited phenotypes of cytopatho-
genicity to U937 macrophages different from that for A. poly-
phaga. In the original screening within macrophages, we iso-

lated numerous mutants with the corresponding phenotypes.
Upon subsequent testing, the phenotypes of many of the mu-
tants were not reproducible, particularly the partially and
mildly defective ones. Thirty-two mutants were isolated based
on their reproducible phenotypes (three to five independent
experiments) of being completely or severely defective in cy-
topathogenicity to macrophages but not to A. polyphaga (Fig.
1). However, approximately 6 of the 32 mutants were mildly
defective in their cytopathogenicity to A. polyphaga.

Southern blot analysis of EcoRI-digested genomic DNA of
each of the 32 mutants probed with the Kan cassette showed
that all of them contained a single copy of the miniTn/0::kan
insertion (data not shown). Importantly, insertions were ran-
dom and distinct, which was consistent with previous observa-
tions (23, 33).

Characteristics of intracellular survival and replication of
the mutants within U937 macrophages and A. polyphaga. We
examined the intracellular survival and growth kinetics of the
32 cytopathogenicity-defective mutants within the U937 mac-
rophages and A. polyphaga (see Materials and Methods). The
mutants showed a diverse spectrum of defects in their intra-
cellular survival and replication within macrophages but were
similar to the wild-type strain in their intracellular survival and
replication within A. polyphaga (Fig. 2). At least six of the
mutants showed mild defects in protozoa (see below). The
mutant GG171 had a prolonged lag phase in the amoebae (Fig.
2). Moreover, when the bacterial cultures in BYE broth were
inoculated at a very low density at time zero, there was no
detectable difference in growth of the mutants compared to
that of the wild-type strain after 20 h of growth, as measured by
the optical density at 550 nm (data not shown). However, we
cannot exclude the possibility that there may be some mild
differences in the growth rate of the mutants.

To simplify representation of these data, we grouped the 32
mutants into five phenotypic groups based on their defective
intracellular survival and growth kinetics within macrophages
(Fig. 1 and 2). It is important to note that there were variations
among mutants within each group in the severity of the defect,
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FIG. 2. Growth kinetics of representative mil mutants belonging to each of the five phenotypic mutant groups within U937 macrophages and A. polyphaga. The
initial time points (0 h) represent cell-associated bacteria (attached and intracellular) after 30 min of infection. Subsequent time points were after gentamicin treatment
and represent gentamicin-protected total bacterial numbers (intracellular and released bacteria, presumably after killing of the host cell) at the corresponding times
postinfection. Determinations at 48 and 72 h postinfection of A. polyphaga and at 72 h postinfection of U937 cells did not show any increase in the number of bacteria
(data not shown). The data are representative of three to five independent experiments, performed in triplicate, and the error bars represent standard deviations.

indicative of their distinct defective phenotypes contributed by
defects in different genetic loci. However, the general trend of
the defect in intracellular growth kinetics was similar within
each group. In general, the relative degree of defect in cyto-
pathogenicity correlated with the capacity of the mutants to
survive and to replicate intracellularly (Fig. 1 and 2). Since all
of these mutants were defective in human-derived macro-
phages but exhibited wild-type or mildly defective phenotypes
within protozoa, we designated the defective loci in these mu-
tants mil (for macrophage-specific infectivity loci). The char-
acteristics of the five mil groups are described below.

Group I included 3 mutants (GT20, GS147, and GK11) that
were completely or substantially killed within macrophages but
exhibited wild-type phenotypes in replication within A. poly-
phaga (Fig. 2). All three of these mutants were also completely
defective in their cytopathogenicity to macrophages (Fig. 1).
The reduced cytopathogenicity and number of intracellular
bacteria of the GT20 mutant within A. polyphaga are probably
due to reduced attachment and subsequent entry (see below).

Group II consisted of seven mutants that were completely
defective in intracellular replication within macrophages (Fig.
2). The intracellular growth kinetics of this group of mutants
showed that they were not killed and were sustained at a
constant number within macrophages over a period of 72 h
(Fig. 2 and data not shown).

