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Legionella pneumophila is an adaptive pathogen that replicates in the intracellular environment of funda-
mentally divergent hosts (freshwater protozoa and mammalian cells) and is capable of surviving long periods
of starvation in water when between hosts. Physiological adaptation to these quite diverse environments seems
to be accompanied by morphological changes (Garduño et al., p. 82-85, in Marre et al., ed., Legionella, 2001)
and conceivably involves developmental differentiation. In following the fine-structural pathway of L. pneumo-
phila through both in vitro and in vivo growth cycles, we have now discovered that this bacterium displays an
unprecedented number of morphological forms, as revealed in ultrathin sections and freeze-fracture replicas
for transmission electron microscopy. Many of the forms were identified by the obvious ultrastructural
properties of their cell envelope, which included changes in the relative opaqueness of membrane leaflets,
vesiculation, and/or profuse invagination of the inner membrane. These changes were best documented with
image analysis software to obtain intensity tracings of the envelope in cross sections. Also prominent were
changes in the distribution of intramembranous particles (clearly revealed in replicas of freeze-fractured
specimens) and the formation of cytoplasmic inclusions. Our results confirm that L. pneumophila is a highly
pleomorphic bacterium and clarify some early observations suggesting sporogenic differentiation in L. pneu-
mophila. Since morphological changes occurred in a conserved sequence within the growth cycle, our results
also provide strong evidence for the existence of a developmental cycle in L. pneumophila that is likely
accompanied by profound physiological alterations and stage-specific patterns of gene expression.

Legionella pneumophila is a gram-negative bacterial patho-
gen that has evolved to replicate in the intracellular compart-
ment of freshwater amoebae (3, 9, 21). Accidentally, L. pneu-
mophila infects the alveolar macrophages of susceptible
humans and causes the atypical pneumonia known as Legion-
naires’ disease. The intracellular environment not only repre-
sents a survival haven for L. pneumophila but also seems to be
essential for replication, implying that, in spite of its ability to
grow in artificial media in the laboratory, L. pneumophila is a
natural obligate intracellular pathogen (3, 20, 21). After
egressing from a wasted host, extracellular L. pneumophila
survives extended periods of starvation in fresh water (45, 58,
60), perhaps in a nonculturable form (61), until it finds a new
protozoan host.

Central to the pathogenesis and ecology of obligate intra-
cellular bacterial pathogens with an extracellular phase (well-
studied examples being Chlamydia and Coxiella spp.) is the
ability to differentiate into various forms within a developmen-
tal cycle (35, 36, 46, 48, 49, 57). Typically, after or during their
intracellular replication, these pathogens differentiate into a
highly infectious and environmentally resilient form that sur-
vives extracellularly. This combination of traits improves the
odds of finding and infecting new hosts. Upon gaining access to
the intracellular environment of a new host, differentiation into
a replicative (and delicate) intracellular form closes the cycle.

We have presented experimental evidence elsewhere (27) to
suggest that L. pneumophila differentiates intracellularly into a

distinct mature intracellular form (MIF) that is infectious and
environmentally resilient and has a low respiration rate. In
addition, we have observed that MIFs give rise to morpholog-
ically distinct intermediates when placed in nutrient-rich lab-
oratory media, which in turn give rise to replicative forms that
display the morphology typical of gram-negative bacteria (26).
Finally, the fact that MIFs alternate with replicative forms in
each growth cycle strongly suggests the presence of a develop-
mental cycle in L. pneumophila (26, 27).

The intracellular events that follow the invasion of a host cell
by L. pneumophila and lead to the establishment of a special-
ized intracellular compartment known as the replicative vacu-
ole have been well described at the ultrastructural level (1, 10,
29, 39, 51). Regardless of the type of host cell infected (an
amoeba, human macrophage, or other mammalian cell), the
sequence of intracellular morphological events is rather con-
served and involves the alteration of organelle trafficking, a
process largely (albeit not exclusively [40]) mediated by the
Dot/Icm system of L. pneumophila (6, 8, 11, 56). First, the
legionella-containing vacuole associates with numerous vesi-
cles and mitochondria but does not apparently fuse with lyso-
somes or other components of the endocytic pathway. Then,
the vacuole associates with ribosomes and apparently fuses
with the endoplasmic reticulum, an event that somehow cor-
relates with the onset of bacterial replication (1, 63, 64). The
vacuole-endoplasmic reticulum then begins to acquire an un-
usually complex configuration and expands throughout the cy-
toplasm of the infected cell to accommodate the increasing
numbers of replicating bacteria (1, 29, 39, 51). This replicative
vacuole remains associated with ribosomes and mitochondria.
In the late stages of the infection, as the host cell is wasted, the
legionella-containing vacuole matures into a more spherical
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compartment that loses its association with host cell organelles
(1, 29, 51). Finally, the bacteria contained in these mature
vacuoles are released via bacterially mediated lysis of the vac-
uolar membrane (5, 24, 47).

With the aforementioned well-described host cell events of
the L. pneumophila infection, particularly as they occur in
HeLa cells (29), we have documented and timed previously
unrecognized morphological changes that occur during the
bacterial intracellular growth cycle. Also, we have followed the
morphological changes that L. pneumophila experiences when
grown in vitro. Here we report that L. pneumophila has nu-
merous morphologically distinct forms and clearly displays a
stage-specific morphological cycle that is compatible with the
existence of a developmental cycle.

MATERIALS AND METHODS

Bacterial strains. L. pneumophila Philadelphia-1, Lp1-SVir, is a spontaneous
streptomycin-resistant virulent strain obtained from P. S. Hoffman (Dalhousie
University, Halifax, Canada) (37). A local clinical isolate from Halifax, Canada,
L. pneumophila Olda strain 2064 (18), was also used. Strains were kept as frozen
stocks (�70°C) routinely made from infected cultures of HeLa cells. Frozen
stocks were grown on buffered charcoal yeast extract agar (BCYE) (52) for 3 to
5 days at 37°C in a humid incubator and used immediately to infect HeLa cells.
Some cultures were grown in vitro in buffered yeast extract broth (BYE). BYE
was based on the formulation of BCYE, but charcoal and agar were omitted.

