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When Legionella pneumophila grows in HeLa cells, it alternates between a replicative form and a morpho-
logically distinct “cyst-like” form termed MIF (mature intracellular form). MIFs are also formed in natural
amoebic hosts and to a lesser extent in macrophages, but they do not develop in vitro. Since MIFs accumulate
at the end of each growth cycle, we investigated the possibility that they are in vivo equivalents of stationary-
phase (SP) bacteria, which are enriched for virulence traits. By electron microscopy, MIFs appeared as short,
stubby rods with an electron-dense, laminar outer membrane layer and a cytoplasm largely occupied by in-
clusions of poly-f3-hydroxybutyrate and laminations of internal membranes originating from the cytoplasmic
membrane. These features may be responsible for the bright red appearance of MIFs by light microscopy
following staining with the phenolic Giménez stain. In contrast, SP bacteria appeared as dull red rods after
Giménez staining and displayed a typical gram-negative cell wall ultrastructure. Outer membranes from MIFs
and SP bacteria were equivalent in terms of the content of the peptidoglycan-bound and disulfide bond
cross-linked OmpS porin, although additional proteins, including Hsp60 (which acts as an invasin for HeLa
cells), were detected only in preparations from MIFs. Proteomic analysis revealed differences between MIFs
and SP forms; in particular, MIFs were enriched for an ~20-kDa protein, a potential marker of development.
Compared with SP bacteria, MIFs were 10-fold more infectious by plaque assay, displayed increased resistance
to rifampin (3- to 5-fold) and gentamicin (10- to 1,000-fold), resisted detergent-mediated lysis, and tolerated
high pH. Finally, MIFs had a very low respiration rate, consistent with a decreased metabolic activity. Col-
lectively, these results suggest that intracellular L. pneumophila differentiates into a cyst-like, environmentally
resilient, highly infectious, post-SP form that is distinct from in vitro SP bacteria. Therefore, MIFs may

represent the transmissible environmental forms associated with Legionnaires’ disease.

The genus Legionella is one of the most successful of all
aquatic bacteria, consisting of over 40 named species, their
numerous serogroups (7), and a collection of Legionella-like
amoebal pathogens that usually exhibit an obligate intracellu-
lar lifestyle requiring a particular protozoan host (3). An ob-
ligate requirement for the amino acid cysteine (38), which
cannot be substituted for by cystine (the oxidized form most
commonly found in aerobic environments), conceivably limits
members of the Legionella genus to an intracellular lifestyle
(25, 46) or to life in association with other microorganisms (46,
56, 63, 66) that may constitute a source of cysteine. However,
in a biofilm coculture model, persistence but not multiplication
of legionellae could be strictly demonstrated, suggesting that
natural growth may indeed require the intracellular environ-
ment of a protozoan host (52). Thus, the natural life cycle of
Legionella most likely alternates between periods of intracel-
lular replication in protozoan hosts and planktonic survival,
after death and lysis of spent hosts. In environments where
suitable hosts are plentiful (e.g., cooling towers, hot tubs, and
biofilms) the period between hosts would be shorter than that
in environments of low host density, where planktonic survival
for extended periods, even years, might be required. Several
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lines of evidence (reviewed in reference 2) suggest that Legio-
nella pneumophila, the best-studied species of this genus and
the one most commonly associated with Legionnaires’ disease
in humans, must have evolved an exit strategy from protozoan
hosts that not only prepares the bacteria for planktonic survival
but also ensures a favorable outcome in ensuing encounters
with suitable hosts.

In fact, early studies have shown that L. pneumophila is
capable of surviving for up to 14 months in water with only a
modest loss in viability in the first few months (46, 60, 61).
Long-term survival may be associated with the formation of
viable but nonculturable forms (55) that remain infectious for
amoebae (62). With respect to ensuring a successful infection
of new hosts, Cirillo et al. (20, 21) and others (29, 58) have
demonstrated that intracellular growth enhances the ability of
L. pneumophila to infect amoebae or mammalian cells. This
increase in infectivity is accompanied by changes in (i) bacte-
rial morphology, (ii) cell wall composition or structure, as in-
dicated by Giménez staining, and (iii) the route of entry into
macrophages, all in relation to those for bacteria grown in vitro
(20, 21, 29). Furthermore, studies in which mice were chal-
lenged with L. pneumophila, either alone or in various combi-
nations with amoebae, also indicated that growth of L. pneumo-
phila in amoebae always results in a more severe pneumonia
(13, 14, 15), as well as increased replication in the lungs of mice
(20). Collectively, these findings suggest that L. preumophila
has evolved a developmental program that enables the bacteria
to shift from a replicative phase to one of maturation that
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produces a resilient, highly infectious form (39), perhaps anal-
ogous to the shift from reticulate bodies to elementary bodies
(EBs) so well characterized in the developmental cycle of
Chlamydia spp. (35, 50).