Group III had seven mutants that exhibited a very limited

replication, which did not exceed the number of the original
inoculum after 48 and 72 h of infection (Fig. 2 and data not
shown). Two of these mutants (GA56 and GB90) exhibited no
increase in their intracellular number during the first 24 h of
infection (data not shown). Subsequent intracellular growth
was very limited, reaching a level that was approximately 100-
fold less than that of the wild-type strain. One of these mutants
(GM66) showed a slightly slower replication within A. poly-
phaga as evidenced by approximately sixfold-fewer bacteria
recovered at 72 h postinfection compared to the wild-type
strain or the other mutants (data not shown).

Intracellular growth of mutants in group IV (six mutants)
was undetectable within macrophages during the first 24 h of
infection. Subsequent intracellular growth was approximately
10-fold less than that of the wild type (Fig. 2).

Group V had nine members with the least defective pheno-
type within macrophages. These mutants were able to initiate
intracellular multiplication within macrophages like the wild-
type strain but at a slightly lower rate (Fig. 2).

Characteristics of attachment of the mutants to U937 mac-
rophages and 4. polyphaga. Since there were differences in the
number of bacteria derived at the first time point (attached and
intracellular) for some mutants, it was essential to determine
whether this difference is due to defect in attachment. To
eliminate the role of intracellular killing in our assays, attach-
ment of the mutants to macrophages and to A. polyphaga in the
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presence of an inhibitor of uptake was evaluated (see Materials
and Methods). At an MOI of 10, two bacteria per U937 mac-
rophage and approximately one bacterium per A. polyphaga
cell attached. The data showed that GT20 was the only mutant
that exhibited a dramatic defect in attachment. Attachment to
macrophages was reduced to 2% of that of the parent strain
AA100, and attachment to A. polyphaga was reduced to 6% of
that of AA100. All of the rest of the mil mutants exhibited
attachments to both host cells that were indistinguishable from
those of AA100 (data not shown).

Phenotypes of the mutants in peripheral blood monocytes
and in the protozoan H. vermiformis. The U937 macrophages
and A. polyphaga have been widely used as reliable models to
study intracellular survival and replication of L. pneumophila
within macrophages and protozoa (2, 20, 23). However, to
ensure that the defective phenotype of the mil mutants within
the U937 macrophages was not specific to this macrophage cell
line, we examined the phenotypes of 12 mutants (all mutants
belonging to groups I and II and mutants GM66 and GA56
belonging to group III) in peripheral blood monocytes and in
H. vermiformis. The defective phenotypes in growth kinetics of
the mutants within the U937 macrophages were highly similar
to their defective phenotypes within the peripheral blood
monocytes (data not shown). Similar to their wild-type pheno-
types within A. polyphaga, the mutants also exhibited wild-type
phenotypes in their growth kinetics within H. vermiformis (data
not shown). These data showed that the defective phenotypes
of the mutants within macrophages and their wild-type pheno-
type within A. polyphaga were reproducible in different human
macrophages and protozoa, respectively.

Transmission electron microscopy of intracellular infection
by mil mutants. L. pneumophila replicates intracellularly with-
in both mammalian macrophages and protozoa in a phago-
some that is surrounded by the RER of the host cell (1, 26, 41).
These organelles are recruited around the phagosome within 3
to 4 h of the intracellular infection of mammalian and proto-
zoan cells (1, 2, 26). Mutants that are defective in recruitment
of the RER are also defective in intracellular replication (11,
30). Therefore, we used transmission electron microscopy to
examine three of the most defective mil mutants (GT20 and
GK11, belonging to group I, and GE88, belonging to group II)
for their ability to recruit the RER around the phagosome
within macrophages and A. polyphaga, as well as for their in-
tracellular replication. There was no detectable difference
from the wild-type strain in the ability of the GK11 mutant to
recruit the RER around the phagosome by 4 h postinfection of
A. polyphaga (Fig. 3A and B).

The RER was recruited around 61 of 74 phagosomes exam-
ined (75%) containing the wild-type strain at 4 h postinfection
of macrophages. In contrast, there was no detectable RER
around any of the 78 examined phagosomes containing the
GK11 mutant within U937 macrophages at 4 h postinfection
(Fig. 4). Similar results were also obtained with the other two
mutants, GT20 and GE88 (data not shown).