HeLa cells and infection protocols. HeLa cells were routinely grown in 100-ml
spinner bottles in Dulbecco’s 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 tissue culture flasks or
multiwell plates (all from Falcon Plastics, Becton Dickinson). HeLa cells in 25-
and 75-cm2 cell culture flasks were typically infected with 1 or 2 ml, respectively,
of a bacterial cell suspension of 109 bacteria/ml (one optical density unit at 620
nm). 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 per ml was added for 90 min. Monolayers were then
washed twice with Earle’s salt solution to remove the medium with gentamicin,
and fresh DMEM with serum but no antibiotics was added.

Purification of intracellular forms. Replicative and mature intracellular bac-
teria were purified from infected HeLa cells in a self-generated, continuous-
density gradient of Percoll by a modification of a previously reported method
(29). In the modified method, the use of Triton X-100 to lyse HeLa cells was
omitted. Therefore, the pelleted infected HeLa cells were lysed in 1 ml of
deionized distilled water (ddH2O) by passing the suspension 10 times through a
27-gauge needle before high-speed centrifugation in Percoll. The band distribu-
tion 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 and
bacteria; the lower bottom band (�1.074 g/ml) contained the intracellular bac-
teria. Bacteria from the lower bottom band were routinely washed twice in
phosphate-buffered saline or ddH2O to remove residual Percoll.

Microscopy. Electron microscopy (EM) was performed with standard proto-
cols in the EM facility of the Faculty of Medicine, Dalhousie University. Briefly,
specimens prepared for thin sectioning were fixed with 2.5% (vol/vol) glutaral-
dehyde in 0.1 M cacodylate buffer, pH 7.2, for 2 h, rinsed with three 10-min
changes of cacodylate buffer, and postfixed with 1% (wt/vol) OsO4 in cacodylate
buffer for 2 h. Alternatively, in an attempt to improve the preservation of the
bacterial cell envelope, we used the Karnovsky fixation protocol (41), which is
based on a combination of freshly depolymerized paraformaldehyde and glutar-
aldehyde as the primary fixative.

For this protocol, 2 g of paraformaldehyde was slowly dissolved in 15 ml of
ddH2O by heating to 60°C and stirring. One to three drops of 1 N NaOH were
added with stirring to completely clear the solution as it cooled to room tem-
perature. Then, 10 ml of 25% (vol/vol) glutaraldehyde was added, and the
volume was brought to 50 ml with 0.2 M cacodylate buffer, pH 7.4 to 7.6. A
modification of the original protocol was not to add CaCl2. Samples were fixed
in Karnovsky fixative for 2 h at room temperature, followed by three 10-min
washes in cacodylate buffer and postfixation in osmium tetroxide as indicated
above. The osmium tetroxide was washed from all specimens with three 10-min
cacodylate buffer changes. All samples were prestained overnight in blocs with

0.25% (wt/vol) aqueous uranyl acetate, dehydrated in a graded series of acetone
up to 100%, and embedded in epoxy (TAAB 812/Araldite) resin. Ultrathin
sections of a gold-silver shade (�80 nm thick) were cut in an LKB Ultracut
microtome with a diamond knife. Ultrathin sections were then poststained for 10
min with 2% (wt/vol) aqueous uranyl acetate, followed by freshly prepared
modified Sato’s lead citrate (34) for 4 min. For the latter, 10 to 30 mg of lead
citrate was dissolved in 10 ml of freshly boiled ddH2O previously cooled to room
temperature and made alkaline with 3 drops of 10 N NaOH. This lead citrate
solution was filtered through a Nalgene syringe filter (0.2-�m pores) before use.

For freeze fracturing, bacteria were either suspended in ddH2O and quick
frozen or treated for 30 min with 20% glycerol or a combination of 20% glycerol
and 2% glutaraldehyde in ddH20 before freezing. To achieve quick freezing, a 2-
to 3-�l drop of a thick suspension of bacteria (1010 to 1011/ml) was placed on gold
stubs and immersed in either liquid Freon 22 or liquid propane held in the top
cavity of a stainless steel rod immersed in liquid nitrogen. Frozen samples were
fractured at �105oC in a Balzers-360 freeze fracture unit (Balzers Instruments,
Balzers, Liechtenstein), in situ shadowed with platinum-carbon (with a Balzers
EVM 052 control unit), and then covered with a thin film of carbon from a
carbon arc resistance gun. The gold stubs were taken from the Balzers-360 unit
and brought to room temperature to melt the replicated specimen. The replicas
were then floated on the surface of clean ddH2O and transferred to a 5.25%
(vol/vol) solution of sodium hypochlorite (by means of a platinum loop) for not
less than 6 h to eliminate residues of organic material. Replicas were floated in
a series of ddH2O drops (to rinse the hypochlorite) and picked up on 200-mesh,
formvar- and carbon-coated grids for observation.

All EM samples were observed in a Philips EM300 transmission electron
microscope operating at 60 kV. Micrographs were taken with a 35-mm camera
with Kodak FGP film. All materials and reagents for EM were obtained from
Marivac Ltd. (Montreal, Canada) and were of biological grade.

Image analysis. Photographic negatives of representative forms showing
unique features were printed to the same magnification (100,000�) on Ilford
Multigrade IV RC Deluxe photographic paper (Ilford Imaging Canada Ltd.,
Markham, Canada). High-definition areas from these prints were scanned in an
Epson ES-1200C scanner (Seiko Epson Co., Nagano, Japan) at a resolution of
1,200 pixels per inch (ca. 470 pixels per cm). The scanned images were then
analyzed, after the concept originally developed by Graham and Beveridge (31),
with the line profile function of the ImagePro 4.0 software (Media Cybernetics
Inc., Silver Spring, Md.). In high-definition areas where the bacterial cell enve-
lope was straight (usually along the sides of longitudinal sections), we performed
perpendicular scans of the envelope with the thick-line option, which yields
average intensity readings of all the pixels found between two preset parallel lines
for each distance increment. High-definition areas at the bacterial cell poles
(where the envelope curves) were typically analyzed with the normal-line option,
which yields single-pixel intensity values along a preset line for each distance
increment.