In this respect, we have identified two well-defined, morpho-
logically distinct forms of L. pneumophila in HeLa cells: (i) a
replicative form (RF), found inside a specialized cell compart-
ment known as the replicative endosome, and (ii) a cyst-like,
mature intracellular form (MIF), observed late in infection of
HeLa cells (26, 27, 29). RFs appear as slender rods and display
a typical gram-negative cell envelope that is ultrastructurally
similar to that of agar-grown bacteria. In contrast, MIFs ap-
pear as short, stubby rods containing cytoplasmic inclusions of
poly-B-hydroxybutyrate (PHBA) and display a unique elec-
tron-dense layer associated with the outer membrane and/or
multiple layers of intracytoplasmic membranes (29). We have
recently shown that RFs and MIFs alternate in every intracel-
lular growth cycle and have suggested that MIFs are the in vivo
equivalent of stationary-phase (SP) bacteria grown in vitro
(27). Interestingly, the entry of exponentially growing L. pneu-
mophila into SP in vitro is accompanied by activation of the
stringent response regulator RelA (33), which together with
the SP sigma factor RpoS coordinates the activation of viru-
lence traits (flagellum synthesis and increased osmotic resis-
tance, cytotoxicity, and infectivity for macrophages) (18, 32, 33,
34). At issue, and the subject of this report, is whether MIFs
are distinct from in vitro SP bacteria, which have been pro-
posed to be the transmissible infectious forms associated with
disease (34). We took advantage of our ability to purify MIFs
(29) to directly compare them with SP forms obtained from
broth cultures in vitro. Here we show that MIFs purified from
HeLa cells exhibit a lower respiration rate, increased resis-
tance to antibiotics and detergent-mediated lysis, and in-
creased levels of surface-associated Hsp60 and display a
unique pattern of proteins compared with SP bacteria. We
conclude that the MIF is a unique form with cyst-like proper-
ties that enables L. pneumophila to persist as a highly infec-
tious particle in the environment when between hosts.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The L. pneumophila Philadelphia-1
strains Lp1-SVir (streptomycin resistant) and Lp1-Avir (avirulent, salt-tolerant
mutant) have been described previously (40). Local clinical isolate 2064 (sero-
group 1 Olda) and its avirulent salt-tolerant variant 2064 M (24) were also used
in these studies. All strains were kept as frozen stocks at —70°C. Frozen stocks
of the virulent strains were made from infected cultures of HeLa cells after
intracellular growth had taken place (see below). Frozen stocks were grown on
buffered charcoal-yeast extract-agar (BCYE) (54) for 3 to 5 days at 37°C in a
humid incubator. BCYE-grown bacteria were then either used immediately for
infection of HeLa cells or subcultured in buffered yeast extract broth (BYE) to
an optical density at 620 nm (ODy,) of 3.5 to obtain SP forms (18). The BYE
formulation was based on that of BCYE except that charcoal and agar were
omitted.

Cell lines and infection protocols. HeLa cells were routinely grown in 100-ml
spinner bottles in Dulbecco modified Eagle’s medium (DMEM; high-glucose
formulation) completed with 10% newborn calf serum and an antibiotic-antimy-
cotic mixture (all from GIBCO Laboratories). Before infection with L. pneumo-
phila, HeLa cells were allowed to attach and spread on either tissue culture flasks
or multiwell plates (all from Falcon Plastics, Becton Dickinson). To obtain large
numbers of MIFs (for isolation purposes), HeLa cells in 75-cm? cell culture flasks
were infected with 2 ml of a bacterial cell suspension with an ODy,, of 1 (~10°
bacteria/ml). After an overnight incubation, monolayers were washed twice with
Earle’s salt solution to eliminate free bacteria and cells, and fresh DMEM
(containing 100 g of gentamicin/ml) was added for 90 min. Monolayers were
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then washed twice with Earle’s salt solution, and fresh DMEM with serum but no
antibiotics was added. Monolayers were harvested at day 3 postinfection.

To determine the intracellular growth curve of L. pneumophila, HeLa cell
monolayers in six-well plates (~10° cells per well) were infected with ~10 plate-
grown bacteria per well for 3 h. The wells were then washed twice with phos-
phate-buffered saline (PBS), treated with gentamicin (100 wg/ml) for 1.5 h, and
washed twice with PBS, and cells were incubated for different times in fresh
DMEM with serum but no antibiotics. Three wells were sampled at each time
point by removing the medium and adding 100 wl of 0.05% Triton X-100 in water
(1 min), followed by 900 pl of distilled deionized water (ddH,0). One milliliter
of lysate was serially diluted in ddH,0 and plated on BCYE to obtain the CFU
per well. HeLa cell cultures utilized for monitoring the infection by light micros-
copy and for documenting the Giménez staining (see below) were mounted on
glass coverslips (22 by 22 mm; no. 1 thickness) placed in either six-well plates or
individual 35-mm-diameter tissue culture dishes as described before (29).

The U937 cell line was grown in suspension in RPMI 1640, supplemented with
5% fetal bovine serum and the antibiotic-antimycotic mixture (GIBCO Labora-
tories). To obtain adherent macrophage-like cells, U937 cells were treated with
20 ng of phorbol myristoyl acetate (Sigma)/ml and placed in six-well plates at 2 X
10° per well. Following differentiation, adherent cells in the six-well plates were
infected with ~10® L. pneumophila Svir bacteria in accordance with the proce-
dures outlined above for HeLa cells. At 24 and 48 h postinfection, infected cells
were gently scraped from the wells, fixed in 0.1 M sodium cacodylate buffer, pH
7, containing 2.5% glutaraldehyde, and subsequently postfixed in 1% OsO,, in
preparation for transmission electron microscopy as outlined below.

Purification of MIFs. L. pneumophila MIFs from HeLa cells were purified in
a self-generated, continuous-density gradient of Percoll by a modification of a
previously reported method (29). In the modified method, the pellet of infected
HelLa cells and the pellet obtained from the HeLa cell culture supernatant were
resuspended in 1 ml of ddH,O and passed 10 times through a 27-gauge needle,
before high-speed centrifugation in Percoll. Because this process lysed the HeLa
cells, the band distribution after centrifugation included only a top band of cell
debris and two bottom bands. The upper bottom band (1.061 to 1.074 g/ml)
contained cell debris-associated bacteria, and the lower bottom band (>1.074
g/ml) contained free MIFs. MIFs from this lower bottom band were washed twice
in ddH,O to remove residual Percoll before use.

Giménez stain. Giménez staining, originally applied to the identification of
rickettsiae in infected yolk sacs (30), was performed exactly as reported by
McDade (49). The primary stain for this technique is carbol fuchsin, and the
secondary stain is malachite green. While the molecular basis of Giménez stain-
ing remains to be determined, it is known that the basic dye carbol fuchsin is
retained by acid-fast bacteria, typically mycobacteria, which have a complex
envelope composed of glycolipids and glycopeptidolipids (12). A bright red
coloration is referred to as a Giménez-positive, or Gim™, phenotype, and a
green, blue-green, or gray coloration is referred to as a Giménez-negative, or
Gim ™, phenotype. Different shades of blue-red colorations are referred to as
Giménez-intermediate, or Gim™, phenotypes.