At 18 h postinfection, A. polyphaga was heavily infected by
the mutant and the wild-type strain (Fig. 3C and D). In con-
trast, at 18 h of infection of macrophages by the GK11 mutant,
a few cells contained a few visible single bacteria enclosed in
RER-free phagosomes (Fig. 4C and D), but some were en-
closed in RER-surrounded phagosomes (data not shown).
These observations were consistent with the patterns of sur-
vival and intracellular multiplication within the two host cells.
Time points between 4 and 18 h postinfection were not exam-
ined in this study.

Identification of dot or icm mutants among the mil mutants.
The two loci dot and icm of L. pneumophila have been shown
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to be involved in intracellular survival and replication of L.
pneumophila in mammalian macrophages (11, 30). Mutants
with mutations in dot and icm are highly resistant to NaCl (see
below) (23, 36). Southern blots of EcoRI-digested genomic
DNA from all the mutants probed with a 12-kb EcoRI frag-
ment containing both dot and icm showed that none of the 32
mil mutants had an insertion in these loci (data not shown).
These data are consistent with our recent observations that dot
and icm insertion mutants of strain AA100 are severely defec-
tive within both U937 macrophages and A. polyphaga (23). Our
data indicated that dot and icm were not mil loci.

Resistance of L. pneumophila mil mutants to NaCl. It has
been shown that NaCl" strains of L. pneumophila are defective
in their intracellular survival in mammalian and protozoan cell
lines and are also attenuated in animal models (20). Moreover,
most mutants of L. pneumophila (including dot and icm mu-
tants) that are defective within mammalian macrophages are
highly resistant to NaCl, but the relationship of the NaCl"
phenotype to attenuation is not known (23, 36). We examined
the relationship between NaCl" and the macrophage-defective
phenotype of the 32 mil mutants (23). There was no increase in
NaCl" of any of the mil mutants (compared to that of the
wild-type strain) as assessed by their plating efficiency on 0.6%
NaCl-containing plates (data not shown) (23). In contrast,
controls of two dot icm insertion mutants of AA100 (23) ex-
hibited approximately a 300-fold increase in plating efficiency
on 0.6% NaCl-containing plates. Interestingly, five of the mil
mutants (GT20, GK79, GB111, GA12, and GE95) were dra-
matically more sensitive to NaCl as evident by their 600- to
1,100-fold-reduced viability following exposure to NaCl (data
not shown).

Serum sensitivity. All 32 mil mutants were tested for their
susceptibility to serum by using three different nonimmune
human sera (23). Our data showed that two mutants (GT20
and GB109) were sensitive to all three sera tested (Fig. 5).
There was at least 90% loss of viability for each of these
mutants following 1 h of incubation in 50% fresh human serum
(Fig. 5). The wild-type strain is completely resistant to serum,
with no detectable reduction in the number of bacteria. All of
the other mutants were similar to the wild-type strain in their
resistance to all three sera tested (data not shown). The two
serum-sensitive mil mutants were resistant to heat-inactivated
serum (Fig. 5), which suggested that the serum sensitivity of
these mutants was probably mediated by complement.

Flagellum-defective (Fla™) mutants. Flagellum expression
has been shown to be indirectly associated with the ability of
L. pneumophila to survive intracellularly in macrophages and
in protozoa (35). We examined flagellar expression by all 32
mil mutants in a colony immunoblot assay with a rabbit anti-
serum raised against L. pneumophila flagella as a probe (23).
Four mutants (GT39, GK79, GC52, and GQ54) were defective
in flagellum expression (Fla™) (data not shown).

Iron acquisition and assimilation by the mil mutants. Pope
et al. have shown that some L. pneumophila mutants that are
defective in iron acquisition and assimilation are also defective
in intracellular replication within U937 cells and protozoa (34).
We screened for sensitivity of the 32 mil mutants to the iron
chelator ethylenediamine-DI(o-hydroxy-phenylacetic acid)
and for resistance to the antibiotic streptonigrin, as we de-
scribed previously (23). All mutants were indistinguishable
from the wild-type strain in their growth in the presence of the
two reagents (data not shown).