In contrast to the densitometry values reported by Graham and Beveridge
(31), our digital analysis generated intensity data of the envelope profiles, where
a value of 255 represents pure white (that is, a completely electron-transparent
material) and a value of 0 represents pure black (that is, maximum electron
opacity). Intensity traces across the bacterial cell envelope were produced by
exporting profile data from ImagePro 4.0 into SigmaPlot 5.0 (SPSS Inc., Chicago,
Ill.) and graphing the intensity readings against distance increments (in nano-
meters) across the trace. Our graphs therefore appear inverted in relation to those
based on densitometry measurements and should be interpreted accordingly.

RESULTS

L. pneumophila growth phases in HeLa cells. Using previ-
ously reported morphological and physiological responses of
HeLa cells to L. pneumophila infection (17, 29, 30), we divided
the intracellular growth cycle shown in Fig. 1 into four phases,
centered on the well-defined event of bacterial replication. In
addition, Fig. 1 incorporates intracellular events reported for
other mammalian cells and protozoa (1, 16, 39, 51), as well as
known bacterial responses (referenced in the legend), to allow
a comprehensive application.

The binding of L. pneumophila to surface receptors and its
subsequent uptake into phagosomes (Fig. 1, step 1), together
with the association of the L. pneumophila-containing phago-
somes with vesicles and mitochondria (Fig. 1, step 2), defined
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the prereplicative phase. The early replicative phase was de-
fined by a clear association of L. pneumophila-containing vacu-
oles with ribosomes and what appeared to be the endoplasmic
reticulum (Fig. 1, step 3). Vacuoles could contain one or sev-
eral bacteria (not necessarily undergoing cell division), and the
vacuolar membrane would closely follow the contour of en-
closed bacteria. The late replicative phase was defined by the
formation of complex vacuoles with a multilobular structure
(perhaps formed by the endoplasmic reticulum) containing
numerous bacteria clearly undergoing cell division (Fig. 1, step
4). The vacuolar membrane became considerably expanded
but continued to be associated with both ribosomes and mito-
chondria and often tightly followed the contour of the enclosed
bacteria. Finally, the postreplicative phase was characterized
by the presence of nonreplicating bacteria loosely contained in
a vacuole exhibiting a more spherical outline and not associ-

ated with cell organelles (Fig. 1, step 5). Free legionella-laden
vesicles were commonly seen floating in the culture superna-
tant at this stage.

We used these well-defined host cell responses as timing
landmarks for the L. pneumophila intracellular cycle; there-
fore, our emphasis remained focused on bacterial morphology.
Except for those specimens processed by freeze fracture, the
morphological observations presented below contain strictly
two-dimensional information, as seen in ultrathin sections.

L. pneumophila morphology in the prereplicative phase. Be-
cause we initiated infection with two different types of inocu-
lum, we describe each separately.

(i) Infection with plate-grown L. pneumophila. The plate-
grown rods used in the inoculation exhibited a diameter that
varied from 0.3 to 0.5 �m and a length of between 1.5 and
3.0 �m (Fig. 2A). The cytoplasmic region was rich in ribosomes

FIG. 1. Schematic representation of intracellular and extracellular growth cycles of L. pneumophila. 1, Different L. pneumophila forms may
attach to and enter a host cell (protozoan, macrophage, or cell line). Surface-exposed Hsp60, at least in part, mediates attachment and cell entry
(28). Mature intracellular forms (MIFs) are often internalized by macrophages through coiling phagocytosis (15, 16). 2, After entry, MIFs and
stationary-phase bacteria grown in vitro downregulate flagellar genes (13), inhibit phagosome-lysosome fusion (40), and recruit vesicles and
mitochondria around the phagosome (20, 29, 39, 51). Exponential-phase replicative bacteria cannot effectively proceed through this step (40).
Synthesis of Hsp60 is upregulated, and this protein is released into the phagosomal space (19). Expression of the Dot/Icm proteins (6, 11, 56, 59)
and other factors (40) is required to abolish phagosome-lysosome function and further conditioning of the phagosome. 3, The phagosome
associates with the endoplasmic reticulum (ER) (1, 63, 64) to form the replicative compartment. Active replication takes place in ribosome-studded
vacuoles. While we have depicted the endoplasmic reticulum and the legionella-containing vacuole as separate entities that remain associated, it
has recently been suggested that they form a single continuous compartment (64). The pattern of L. pneumophila protein expression changes (2,
62), and Hsp60 accumulates in the vacuolar space (25). 4, Intermediate forms with a distinct morphology and tinctorial properties arise (27), while
replication continues. 5, Termination of intracellular replication leads to full differentiation of MIFs, which acquire a full-virulence phenotype (16,
27, 55) as well as a bright red color after the Gimenez stain and numerous inclusions (16, 26, 27, 29). Flagellum expression and cytotoxicity are
upregulated (13), and the abilities to lyse the vacuolar membrane (5) and assemble DotO/H proteins on the bacterial cell surface (65) are induced.
6, MIFs are released to the extracellular medium, either free or inside vesicles. The released bacteria may carry bound host proteins (7) and display
unique ultrastructural, physiological, and surface properties (7, 15, 16, 27). 7, MIFs or MIF-packed vesicles (9, 12, 55) may initiate another
intracellular cycle. 8, Released MIFs may also start an extracellular growth cycle. Because MIFs do not replicate, differentiation into a replicative
intermediate is required (26). 9, Intermediates eventually differentiate into the exponential-phase, actively replicating form (26). 10, In the
extracellular growth cycle, L. pneumophila alternates between exponential-phase forms and stationary-phase forms (13). Entry into stationary
phase is linked to enhanced virulence and improved resistance to environmental challenges, likely through a complex regulatory network (13, 33).
The changing colors of bacteria reflect their tinctorial properties after the Giménez stain. Red is regarded as a Giménez-positive stain, green as
a Giménez-negative stain, and purple as a Giménez-intermediate stain (27).
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and uniform in electron density. Besides the nucleoid and
small inclusions, sectioned bacteria depicted no other sig-
nificant substructure. Rods displayed a typical gram-nega-
tive envelope consisting of clearly defined outer and inner
membranes of equal width (�7.5 nm). The outer membrane
appeared wavy, and the periplasmic region between the outer
and cytoplasmic membranes was electron lucent, with no dis-
cernible peptidoglycan layer. At 6 h postinfection, the inocu-
lated rods were found bound to the HeLa cell surface or in
vacuoles, either singly or in small groups of two to three (Fig.
2B and C), with no changed morphology. Surface-bound bac-
teria and bacteria contained singly in peripheral phagosomes
were also seen in specimens fixed at 12 h postinfection. At this
time, the vacuoles containing bacteria, initially found in the
periphery of HeLa cells, took a more central cytoplasmic po-
sition as they became associated with mitochondria (Fig. 2D).