Microscopy. Light microscopy was performed with a Zeiss microscope
equipped with phase contrast, but most observations were made in bright field.
The scoring of proportions of Gim" to Gim ™~ bacteria was performed with the
aid of an ocular grid by counting at least 100 bacteria from different randomly
chosen fields. Electron microscopy (EM) was performed by using the standard
protocols reported previously (26, 29). Briefly, specimens were fixed in glutaral-
dehyde-OsO,, stained in bloc with aqueous uranyl acetate, dehydrated in ace-
tone, and embedded in epoxy (TAAB 812) resin. Ultrathin sections were post-
stained with uranyl acetate-lead citrate before observation in a Philips EM300
transmission electron microscope. All materials and reagents for EM were ob-
tained from Marivac Ltd. (Montreal, Canada).

Plaque assay. Infectivity was determined through a plaque assay, in accor-
dance with the method of Fernandez et al. (24) except for omitting the genta-
micin treatment step. Briefly, monolayers of 1929 cells in 24-well plates were
incubated for 1 h with 200 pl of serial 10-fold dilutions of the bacterial inoculum,
washed to eliminate unbound bacteria, and overlaid with cell culture medium
containing 0.6% agarose. One hundred-microliter portions of the inoculum di-
lutions were plated on BCYE to determine the number of CFU added per well.
Four days after infection, monolayers were fixed in 4% formaldehyde and stained
with crystal violet, and plaques were then enumerated. The percent plaquing
efficiency was calculated as (number of plaques/CFU added) X 100.

Preparation of outer membranes, electrophoresis, and immunoblotting. Outer
membranes from SP forms and MIFs were prepared by selectively dissolving the
cytoplasmic membrane with Sarkosyl by using a modification of the method of
Butler et al. (17). Whole-cell pellets from SP BYE cultures or isolated MIFs from
Percoll density gradients were washed twice in ddH,O and frozen until use. A
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bacterial mass equivalent to ~10'” bacteria (pelleted from a 10-ml suspension
with an ODg,, of 1) was washed once in 5 ml of 50 mM Tris, pH 7.2 (OM buffer),
and resuspended in 10 ml of 2% (wt/vol) N-lauroylsarcosinate (Sigma) in OM
buffer. After 1 h at 37°C, the cleared suspension was thoroughly sonicated in
periods of 30 s alternating with cooling on ice for ~2 min in a Sonifier cell
disruptor, model W140 (Heat Systems-Ultrasonics Inc., Plainview, N.Y.), at an
output setting of 10. Sonication continued until the suspension had cleared.
Unbroken cells were pelleted by centrifugation (5,000 X g, 10 min), and the
supernatant was transferred to Beckman polyallomer tubes for ultracentrifuga-
tion at 100,000 X g for 30 min to sediment the outer membranes. The outer
membrane pellet was treated for 1 h at 37°C with 100 pg of mutanolysin (~1,000
U) in 100 pl of OM buffer. The mutanolysin-treated outer membranes were then
resuspended in 10 ml of 2% (wt/vol) N-lauroylsarcosinate in OM buffer and
resedimented by ultracentrifugation. The washed pellet was resuspended in 100
wl of OM buffer, and a 10-ul sample was taken to perform a Lowry method-
based protein determination with the DC Protein Assay (Bio-Rad Laboratories
Canada, Mississauga, Ontario, Canada). An outer membrane sample equivalent
to 10 pg of total protein was solubilized in sample buffer, and the proteins were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in a 12% acrylamide minigel (Bio-Rad Laboratories). The gel was
stained with Coomassie brilliant blue to visualize the separated proteins. Blotting
onto nitrocellulose membranes and immunostaining with specific antibodies
based on the alkaline phosphatase reaction were performed as reported previ-
ously (26).

2-D gel electrophoresis. Separation of total proteins from whole bacterial cells
was performed in an IPGphor system (first dimension) and a Hoefer vertical-slab
14- by 15-cm gel apparatus (second dimension) (Amersham Pharmacia Biotech,
Piscataway, N.J.). Sample preparation in buffer containing nonionic detergents,
isoelectric focusing in Immobiline DryStrip IPG strips, and SDS-PAGE in 7.5 to
15% acrylamide gradient gels were all performed by closely following protocols
and recommendations described previously (T. Berkelman and T. Stenstedt, 2-D
electrophoresis using immobilized pH gradients: principles and methods, Am-
ersham Pharmacia Biotech Inc., 1998) and by incorporating sonication, which is
required to solubilize MIFs (see “Preparation of outer membranes, electro-
phoresis, and immunoblotting” above). After electrophoresis, gels were silver
stained by the method of Blum et al. (11). Gels were scanned wet in an EPSON
ES-1200C scanner equipped with transparency unit EU-13 (Seiko Epson Co.,
Nagano, Japan) to produce digital images that were analyzed with Z3 software
(Compugen, Jamesburg, N.J.). Composites (of three gels each) of SP bacterium
and MIF two-dimensional (2-D) gels were made from aligned and registered
gel images by using the Raw Master Gel function of Z3. The protein spots of
the composites were then matched and compared to produce a color-coded
matched-view image and a table of spots differentially or uniquely expressed in
MIFs or SP forms.

Survival assays. Survival following exposure to ddH,O, antibiotics, and a
series of environmental challenges was determined through viable-bacterial-cell
counts performed before and after exposure to the condition or agent. Viable-
bacterial-cell counts were performed by a standard dilution-plating method using
ddH,O0 as the dilution medium and BCYE as the plating medium. The number
of colonies was scored after incubation for 3 to 5 days at 37°C. Results are
reported as percent survival in relation to the initial number of CFU per milli-
liter, obtained before challenges.