Sequence analysis of the junctions of miniTn/0::kan inser-
tions. We cloned the Kan insert and flanking sequences from
the chromosomes of four of the mil mutants (GB111, GT20,
GK79, and GES88) for partial sequence analysis of the chro-
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FIG. 3. Transmission electron micrographs of A. polyphaga infected by the wild-type L. pneumophila strain AA100 (A and C) and the mil mutant GK11 (B and D)
at 4 h (A and B) and 18 h (C and D) after infection. The arrowheads indicate the RER-surrounded phagosome. Lp, L. pneumophila. Similar results were obtained with
the mil mutants GE88 and GT20 (data not shown). Magnifications: X26,000 (A), X34,000 (B), and X3,000 (C and D).
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FIG. 4. Transmission electron micrographs of U937 macrophages infected by the wild-type L. pneumophila strain AA100 (A and C) and the mil mutant GK11 (B
and D) at 4 h (A and B) and 18 h (C and D) after infection. The arrowheads in panel A indicate the RER-surrounded phagosome; the arrows in panel B indicate the
smooth multilayer membrane around the mutant GK11. Lp, L. pneumophila. Similar results were obtained with the mil mutants GE88 and GT20 (data not shown).
Magnifications: X36,000 (A), xX45,000 (B), and X5,000 (C and D).
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FIG. 5. Serum sensitivities of mil mutants GT20 (belonging to group I) and
GB109 (belonging to group V). Data are presented as percent survival in 50%
normal human serum after 1 h of incubation at 37°C compared to that of the
wild-type strain AA100. Values are the means of triplicate measurements, and
the error bars represent standard deviations. Some of the error bars cannot be
seen due to their small values.

mosomal junction of insertion (see Materials and Methods).
Alignment of the predicted open reading frames to sequences
in the National Center for Biotechnology Information data-
bases by using the Blastx program showed that none of the
sequences of the mutants had similarity to other known se-
quences. These findings suggested that many of the mil loci
represent novel genes. It is important to note that the insertion
may have a polar effect on the genes that were required for
intracellular survival. Future characterization of these inser-
tions will clarify this possibility.

DISCUSSION

The similarity in the intracellular infection of macrophages
and protozoa by L. pneumophila is quite remarkable. Within
both evolutionarily distant host cells, the bacterium multiplies
within a phagosome that does not fuse with lysosomes and is
surrounded by mitochondria and the RER (1, 2, 12, 26, 27, 41).
Many mutants of L. pneumophila (including dot and icm inser-
tion mutants) exhibit similar defective phenotypes in cyto-
pathogenicity and intracellular replication within both macro-
phages and protozoa (7, 16, 23). These observations suggest
that L. pneumophila utilizes many similar, yet unknown, mech-
anisms to survive and replicate within both evolutionarily dis-
tant hosts.

In this study, we have examined the possibility that L. pneu-
mophila differentially utilizes certain loci to replicate within
macrophages but not protozoa. We have identified 32 mutants
that exhibit different degrees of defects in cytopathogenicity,
intracellular survival, and replication within mammalian mac-
rophages but exhibit wild-type phenotypes within protozoa.
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Only six of the mutants exhibited mild defects in survival and
replication within A. polyphaga. Moreover, many of the mil
mutants have also been tested and shown to exhibit a similar
defective phenotype within peripheral blood monocytes, i.e.,
A/J mice peritoneal macrophages (22), and a wild-type pheno-
type within H. vermiformis. These data suggest that the mil loci
are not cell specific in mammalian cells but rather are species
specific. The dramatic differences in the pattern of survival and
intracellular replication of the mil mutants within the two host
cells indicate that certain genetic loci of L. pneumophila are
uniquely required for survival and replication within macro-
phages but not protozoa. However, since the mil mutants were
first isolated based on their defect within macrophages and
subsequently tested in protozoa, our data did not exclude the
possibility that certain L. pneumophila loci may be preferen-
tially required for infection of protozoa.

The dot and icm mutants of L. pneumophila are severely
defective in intracellular survival within mammalian macro-
phages (11, 30) and protozoa (23), and their defect is associ-
ated with failure to recruit host cell organelles, including the
RER. Three of the mil mutants examined are defective in
recruitment of the RER around the phagosome within mac-
rophages during early stages of the infection but not within
amoebae. However, it was evident that after 18 h of the infec-
tion, some phagosomes containing the mutants were sur-
rounded by the RER. These observations suggest that some of
the mechanisms of recruitment of the RER are different in the
two host cells. Alternatively, the mutants have been trafficked
and were subsequently localized in different endocytic path-
ways in the two host cells that did not lead to recruitment of
the RER within macrophages. This further supports our hy-
pothesis that although at the molecular and ultrastructural
levels the intracellular infection of mammalian and protozoan
cells is highly similar (1, 23), some of the biochemical and
molecular events involved in intracellular survival within the
two evolutionarily distant hosts are different.