(ii) Infection with L. pneumophila grown in HeLa cells. The
unique general morphology of host cell-grown L. pneumophila
has been described previously (16, 27, 29) and will be further
described in great detail in a later section. At 3 to 6 h postin-
fection, HeLa cell-grown bacteria were seen bound to the
surface of HeLa cells (much more often than plate-grown
legionellae) (Fig. 2E) or singly internalized in vacuoles fre-
quently surrounded by a cloud of vesicles and mitochondria
(Fig. 2F). There was no change in bacterial morphology (in
relation to the inoculum) during the prereplicative phase.

L. pneumophila morphology in the early replicative phase.
The first stages of this phase (observed as early as 6 h postin-
fection) were marked by an expansion of the legionella-con-
taining vacuole, which created a space much greater than nec-
essary to house the enclosed SVir or 2064 bacteria (Fig. 3A
and B). However, at later times (�12 h postinfection), SVir
legionellae were found surrounded more tightly by the vacuo-
lar membrane (Fig. 3C and D). This apparent contraction of
the once expanded vacuolar membrane was only seen in less
than 5% of the vacuoles containing legionellae of the 2064
strain. The key event of this phase, however, was the decora-
tion of the cytoplasmic side of the vacuolar membrane with
ribosomes and/or its apparent association-fusion with the
rough endoplasmic reticulum (64), marked with arrowheads in
most of the panels of Fig. 3. In relation to the 6-h specimens
(containing up to three bacteria per phagosome), the number
of bacteria per vacuole at 12 h postinfection had increased by
10-fold (Fig. 3E). This sharp increase in bacterial numbers per
vacuole clearly entailed bacterial multiplication. Up to this
time, no major changes in bacterial morphology occurred in
relation to the original plate-grown inoculum; a minor change
perhaps including a more tapered appearance of the bacterial
poles.

Importantly, in specimens inoculated with HeLa-grown
L. pneumophila, the bacteria contained in early-replicative-

phase vacuoles decorated with ribosomes now displayed a stan-
dard gram-negative envelope ultrastructure and a uniform cy-
toplasm rich in ribosomes with no significant substructure
(Fig. 3F). This clearly implied that the unusual morphology of
HeLa-grown L. pneumophila (see below) had dramatically re-
verted to that typical of plate-grown or replicative legionellae.
Unfortunately, we were unable to definitely identify any mor-
phological intermediates in vacuoles of HeLa cells infected
with HeLa-grown legionellae even after a thorough observa-
tion of numerous ultrathin sections. In all cases, cell division
occurred through a pinching, nonseptated process, as shown in
Fig. 3D.

L. pneumophila morphology in the late replicative phase.
Contrasting morphological changes were evident in replicating
bacteria contained in multilobular large vacuoles. The major-
ity of sectioned bacteria at this phase (�70%) developed a
very apparent waviness (sharp ripples) in their outer mem-
brane (Fig. 4A). Another 13% developed a rather straight out-
er membrane and a difficult-to-resolve inner membrane. The
membranes, periplasm, and cytoplasm acquired a remarkably
homogeneous electron density throughout (Fig. 4B). For the
2064 strain, outer membranes with sharp ripples could be seen
as early as 12 h postinfection (Fig. 4C), but they were also
apparent in the late replicative phase (12 to 25 h) (Fig. 4D,
arrows). Finally, about 4% of the sectioned bacteria clearly
showed invaginations of the inner membrane (Fig. 4E, arrow-
heads).

In this late replicative phase, cytoplasmic inclusions became
evident in all the described morphological forms, but clearly
were more abundant in those bacteria depicting an outer mem-
brane with ripples or a straight envelope (of which 32% and
50%, respectively, had inclusions). The number of bacteria per
replicative vacuole reached its maximum (up to 100 bacteria
per sectioned vacuole) during this phase (Fig. 4F). As depicted
in Fig. 4F, different morphological types could be found within
the same vacuole, implying that at this time, the differentiation
process either was not synchronous or was independently con-
trolled in each vacuole.