Bacterial suspensions of ~10® bacteria/ml were made in ddH,O (and incu-
bated for up to 2 weeks) or in 1-ml aqueous solutions of 100 mM glycine, pH 2;
100 mM Tris base, pH 11 (incubated overnight, ~16 h); 30 and 70% ethanol
(incubated for 15 min at room temperature); or proteinase K (1 mg/ml; incu-
bated for 1 h at 37°C). For antibiotic challenges, bacterial suspensions in minimal
essential medium adjusted to ~10® bacteria/ml were challenged with 5 or 100 pg
of gentamicin per ml or 6 pg of rifampin per ml for 3 h. After incubations,
samples were diluted and plated. Similar 1-ml bacterial suspensions (10%/ml)
were made in ddH,O and were incubated at 50°C in a water bath for 20 min or
were frozen at —20°C and thawed before dilution plating. Desiccation was tested
in 6-mm-diameter disks of filter paper onto which ~10° bacteria were absorbed.
Disks were placed in a sterile petri dish and left at room temperature for
different periods. At each sampling time a paper disk was placed on a BCYE
plate and 10 pl of BYE was added to the disk. Plates were incubated at 37°C, and
bacterial growth was scored daily. Susceptibility to lysis by detergent was tested
by making suspensions of ~10° bacteria/ml in N-lauroylsarcosinate, SDS, sodium
desoxycholate, or Triton X-100 (all at 10 mg/ml in 10 mM Tris, pH 7.5) and
measuring OD at regular intervals. A graph of OD versus time was made, and the
time in minutes required to reach one-half of the initial ODg,, was interpolated
and reported as the detergent lysis index.
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Respiration rates. The consumption of oxygen by whole viable bacteria was
measured in a 1.5-ml Gilson water-jacketed chamber with the oxygen electrode
of a Yellow Springs Instruments (Yellow Springs, Ohio) oxygen monitor, model
53, as previously described (41). Approximately 10° bacteria in aerated ddH,O
were placed in the chamber and equilibrated to 37°C for about 5 min to deter-
mine the basal respiration rate in water. Oxygen levels were traced by a chart
recorder, and the oxygen consumption rate was obtained as the slope from the
trace. Oxygen saturation in the aerated chamber with no bacteria was deter-
mined to be 220 pM (41, 64). Once basal respiration reached a constant slope,
substrates were added with a Hamilton syringe through a glass capillary bore
stopper (one at a time and at a final concentration of 6.67 mM). Then, oxygen
consumption was recorded until the trace in the recorder stayed at a fairly
constant slope for 3 to 5 min. Respiration rates for each substrate were calculated
in nanomoles of oxygen consumed per minute per 10° CFU. CFU were deter-
mined by dilution plating in duplicate on BCYE agar medium.

RESULTS

MIFs as intracellular SP forms. In agreement with our
previous observations (27, 29), coverslip cultures of HeLa cells
infected with purified Gim™ MIFs developed foci of numerous
bright green Gim™~ bacteria or of long rods stained with a
blue-red Gim™ shade (Fig. 1A). The appearance of these foci
coincided with the onset of the replicative phase of the intra-
cellular growth curve shown in Fig. 1B (15 to 24 h postinfec-
tion). Twenty-four hours also marked the onset of the previ-
ously reported expansion in the percentage of infected HeLa
cells in coverslip cultures (29). Only Gim™ forms accumulated
in large numbers between 48 and 72 h postinfection (Fig. 1C),
coinciding with the end of the replicative phase (Fig. 1B) and
the peak (at ~70%) in the proportion of infected HeLa cells
(29). As reported before, no accumulation of Gim ™~ or Gim™
forms was observed (27), strongly suggesting that MIFs are the
in vivo equivalent to in vitro SP forms.

MIF formation in macrophages was investigated in U937
cells infected with L. pneumophila SVir. By 48 h, the majority
of infected U937 cells had detached and signs of lysis were
evident in the form of abundant free cell debris. By EM, most
U937 cells were highly vesiculated and displayed a very elec-
tron-transparent cytoplasm. Intracellular bacteria were ob-
served inside membrane-bound compartments with character-
istics typical of replicative endosomes (i.e., associated with the
endoplasmic reticulum and/or following the contour of the
contained bacteria). While some signs of maturation were ev-
ident (i.e., appearance of prominent inclusions and lack of a
wavy outer membrane around a visible periplasmic space),
most intracellular bacteria still lacked the envelope complexity
typical of MIFs (Fig. 2). The fact that replicating or immature
bacteria were contained in already-dying macrophages led us
to conclude that the early disintegration of macrophages may
be a determining factor in whether or not replicating bacteria
fully differentiate into MIFs.

Giménez staining and ultrastructure of SP L. preumophila.
We monitored the growth and changes in Giménez staining of
both virulent and avirulent L. pneumophila strains in vitro and
found that both entered SP at the same time (Fig. 3). As
reported before (27) no correlation between growth phase in
BYE and Giménez staining could be established (Fig. 3), ex-
cept for late SP bacteria, which showed a predominant Gim™
phenotype (Fig. 3, inset). The Giménez phenotype did not
correlate with virulence status, since Gim™ avirulent SP bac-
teria remained noninfectious for HeLa and 1929 cells.
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FIG. 1. Giménez phenotypes observed in HeLa cell monolayers infected with purified MIFs. (A) Micrograph showing three different Giménez
phenotypes (+, —, and int) in a single microscopical field from a specimen fixed and stained 24 h after infection. Foci of green bacteria (such as
the ones shown in the center) were easier to find 15 to 24 h after infection. (B) Growth curves of Lp1-SVir in HeLa cells, defining establishment
of the in vivo SP at 45 to 50 h postinfection. Each curve represents an independent experiment run in triplicate (O, experiment 1; @, experiment
2), and error bars represent standard deviations from the means (n = 3). (C) Massive accumulation of bright red MIFs 48 h after infection. Bars

(A and C), 5 pm.