Preliminary partial sequence analysis of the insertion junc-
tions of many of the mil mutants showed that the insertions are
within loci with no similarity to other genes in genetic data-
bases, suggesting that many of the mil loci are novel. This may
not be surprising, considering (i) that although a few other
human pathogens exhibit slight multiplication within protozoa,
L. pneumophila is the only documented pathogen that can
invade and replicate efficiently within mammalian macro-
phages and protozoa and (ii) the unique replicative niche of
L. pneumophila within both mammalian and protozoan cells
(1, 26). We hypothesize that L. prneumophila has acquired
genetic loci that are specific for survival and replication within
mammalian macrophages, which has allowed the bacterium to
evolve from a protozoan parasite into a Legionnaires’ disease-
causing agent. Alternatively, ecological coevolution of L. pneu-
mophila to parasitize protozoa has allowed the bacteria to
possess multiple redundant mechanisms to parasitize protozoa,
and some of these redundant mechanisms do not function
within mammalian cells. Our recent discovery of natural com-
petency of L. pneumophila to take up DNA supports our hy-
potheses (39a). It is possible that some of the mil loci are
required for bacterial adaptation to different nutritional envi-
ronments within the phagosomes of mammalian and proto-
zoan cells. Once some of the mil loci are characterized, it
would be interesting to examine whether they are present and
functional in some of the environmental isolates of L. pneu-
mophila strains and other Legionella species that have been
shown to parasitize protozoa but have not been associated with
human disease (20).

One of the mil mutants (GT20) exhibited severe defects in



VoL. 66, 1998

attachment to both macrophages and Acanthamoeba, indicat-
ing that there are similar mechanisms utilized by L. prneumo-
phila to attach to both host cells. We have recently shown
expression of multiple pili by L. pneumophila and that one of
these pili is involved in attachment to mammalian and proto-
zoan cells (39). It is highly unlikely that the GT20 mutant is
defective in the respective pili, since pilin mutants that do not
express the respective pili are competent for intracellular rep-
lication within mammalian and protozoan cells (39). However,
there are also additional distinct mechanisms of bacterial at-
tachment and invasion of mammalian macrophages and pro-
tozoa (5, 29). We have recently shown that one of these distinct
mechanisms is present in the protozoan host H. vermiformis, in
which attachment and invasion by L. pneumophila is mediated
by bacterial attachment to a 170-kDa Gal/GalNAc lectin re-
ceptor (25, 44). Moreover, bacterial attachment and invasion
are associated with tyrosine dephosphorylation of multiple
host cell proteins, including the 170-kDa Gal/GalNAc lectin
and several cytoskeletal proteins (25, 43, 44). In contrast, at-
tachment of L. pneumophila to mammalian cells has been
shown to be mediated by complement and noncomplement
receptors (24, 28, 32).

Intracellular L. pneumophila undergoes phenotypic modula-
tion during intracellular replication within macrophages (3,
40). We have recently shown that intracellular L. pneumophila
manifests a stress response throughout the intracellular infec-
tion period (6). It would be interesting to contrast gene ex-
pression by L. pneumophila within macrophages to that within
protozoa. Whether expression of some of the mil loci is in-
duced during the intracellular infection is still to be deter-
mined.

Other investigators have reported the isolation of a total 87
mutants of L. pneumophila that are defective in mammalian
macrophages, but these have not been tested in protozoa (36,
42, 45). Interestingly, a total of 83 of these 87 mutants are
NaCl', but the relationship of NaCl" to attenuation is not
known. In addition, we have recently shown that many distinct
mutants of L. pneumophila that are defective within both mac-
rophages and protozoa, including dot and icmm mutants, are
NaCl" (23). In contrast, none of the mil mutants is NaCl’,
suggesting that most or all of the mil mutants are different from
previously identified ones. These observations indicate that the
unexplained phenomenon of NaCl" is unrelated to the function
of the mil loci. Characterization of the role of the mil loci in the
intracellular infection of mammalian cells should yield some
interesting information about the pathogenic evolution of an
intracellular pathogen that can efficiently parasitize both mam-
malian and protozoan cells.
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