L. pneumophila morphology in the postreplicative phase. In
the final stages of HeLa cell infection (recognized by the pres-
ence of enlarged spherical vacuoles loosely containing bacteria
no longer undergoing cell division), L. pneumophila experi-
enced dramatic changes in morphology (Fig. 5). Postreplica-
tive-phase bacteria (previously referred to as mature intracel-
lular forms [MIFs]) (26, 27, 38) were seen as short rods with
blunt ends and a very pleomorphic envelope. It should be
recognized that the term MIF is used here to represent a
distinct morphological group and not a single form. Therefore,
MIFs include forms with the following dominant features: (i)
long inner membrane invaginations (i.e., multilayered enve-
lope) (Fig. 5A), (ii) a thickening of the inner leaflet of the

FIG. 2. L. pneumophila morphology in the prereplicative phase. (A) Plate-grown legionellae (strain 2064 shown) with a standard gram-negative
morphology, used as the inoculum to infect HeLa cells. (B) The overall bacterial morphology did not change during binding or internalization
(strain SVir at 6 h postinfection shown). (C) More than one morphologically unchanged bacterium (SVir shown) could colocalize in early vacuoles.
(D) Morphologically unchanged bacterium (SVir shown) in a vacuole surrounded by mitochondria (m) and vesicles. (E) HeLa-grown legionellae
(SVir shown) tightly bound to the surface of a HeLa cell. Note the unique envelope morphology (multimembranous envelope) (arrows) of the
bound bacteria and the prominent inclusion (Inc) in one of them. (F) HeLa-grown legionellae (2064 shown) inside an early vacuole surrounded
by a multitude of vesicles. Note the bubble in the bacterial cytoplasmic region produced by a poorly embedded inclusion. Bars, 0.5 �m.
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FIG. 3. L. pneumophila morphology in the early replicative phase. Loose enlarged vacuoles associated with rough endoplasmic reticulum
(arrowheads) and containing morphologically unchanged 2064 (A) or SVir (B) bacteria from a plate-grown inoculum, at about 6 h postinfection.
(C) At 12 h postinfection, morphologically unchanged SVir bacterial cells from a plate-grown inoculum were often seen individually contained in
tight vacuoles. (D) Morphologically unchanged and replicating SVir bacteria from a plate-grown inoculum in tight vacuoles that followed the contour of
the enclosed bacteria. (E) Many vacuoles prominently surrounded by ribosomes and/or rough endoplasmic reticulum contained numerous bacteria (SVir
shown at 12 h postinfection). Note the vacuolar membrane closely following the contour of the contained bacteria. (F) Bacteria from a HeLa cell-grown
inoculum singly contained in tight vacuoles and showing the replicative morphology (strain 2064 at about 20 h postinfection). Bars, 0.5 �m.
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outer membrane (i.e., banded envelope) (Fig. 5B), and (iii) an
irregular shape and dense cytoplasm (Fig. 5C and D).

A typical in vacuole bacterial population consisted of cells
exhibiting one of these dominant features alone or combina-
tions of two or three features in the following proportions:
banded alone, 21.4%; banded with an irregular shape, 23.4%;
banded and multilayered, 6.5%; banded with an irregular
shape and multilayered, 11.0%; multilayered alone, 18.8%;
and multilayered with an irregular shape, 18.8%. More than
70% of MIFs contained inclusions (1 to 5 per sectioned bac-
terium). Although sometimes the long invaginations of the
inner membrane ran along the cytoplasmic inclusions, our ob-
servations did not agree with those of Keel et al. (43), who
reported that intracellular inclusions are membrane bound.

Putative morphological intermediates of the replicative-to-
mature-form transition. In an attempt to increase the likeli-
hood of identifying short-lived morphological intermediates,
we purified the infecting bacteria from several 75-cm2 HeLa
monolayers in self-generated, continuous-density gradients.
Bacteria were harvested in mid- to late exponential phase,
previously determined to occur at �36 h postinfection (27).
This allowed the examination of much larger numbers of bac-
teria than found inside the vacuoles of infected cells, providing
the opportunity to evaluate a broader range of legionellar
forms.

Besides replicating bacteria with a typical gram-negative en-
velope, which comprised up to 45% of the purified bacteria, we
found two other morphologically distinct forms. In agreement
with our in vacuole observations (Fig. 4A to D), the most
abundant of these two forms (�40% of the purified bacteria)
showed a very wavy outer membrane (Fig. 6A) and was con-
sidered to be equivalent to the form with sharp ripples shown
in Fig. 4A and C. Interestingly, the outer membrane ripples of
the purified forms had a longer wavelength than those of the
intravacuolar forms. A morphological feature clearly present
in the purified forms but not observed in the intravacuolar
forms with wavy outer membranes was what we interpreted as
cytoplasmic fragmentation (Fig. 6B), which in some cases was
rather extreme (Fig. 6C).

The other form (�15% of the purified bacteria) depicted
a high degree of envelope smoothness (very straight outer
membranes). Because the electron density was quite uniform
throughout these forms, the inner membrane was difficult to
discern (as in the form marked with an arrow in Fig. 6D).
These intermediate forms with straight outer membranes
could depict either small or no inclusions (Fig. 6D) or prom-
inent inclusions (Fig. 6E). In vacuole equivalents to these
forms were identified (e.g., Fig. 4B). A variant of these forms
with straight outer membranes (only seen in less than 5% of
the purified bacteria) displayed stretches of well-defined mem-
branes and an incipient thick layer (Fig. 6F). In vacuole equi-
valents of these forms were also found (not shown).

Morphological intermediates of the mature-to-replicative-
form transition in vitro. It was mentioned above (L. pneumo-
phila morphology in the early replicative phase) that we were
unable to definitely identify in vacuole morphological interme-
diates of the MIF-to-replicative-form transition. Therefore, we
grew purified MIFs in vitro (previously reported to yield mor-
phological intermediates [26]) to carry out a detailed ultra-
structural analysis of observable changes. Purified MIFs were

incubated in BYE broth at 37°C, and samples were taken at
different times for ultrastructural observations and to perform
viable-cell counts. We confirmed previous observations of “in-
termediate” forms beginning to show up at the end of a long
lag phase and the onset of bacterial replication. A striking
feature of these intermediates was the presence of a loose wavy
outer membrane and a well-defined periplasm containing ves-
icles (marked with arrows in Fig. 7A and B). A number of
sections again depicted a standard gram-negative ultrastruc-
ture typical of replicative legionellae, i.e., no prominent inclu-
sions, a well-defined outer membrane, and a ribosome-rich
cytoplasm (Fig. 7B).