By light microscopy after Giménez staining, SP bacteria and
MIFs were readily distinguishable; the short, stubby, rod-
shaped MIFs typically displayed a bright shade of red that was
often bipolar (Fig. 4A), whereas the slender, rod-shaped SP
forms displayed a homogeneous dull red staining (Fig. 3, inset,
and 4B). In agreement with previous reports (29), transmission
electron microscopy showed that the envelope ultrastructure
of MIFs was defined by long invaginations of the cytoplasmic
membrane forming putative compartments (Fig. 4C), the pres-
ence of an electron-dense laminated outer membrane struc-
ture that no longer resembled the typical gram-negative cell
wall ultrastructure (Fig. 4D), or prominent stacks (lamina-

tions) of intracytoplasmic membranes (Fig. 4E). In contrast,
most sections of SP legionellae displayed the typical cell wall
ultrastructure of gram-negative bacteria (Fig. 4F), but approx-
imately 30% of the sections showed some signs of maturation
in SP bacteria, such as the presence of cytoplasmic inclu-
sions (Fig. 4F), darkened outer membranes, and internal mem-
branes (Fig. 4G). The dark thick layer associated with the
outer membranes of MIFs was not apparent in sections of SP
bacteria.

Differences in protein profiles of MIFs and SP forms. The
morphological differences between MIFs and SP forms, par-
ticularly at the cell envelope level, were expected to reflect
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FIG. 2. Electron micrograph of a U937 cell, taken 48 h after infec-
tion with L. pneumophila Lp1-SVir. Shown is a group of legionellae
contained in an endosome, the membrane of which follows the contour
of the contained bacteria. Notice the electron transparency of the
cytoplasmic material surrounding the endosome, as well as the signs of
early maturation of the contained bacteria (i.e., presence of cytoplas-
mic inclusions and the lack of a visible periplasmic space). Bar, 1.0 pm.

differences in the compositions of outer membranes. In Fig.
5A, outer membrane preparations of MIFs showed four pro-
tein bands whereas SP forms showed only two: those expected
for the major outer membrane protein OmpS (43). Immuno-
blots with anti-OmpS rabbit hyperimmune serum (16) revealed
a doublet in each of the samples (Fig. 5B). To confirm the
identity of such extra bands, an immunoblot was run by using
an anti-OmpS rabbit hyperimmune serum (16). As shown in
Fig. 5B, only the typical OmpS doublet was similarly revealed
in all samples. This was indicative of a good degradation of the
peptidoglycan mesh and the consequent release of the 31-kDa,
peptidoglycan-bound OmpS subunit, in addition to the 28-kDa
peptidoglycan-free subunit (16, 43). The multiple protein
bands observed in MIFs most likely represent posttranslational
modifications to OmpS subunits that are not observed in SP
bacteria. Previous immunolabeling studies had indicated that
MIFs apparently display increased amounts of envelope- and
surface-associated Hsp60 (28). We ran an immunoblot stained
with an Hsp60-specific monoclonal antibody (Fig. 5C) and
confirmed the exclusive presence of Hsp60 in the outer mem-
branes of MIFs. We also noticed that MIFs of the strain 2064
had much more outer membrane-associated Hsp60 than MIFs
of Lp1-SVir.

2-D gel electrophoresis indicated numerous differences be-
tween the protein profiles of SP bacteria (Fig. 6A) and MIFs
(Fig. 6B). MIFs showed 43% (i.e., only 254 spots) of the 591
more noticeable spots (filtered to have an area of more than 75
pixels and a contrast higher than 16) identified in 2-D gels of
SP bacteria, indicating that MIFs have a limited complement

L. PNEUMOPHILA MIFs AND STATIONARY-PHASE FORMS 6277

of proteins. The proteins exclusively present in SP bacteria
(i.e., not present in gels of MIFs) are shown in the matched-
view image presented in Fig. 6C as green spots surrounded by
a red oval. As a result of the much lower number of protein
spots in the MIF gels, those spots present appeared slightly
overloaded, as equivalent amounts of protein were run in both
gels. In spite of this expected unbalance, MIFs truly overex-
pressed (2.5-fold more than SP bacteria) the previously iden-
tified ~20-kDa protein MagA (27, 37a). Interestingly, MagA
appeared as a series of spots spread over a range of pl values
(Fig. 6B). From its DNA sequence, MagA has a predicted plI of
7.73, but it is typically identified as a doublet or a smear in
immunoblots from one-dimensional SDS-PAGE protein gels
(27, 37a), collectively suggesting that this MIF-associated pro-
tein may be posttranslationally modified. Finally, the proteins
exclusively present in MIFs are shown in the matched-view
image (Fig. 6C) as magenta spots surrounded by a red oval.
These protein spots are shown in Fig. 6B and C, and their
equivalent positions are also shown in the gel of SP forms (Fig.
6A). It is possible that some of these MIF-associated spots
represent host-derived proteins or peptides, as the NH;-termi-
nal amino acid sequence of the abundant, very-low-molecular-
weight streak with a high pl showed significant homology to
mouse and other eukaryotic histones (unpublished results).
The identification of the complete set of spots exclusively ex-
pressed in MIFs should provide invaluable information on the
gene expression pattern of these differentiated forms.
Environmental resistance and infectivity. MIFs displayed
higher survival in the presence of rifampin and gentamicin
than SP forms (Table 1). In addition, only MIFs tolerated
exposure to alkaline pH, and, notably, MIFs were extremely
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FIG. 3. Growth curves in BYE of virulent Lp1-Svir (@) and non-
virulent Lp1-Avir (O), showing the percentages of Gim™ forms (num-
bers in parentheses) at selected points along the growth curve. Notice
that both strains grew similarly and entered SP at the same time.
(Inset) Light micrograph of Giménez-stained Lp1-SVir in SP (30 h).
SP Lpl-AVir had the same appearance. Arrowhead, typical Gim*
bacterium; arrow, Gim™ bacteria in the background. Bar (inset), 5 pm.
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[ -

FIG. 4. Tinctorial and morphological features of MIFs and SP forms of L. pneumophila strain 2064. Light microscopy of Giménez-stained
smears of MIFs (A) and SP bacteria (B) show differences in size, shade of red, and general appearance. Notice the bipolar staining of some MIFs
(arrows in panel A). EM (C to G) showed differences in cell envelope ultrastructure and internal inclusions. MIFs displayed long invaginations
of the cytoplasmic membrane (C) and a darkened cytoplasm and periplasm, which made the definition of membranes very difficult, so that the
envelope appeared as a thick laminated layer (D) or stacks of internal membranes at both parallel sides (E). Most bacterial sections of SP forms
(like the ones shown in panel F) displayed the envelope ultrastructure typical of gram-negative bacteria, with a wavy outer membrane. Others,
however, showed darkening of the outer membrane and the presence of internal membranes defining pseudocompartments (arrows in panel G).
Notice also the presence of inclusions in SP bacteria. Bars, 5 (A and B) and 0.1 um (C and G).
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FIG. 5. Outer membrane proteins of SP forms and MIFs. (A) Coo-
massie blue-stained gel of outer membrane proteins. (B) Immunoblot
stained with a major outer membrane protein (OmpS)-specific rabbit
antiserum and alkaline phosphatase-conjugated second antibody (goat
anti-rabbit immunoglobulin [Ig]). (C) Immunoblot stained with an
Hsp60-specific monoclonal antibody and alkaline phosphatase-conju-
gated second antibody (rabbit anti-mouse Ig). The positions of refer-
ence molecular size markers (in kilodaltons) are indicated on the right.
Stat, SP forms; SV, Lp1-Svir strain; 2, 2064 strain.

stable against detergent-mediated lysis. Not shown in Table 1
are the survival results for exposure to ethanol, acid pH, and
desiccation (because both forms were quite susceptible to
these) or to high temperature, osmotic shock, freezing, pro-
teinase K, or starvation in ddH,O (as both forms were similarly
resistant to them). In general, the survival of the two different
forms against environmental challenges was quite variable
among experiments, something we have as yet been unable to
explain.

It should be noted that others and we have determined MIFs
to be more infectious to cultured host cells than bacteria grown
on agar plates (21, 29). However, the infectivity tests reported
previously relied on a gentamicin treatment to eliminate ex-
tracellular bacteria. Because we determined here that MIFs
survive a gentamicin treatment much better than SP forms (up
to 1,000-fold) (Table 1), we turned to a plaque assay that did
not include a gentamicin treatment to confirm the high infec-
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tivity of MIFs. In addition, because previous experiments had
compared MIFs with agar-grown legionellae, we also wanted
to compare MIFs head to head with SP bacteria grown in broth
to meet the definitions outlined by Byrne and Swanson for SP
forms (18). MIFs were confirmed to be highly infectious as
they consistently had approximately a 10-fold-higher percent
plaquing efficiency than SP forms (Table 1).

Differences in respiration rate between MIFs and SP forms.
MIFs had a 2-fold-lower basal rate of respiration than SP
forms ([1.83 = 0.32]-fold, n = 2, for SVir, and 2.5-fold, n = 1,
for 2064), but, most importantly, MIFs did not respond to the
addition of respirable substrates. In contrast, SP forms of both
strains increased their respiration rates (1.5 * 0.33)-fold (n =
6) in response to pyruvate and a-ketoglutarate. It is important
that the numbers of viable bacteria in these assays were con-
firmed to be very similar for all forms (in average, [0.92 * 0.27]
% 10°/ml for SP bacteria and [0.97  0.33] X 10°/ml for MIFs).

DISCUSSION

In natural environments, L. pneumophila alternates between
an intracellular replicative phase in protozoa and an extracel-
lular nonreplicative (planktonic) phase in which the bacteria
remain highly infectious. In vitro, L. pneumophila progresses
through the stages of a typical bacterial growth cycle, alternat-
ing between an exponentially replicative phase and a postrep-
licative SP, in which virulence traits are acquired (18, 33, 34)
(refer to model in Fig. 7). We have tested the hypothesis that
MIFs, observed in great numbers late in infection of HeLa
cells, represent a developmental form distinct from in vitro SP
bacteria. The results of our studies showed that MIFs indeed
constituted a unique form, different from SP bacteria, as they
(i) were exclusive to the intracellular milieu (did not develop in
vitro), (ii) were metabolically dormant (did not show substrate-
inducible respiration), (iii) exhibited a unique cell wall ultra-
structure, (iv) were resistant to antibiotics and detergent-me-
diated lysis, (v) were enriched for surface-associated Hsp60,
(vi) displayed a unique protein profile, and (vii) were ~10-fold
more infectious than SP bacteria by plaque assay of 1.929 cells.
On the other hand, we established some similarities between
MIFs and SP forms including survival in ddH,O, resistance to
osmotic shock and proteinase K treatments, thermal tolerance,
retention of Giménez stain (albeit intensity differences were
noted), and development of cytoplasmic inclusions and invagi-
nations of the cytoplasmic membrane. Moreover, others have
reported that SP forms induce flagellum synthesis and expres-
sion of cytotoxic factors associated with egress from infected
hosts and exhibit increased infectivity and thermal tolerance
(4, 18), indicating their differentiated state beyond the expo-
nentially RF (18, 34). Taken together, these results establish
SP bacteria and MIFs as two distinct post-RFs that have
reached different levels of differentiation.