Within the exponential phase of growth in BYE broth, the
forms with a standard replicative morphology reached almost
100% (Fig. 7C), but during stationary phase, up to 30% of the
sectioned bacteria displayed internal membranes (sometimes
very difficult to distinguish) stacked similarly to those in the
postreplicative-phase MIFs (Fig. 7D). We did not observe sta-
tionary-phase forms with a thick layer or irregular dark lami-
nated envelopes, confirming that they never fully acquired all
the complex characteristics of MIFs, as reported previously
(27).

L. pneumophila envelope profiles. Envelope profiles were
best depicted as plots of pixel intensity (i.e., an inverse corre-
late of electron density) versus distance across the envelope.
Plots constituted an unbiased way to characterize the physical-
morphological properties of the membranes and layers that
formed the envelope of the many different forms described, as
well as the size and electron density of the periplasm. We could
classify all the profiles analyzed into five major groups showing
very distinctive features (Fig. 8).

Group 1 included what we called the standard gram-negative
envelope, clearly displaying an inner membrane, an electron-
lucent periplasmic space, and a wavy outer membrane. The two
leaflets of the inner and outer membranes had a similar spac-
ing and intensity (Fig. 8A). All replicative forms displayed this
profile in vitro and in vivo, as did the majority (70 to 80%) of
stationary-phase forms in vitro. When HeLa cells were infected
with bacteria grown in vitro, this envelope morphology pre-
vailed until the late replicative phase, when intermediate forms
with different envelope profiles began to appear.

Group 2 included all profiles with a defined inner and outer
membrane, generally very straight (smooth), and a thick, elec-
tron-dense layer associated with the inner leaflet of the outer
membrane (Fig. 8B). Image analysis clearly indicated that this
thick layer constituted a distinct structure, as indicated by the
wide dark peak overlapping that corresponding to the inner
leaflet of the outer membrane (IL-OM in Fig. 8B), which
appeared at the conserved distance of �5 nm from the outer
leaflet of the outer membrane. In all cases, an electron-trans-
lucent region between the dense band and the inner membrane
(corresponding to the periplasmic space) was still evident (Fig.
8B). It should be noted that a consistent characteristic of the
profiles within this group was the difference in intensity be-
tween the two leaflets of the inner and outer membrane, re-
flected as peaks of different depth (Fig. 8B). Group 2 profiles
were restricted to late-replicative-phase forms (e.g., Fig. 6F)
and to postreplicative-phase forms.

Profiles showing more than two membrane bilayers were
placed in group 3. Although the most common number of
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stacked bilayers was four (including the outer membrane), as
shown in Fig. 8C, envelopes with as many as six bilayers in total
were not unusual (Fig. 8D). Examples of three stacked bilayers
(Fig. 8E) were rare, as this configuration implies that the large
central compartment (marked with a p) corresponds to an
enlarged periplasmic space. The outer membrane in the pro-
files of group 3 could be associated (or not) with a thick
electron-dense layer. The profile depicted in Fig. 8C strongly
suggested that the internal membranes were invaginations of
the inner membrane. On the one hand, the relative intensities
of the two leaflets (peak’s height) were a mirror image of the

immediate-neighbor membrane. On the other hand, the ma-
terial present between internal membranes alternated between
light and dark. The electron-dense dark material, usually laid
between the inner membrane and first internal membrane (and
between the fourth and fifth membranes in Fig. 8D) most likely
corresponded to the cytoplasm, whereas the electron-light ma-
terial between the first and second internal membranes (or
between the fifth and sixth internal membranes in Fig. 8D)
most likely corresponded to the periplasm. Multimembranous
envelopes did not always show a marked density differential
between leaflets and were typically present in postreplicative-

FIG. 5. L. pneumophila morphology in the postreplicative phase. (A) Extended invaginations of the inner membrane that resulted in a
multilayered envelope (SVir strain shown at 48 h postinfection). Bar, 0.25 �m. (B) Section of SVir (bacterium found free in the supernatant of
infected HeLa cells 3 days postinfection) showing the characteristic thick layer associated with the inner leaflet of the outer membrane (arrow).
Postreplicative SVir forms typically had irregular shapes, as shown in specimens fixed with our standard protocol (C) (bar, 0.1 �m) or the
Karnovsky fixation protocol (D) (bar, 0.25 �m). Note that the Karnovsky protocol yielded slightly smoother envelopes.

FIG. 4. L. pneumophila morphology in late replicative phase. (A) SVir bacteria displaying an electron-dense cytoplasm and an outer membrane
with sharp ripples, 25 h postinfection. Note that these morphologically distinct bacteria coexisted with bacteria displaying a standard gram-negative
envelope and a less electron-dense cytoplasm. (B) Some bacteria (strain 2064 from a HeLa cell-grown inoculum is shown at 21 h postinfection)
developed a rather straight (smooth) outer membrane. The envelope in these bacteria was often difficult to resolve. (C) In the 2064 strain, forms
with sharp ripples could be seen at 12 h postinfection but also persisted until later times (D) (arrows), when they coexisted with the smooth-
outer-membrane intermediates. (E) Late-replicating bacteria (SVir shown at 25 h postinfection) showed invaginations of the inner membrane
(arrowheads). (F) Intricate replicative vacuole containing numerous SVir bacteria with some of the distinctive morphologies described for panels
A to E is shown. Bars, 0.5 �m.
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FIG. 6. Morphological forms present in purified populations of replicating intracellular legionellae. (A) Intermediate SVir replicative form with
sharp ripples in the outer membrane. (B) SVir intermediate with wavy outer membrane and fragmented cytoplasm at one of the poles (arrow).
(C) SVir bacterium depicting pronounced fragmentation. The form shown appears to have been fragmented, possibly due to excessive membrane
invagination. (D) Intermediate strain 2064 form (arrow) with a very homogeneous appearance and very straight membranes. Note the morpho-
logical differences between this form and the neighbor form above it, which has a typical gram-negative envelope ultrastructure. (E) An
intermediate SVir form (arrow) with a very straight outer membrane, a difficult-to-resolve inner membrane, and prominent well-defined inclusions
(Inc). (F) Replicative 2064 intermediate similar to that shown in panel D but displaying an incipient thick layer (arrow). Bars, 0.5 �m.
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phase forms as well as in a small proportion of stationary-phase
forms in vitro. Interestingly, the multimembranous envelopes
of stationary-phase forms had no evidence of a distinct outer
membrane and periplasm, as all structures had a very similar
intensity (e.g., Fig. 7D).