One of the key questions raised by our studies is why MIFs
are not formed in vitro. The obvious corollary to this question
is whether SP forms exist in natural environments, where
L. pneumophila replication takes place in protozoan hosts. For
Chlamydia spp., development and the growth cycle cannot
possibly be separated, as the bacteria are incapable of in vitro
growth. In contrast, the free-living, nitrogen-fixing and cyst-
forming bacterium Azotobacter vinelandii, which displays a
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FIG. 6. 2-D protein gels of SP forms and MIFs. Shown is the
best-matched pair of 2-D gels of SP bacteria (A) and MIFs (B). (C)
Color-coded matched-view image obtained by overlaying and compar-
ing three in-register gels of SP bacteria (green) and three in-register
gels of MIFs (magenta). Only differentially expressed spots are shown,
and the colors of circles and ovals around spots indicate spots overex-
pressed (>2-fold; yellow) and spots underexpressed (<0.5-fold; blue)
in SP bacteria. Red circles and ovals, unmatched spots expressed only
in either SP bacteria (green) or MIFs (magenta). The latter (or their
corresponding areas) are marked with small arrows in all panels. Spots

INFECT. IMMUN.

typical bacterial growth cycle in nutrient-rich media (with ex-
ponential-phase and SP forms) (42), can enter SP without
differentiating into cysts. However, when treated with PHBA
(inducer) it proceeds to encystment (59). Clearly, then, the
highly differentiated cyst does not constitute an SP form. By
analogy, we suggest that SP forms of L. pneumophila initiate
the developmental program inferred for MIFs but, in the ab-
sence of additional signals (inducers) conceivably unique to the
host milieu, become arrested in maturation (Fig. 7). It is also
reasonable to hypothesize that in MIFs those regulatory fac-
tors associated with in vitro SP transitions in other bacteria
(e.g., RelA and RpoS) are likely adapted to the tasks of coor-
dinating the morphogenesis of infectious forms and inducing
the transmission phenotype (34), both in anticipation of host
cell demise and in response to host-derived signals (inducers),
not available in vitro.

While clear morphological attributes supporting the exis-
tence of distinct developmental forms have been observed for
Legionella spp. grown in mammalian cells (31, 45, 53) or even
in vitro (31), these were never considered to be part of a
differentiation process or a developmental cycle. Retrospec-
tively, differentiated MIFs have been observed (but unrecog-
nized) as ultrastructurally distinct forms in amoebae (9, 57, 65)
and as Gim™ forms in clinical specimens (10), yolk sac cultures
(49), and infected Vero cells (47). It is also likely that MIFs
may have accounted for the positive acid-fast staining (reten-
tion of carbol fuchsin after an acidic wash) of Legionella spp. in
sputum samples (8, 37). While the MIF morphology is readily
observed in protozoan hosts (9, 57, 65), it has not been con-
spicuous in macrophages. This does not imply that MIFs can-
not develop in macrophages, as others (44) have published
electron micrographs of infected macrophages where MIFs
can be recognized. L. pneumophila grows rapidly in macro-
phages, induces early apoptosis (51), and produces lytic cyto-
toxins (4), which contribute to an early demise of this host.
We have confirmed here that the morphology of intracellular
L. pneumophila in already-disintegrating macrophages is not
that typical of HeLa cell- or protozoon-derived MIFs. Further-
more, historically, most studies with macrophages were termi-
nated at 24 h postinfection (insufficient time for MIF forma-
tion) (44). It seems, then, that HeLa and other nonlymphoid
mammalian cell lines (29, 53), as well as natural protozoan
hosts, appear to be more tolerant than macrophages to legio-
nella infection and thus favor the full differentiation of L. pneu-
mophila into MIFs.

The intracellular dimorphic life cycle of L. pneumophila
(which alternates between the RF and the differentiated MIF)
thus resembles the stage-specific developmental cycle of Chla-
mydia spp., in which reticulate bodies differentiate late in in-
fection into a nearly homogeneous population of EBs, which
are metabolically dormant, resilient, and highly infectious (35,
50). However, MIFs differ from EBs in ultrastructure, as the
latter exhibit a distinguishable inner and outer membrane wall

of ~20 kDa and pls of 7 to 10 (white arrowheads in panel B) corre-
spond to MagA, a protein known to be overexpressed in MIFs (27, 37).
Parameters of 2-D separation, molecular weight (MW; in thousands)
and pl, are indicated on the left and top, respectively.
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TABLE 1. Environmental fitness and infectivity of SP forms and MIFs of two virulent L. pneumophila strains®
Environmental resistance (% survival) Lysis (T'so index [min]) mediated
in the presence of: by detergent:
Strain and Infectivity
form . . Gentamicin at: (% efficiency)”
Rﬁ‘fa“/lpll“ pH 11 T-100 SDS Sarkosyl  DOC ’ )
(6 pg/ml) 5 pg/ml 100 pg/ml
Lp1-SVir
Sp 44 +13 258 £ 1.82 0.02 = 0.001 <0.001¢ 60 0.33 1.6 4.4 0.89 = 0.22
MIF 21.4 = 4.80 28.6 = 19.4 30.0 = 14.0 0.18 = 0.15 P o0 e e 10.1 =19
2064
Sp 37¢ 0.038 £ 0.005 0.007 = 0.003 <0.001 640 0.6 2.0 3.4 1.9 =16
MIF 108¢ 21.8 = 21.6 10.7 £ 4.8 1.0 = 1.35 o0 e e % 12.1 =42

“ Indicates that survival was very low since no CFU were detected at the lower dilution plated (normally 1:100).

b o, apparently infinite index since the lysis curve became asymptotic at a value above 50% of the original OD.

¢ No duplicate experiment was run for these results, so that no mean and standard deviation are indicated.

@ Abbreviations used: T, lysis index, defined as the time that it takes to reduce the original OD by 50%; T-100, Triton X-100; DOC, sodium desoxycholate.

¢ Only those environmental challenges for which a difference between forms was observed are shown. In general, results were taken from at least two independent
experiments (and as many as four) and are shown as means *+ standard deviations.

/A measure of plaquing efficiency.

structure, as well as an absence of both cytoplasmic inclusions
(PHBA) and laminations of intracytoplasmic membranes (19).
Laminations of intracytoplasmic membranes, however, are ob-
served in the resilient small-cell variants (SCV) of Coxiella
burnetii (48), but SCVs differ from MIFs in that they exhibit
condensed chromatin (nucleoid material) and cytoplasm and
lack cytoplasmic inclusions of PHBA. Perhaps most notably,
SCVs show evidence of cell division (36), which has never been
observed for MIFs or EBs by EM. Conceivably, it is also
possible for MIFs to be equivalent to the differentiated cysts of
A. vinelandii (59). Like the cysts of A. vinelandii, MIFs have lost
the typical gram-negative cell wall architecture, but, unlike
those cysts, which produce a thick laminated exine coat, MIFs
produce a much thinner electron-dense structure and there is
no evidence for a capsule. In addition, it is not known whether
MIFs use PHBA as an energy source during maturation, as has
been noted for A. vinelandii cysts (59).

Of interest was the resistance of MIFs to antibiotics.
Whereas Barker et al. (5, 6) previously noted the increased
antibiotic resistance of intracellular L. pneumophila, its emer-
gence was not correlated with a developmental cycle. In their
dormant state, MIFs may be resistant to antibiotics that rely on
active protein synthesis, DNA replication, transcription, or cell
wall biosynthesis. Alternatively, such resistance could be re-
lated to putative characteristics of the MIF envelope, such as
altered permeability. In fact, proteome comparisons suggest
that MIFs display both a unique, perhaps limited, set of pro-
teins, which reflects a state of terminal differentiation and
dormancy, and an unusual complement of outer membrane-
associated proteins. Proteome changes are also consistent with
previous analyses that reported major protein differences be-
tween legionellae grown in vitro and in vivo (1, 21, 27). One of
the proteins enriched in MIFs was an ~20-kDa protein that we
have named MagA (27, 37) and have subsequently determined
to be a marker of MIF differentiation (unpublished data).
Finally, the selective expression of a set of proteins by MIFs
provides evidence for stage-specific gene expression.

Cirillo et al. (21, 22) initially reported that L. pneumophila
grown in amoebae were 100-fold more infectious to epithelial
cells and 10-fold more infectious to macrophages than agar-

Eukaryotic host cell

RF( {|( L

MIF

Full fithess
and virulence

Enhanced fithess
and virulence

/'H\
Exp [] | ||l Stat
.

FIG. 7. Simplified model illustrating the intracellular and extracel-
lular growth cycles of L. pneumophila. Only the intracellular growth
cycle produces the fully differentiated MIF, which is more infectious
and environmentally fit than the in vitro-grown SP bacteria (Stat).
Presumably, host-derived signals (inducers) are required for post-sta-
tionary-phase differentiation of MIFs. Intracellular RFs would be
equivalent to exponentially growing bacteria (Exp) in vitro, as they
display similar morphological traits, but it remains to be determined
whether or not they are physiologically different. The central double
arrow indicates that L. pneumophila can move from one cycle to the
other when the proper conditions are met. Notice that, to initiate a
new intracellular cycle, L. pneumophila has to exit into the aquatic
environment, where it is possible for MIFs to continue their matura-
tion in response to extracellular signals (inducers).
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grown bacteria. We also previously compared the infectivities
of HeLa cell-passaged and agar-passaged L. pneumophila (29)
and obtained results similar to those of Cirillo et al., but in
both cases it was assumed (albeit not specifically determined)
that the infecting agar-grown bacteria were in SP and that the
intracellular bacteria were sensitive to gentamicin. To be con-
sistent with the definitions of Byrne and Swanson (18) and to
rule out an artifactual effect of gentamicin, we adopted both
the liquid culture protocol to obtain SP forms (18) and a
gentamicin-less method of infectivity. After this, we still dem-
onstrated a reproducible 10-fold increase in MIF infectivity in
L1929 cells over that for broth-grown SP bacteria. The in-
creased infectivity of MIFs may be attributable in part to their
enrichment with surface-associated Hsp60, previously shown
to mediate invasion of HeLa cells (28). While other putative
invasins have been identified, mostly through genetic analyses
(22, 23), only Hsp60 has been demonstrated to directly pro-
mote invasion and uptake of inert latex beads by HeLa cells
(28). In addition to Hsp60, DotO and DotH proteins, which
optimize the infectivity of L. pneumophila for new hosts, be-
come localized to the bacterial surface during the late phases
of intracellular growth (corresponding to MIF maturation) but
not during SP in vitro (67). Thus, the increased association of
Hsp60 and other proteins with the surfaces of MIFs (in rela-
tion to SP bacteria) might contribute to the increased invasive-
ness observed in this and previous studies (21, 29).

In summary, we have characterized a highly differentiated
form of L. pneumophila (MIF) that appears in great numbers
in infected HeLa cells and to a lesser extent in infected mac-
rophages. The MIF is highly infectious, is arrayed with surface-
exposed Hsp60 (an invasin in L. pneumophila), and differs
from SP bacteria in protein expression patterns, morphology,
and some environmental fitness traits. As depicted in the
model presented in Fig. 7, we propose that intracellular vege-
tative bacteria (RFs) differentiate late in infection into cyst-like
MIFs. We further suggest that in nature MIFs are the predom-
inant extracellular planktonic forms that survive in a highly
infectious mode for long periods while between hosts. SP
forms, while capable of developing the transmission phenotype
(34), seem arrested in their developmental program and there-
fore possess a decreased environmental fitness and infectivity.
Clinically, L. pneumophila-infected amoebae or free L. pneu-
mophila-laden vesicles, which are proven sources of MIFs,
might constitute the basic infectious unit commonly aerosol-
ized into the lungs of susceptible humans (9, 13, 58). Interest-
ingly, the noncommunicable nature of Legionnaires’ disease
among humans might be attributed (at least in part) to the less
permissive nature of the alveolar macrophage for promoting
full differentiation of the infectious MIF. Further study of MIF
biology could be of paramount importance in understanding L.
pneumophila pathogenesis, the transmission of Legionnaires’
disease, and, in particular, the regulatory factors controlling its
stage-specific development.
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