Group 4 comprised all profiles with no well-resolved inner
membrane. At first, we were hesitant to include these profiles
as a group because their distinctive characteristic could be the
result of a processing artifact. However, we encountered nu-
merous examples of envelopes with a visually unresolved inner
membrane side by side with impeccably preserved envelopes,
suggesting that this characteristic was not the result of a gen-
eral fixation deficiency. On the other hand, the outer mem-
brane was, in most cases, quite well preserved (e.g., Fig. 8F).
Envelopes of group 4 were typically associated with interme-

diates found exclusively in late replicative phase (e.g., Fig. 4B
and D).

In group 5, an electron-dense thick layer (introduced as the
distinctive characteristic of group 2) was apparently embedded
in a very dense periplasm, in turn bordered by membranes that
were also dense. The overall appearance of these envelopes
was that of a spore-like laminated coat (Fig. 8G). In extreme
cases, a defining outer membrane or other substructural details
were barely visible, and the thick envelope appeared as a single
dark layer with a striking similarity to a gram-positive cell wall.
Group 5 profiles were restricted to postreplicative-phase MIFs.

Freeze-fractured specimens. L. pneumophila MIFs and in
vitro-grown legionellae (cultured in BYE broth or BCYE agar
plates) showed a number of important morphological differ-
ences when studied by freeze fracture. Although some agar-

FIG. 7. In vitro intermediates of the MIF-to-replicative-form transition. (A) Strain 2064 intermediate depicting intraperiplasmic vesicles
(arrow). (B) An SVir intermediate with several intraperiplasmic vesicles (arrow) is shown side by side with a section of a replicating bacterium
depicting a standard gram-negative ultrastructure. (C) Typical replicative 2064 forms derived from MIFs �20 h after inoculation into BYE broth.
(D) Stationary-phase 2064 intermediate with multiple internal membranes but a generally unresolved envelope. Bars, 0.5 �m.
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FIG. 8. Envelope profiles comprising different groups of legionellar forms. Electron micrographs shown on the left side were used to obtain the
envelope profiles shown to the right of each panel. (A) Group 1 pattern consisted of the typical gram-negative envelope with inner and outer
membranes separated by a periplasmic space. Bar, 20 nm. (B) Group 2 pattern included all the banded envelopes (displaying a thick layer in the
inner leaflet of the outer membrane) but no internal cytoplasmic membranes. Bar, 20 nm. (C) Group 3 included all envelopes with internal
cytoplasmic membranes with or without a band. The profile shown corresponds to a four-membrane envelope, the most commonly observed in this
group. Notice the differences in intensity (peak depths) between the two leaflets of each membrane layer. Bar, 50 nm. (D) Micrograph with no
accompanying profile showing a section of an envelope with a total of six membranes, including the outer membrane. Bar, 50 nm. (E) Micrograph
with no profile showing a bacterial section with a three-membrane envelope. The central compartment labeled P likely corresponds to an enlarged
periplasm. Bar, 100 nm. (F) Group 4 profiles included all envelopes with an unresolved inner membrane. Although the scan showed putative peaks
for the inner membrane, they were too shallow, indicating that the intensities of the membrane and surrounding plasma were very similar. Bar,
20 nm. (G) Group 5 represents spore-like envelopes with an electron-dense periplasm and a multilayered appearance. The outer membrane
remained unresolved. Bar, 20 nm. OL-IM, outer leaflet of the inner membrane; IL-IM, inner leaflet of the inner membrane; OL-OM, outer leaflet
of the outer membrane; IL-OM, inner leaflet of the outer membrane; P, periplasm; C, cytoplasm; E, extracellular space.
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grown legionellae displayed spherical cytoplasmic inclusions,
virtually every MIF that was fractured across the cytoplasm
displayed voluminous inclusions (Fig. 9A and B). Another
striking and quite conserved feature of MIFs was their very
uneven distribution of intramembranous particles in the inner

membrane (Fig. 9A and B). In contrast, inner membranes of
agar-grown legionellae displayed evenly distributed intramem-
branous particles (Fig. 9C).

To attempt the analysis of intermediate forms by freeze
fracture, we prepared specimens from early growth on plates

FIG. 8—Continued.

VOL. 184, 2002 MORPHOLOGICAL CYCLE OF L. PNEUMOPHILA 7037



inoculated with MIFs. We were able to confirm the presence of
periplasmic vesicles (Fig. 9D), previously shown in thin sec-
tions in Fig. 7A and B, implying that these structures cannot be
accounted for by processing artifacts alone, as sectioned and
fractured specimens were processed and fixed in a fundamen-
tally different way. Importantly, the asymmetric distribution of
intramembranous particles in MIFs was lost after growth in
vitro, and they appeared homogeneously distributed in most
fractures (Fig. 9D).

DISCUSSION

The notion that L. pneumophila differentiates during its in-
tracellular replication in HeLa cells has been advanced previ-
ously (26, 27, 29, 38), as has the inappropriateness of the
macrophage model to provide an extended time window to
study intracellular events or promote legionellar differentiation
(27, 29). Our detailed electron microscopy studies now show
that L. pneumophila follows a stage-specific morphological cy-
cle, closely associated with the occurrence of intracellular
events in the host cell. The fact that two unrelated and geo-
graphically separated strains of L. pneumophila serogroup 1
(Philadelphia-1 and Olda) showed very similar morphological
cycles implies that this is a conserved trait of the species.
Figure 1 schematically summarizes the developmental stages
of L. pneumophila, depicting the major morphological forms as
we understand them to date. From this, it is clear that this
bacterium is highly pleomorphic during its intracellular and
extracellular growth cycles.

The total number of legionellar forms identified here was
eight. Three forms were identified in vitro: (i) actively repli-
cating, exponential-phase form, (ii) stationary-phase form, and
(iii) intermediate form arising when MIFs were placed in BYE
broth. The remaining five forms were identified in association
with HeLa cells: (iv) early-replicative-phase form, morpholog-
ically similar to the exponential-phase replicative form; (v)
intermediate, with sharp ripples in the outer membrane emerg-
ing in late-replicative-phase vacuoles; (vi) intermediate, with a
straight outer membrane and a difficult-to-distinguish inner
membrane; (vii) late-replicative-phase intermediate, with a
thick layer (with or without inclusions); and (viii) the mature
forms arising late in infection (MIFs), with their various enve-
lope configurations and irregular shapes. There were clear
morphological similarities between extracellular exponential-
phase forms and intracellular early-replicative-phase forms
and between stationary-phase forms and some late-replicative-
phase intermediates, but their physiological equivalence has
not yet been established.

Crucial to the consolidation and reconstruction of the mor-
phological cycle presented here was the identification of inter-
mediates, mostly made possible through observations in vitro
(MIF-to-replicative-form transition) or in purified infecting
bacteria (replicative form-to-MIF transition). The disadvan-
tage of this approach was that bacterial ultrastructure was
examined in the absence of reference markers (defined by the
host cell response), which are needed for accurate timing.
Nevertheless, it was possible to find in vacuole equivalents of
the replicative form-to-MIF transition intermediates, with the
exception of forms with fragmented cytoplasm. To our satis-
faction, these in vacuole equivalents resided in late-replicative-

phase vacuoles, a phase of the cycle that is expected to gener-
ate intermediates. It is unclear at this point whether the forms
with fragmented cytoplasm were artifacts of the purification
process, but even in such a case, it is clear that this particular
intermediate responded differently to the sample preparation
process, suggesting unique structural differences from the
other unfragmented forms.

Numerous reports showing the pleomorphic nature of L.
pneumophila can now be interpreted in the context of a devel-
opmental program. Thus, previously observed morphological
variants of L. pneumophila (14, 51, 53, 54) and even some
(albeit not all) of the bizarre-looking or spore-like forms re-
ported by Katz and Nash (42) could be regarded as differen-
tiated legionellar forms with a defined function. The work of
Gress et al. (32) suggests the existence of a developmental
cycle in Legionalla micdadei. The thick electron-dense layer of
the “banded form” of L. micdadei (32) is strikingly similar to
that present in postreplicative forms (MIFs) of L. pneumo-
phila. As we observed with MIFs (27, 29), Gress et al. (32)
observed that the banded forms appeared late in infection and
did not undergo cell division, as judged by electron microscopy.
The “unbanded” morphology of L. micdadei (32) was preva-
lent in agar-grown bacteria and likely equivalent to the L.
pneumophila replicative forms reported here as having a stan-
dard gram-negative morphology.

Many other ultrastructural features observed in this study
(and used to identify different forms) have been reported pre-
viously. For example, Keel et al. (43) showed legionellar forms
with intracytoplasmic membranes and stated that these were
extensive in intracellular bacteria. Neblett et al. (50) showed
three different legionellar forms, one with a wavy outer mem-
brane (clearly equivalent to the typical replicative form de-
scribed here) and two intermediate forms with straight outer
membranes and an unresolved inner membrane (also reported
by Gress et al. [32], Rodgers [53], and Flesher et al. [22]). The
fact that the inner membrane could not be visually resolved in
the smooth-envelope intermediates does not necessarily mean
that these forms were single membraned. Differentiated legio-
nellar forms and intermediates can also be seen in previously
published micrographs of infected amoebae (44, 55), showing
ultrastructural similarities to the forms presented here.

A consistent observation by investigators who have per-
formed ultrastructural studies with Legionella spp. is the ab-
sence of a defined peptidoglycan layer, in spite of chemical
evidence substantiating its existence (43). In our studies, we
also rarely encountered evidence of a peptidoglycan layer.
Therefore, it should be very interesting to prove whether the
thick electron-dense layer, typical of postreplicative forms, is a
thickened peptidoglycan layer, as proposed by Gress et al. (32).
The increase in electron density of the periplasm seen in some
mature forms, together with the presence of a thick layer of
similar density, indeed produced forms with an apparent
spore-like laminated envelope. In some cases these forms had
irregular shapes and were quite similar to the spore-like forms
reported by Katz and Nash (42) (Fig. 5C and 8G). However,
the fact that these authors’ preparations were contaminated
with a gram-positive bacterium that multiplied by septation
leaves any possible correlation unresolved.

Although L. pneumophila does not form spores in any of its
life stages, a legionella-specific monoclonal antibody has been
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reported to cross-react with spores but not vegetative cells of
the gram-positive bacterium Bacillus cereus (23). While difficult
to interpret, this observation may indicate that some unusual
antigens of L. pneumophila may be functionally similar to com-
ponents of gram-positive spores.

Experimental evidence published elsewhere (27) indicates
that stationary-phase forms appear to represent intermediates
in the differentiation process to produce MIFs. The presence
of multimembranous envelopes (apparently formed as a result
of invaginations of the inner membrane) in stationary-phase
L. pneumophila suggests that this trait is acquired early in the
maturation process. In fact, we interpreted the presence of
multimembranous envelopes in late-replicative-phase forms
(Fig. 4E) as a definite sign of early maturation and reasoned

that this feature implies an active synthesis of membrane lipids.
The asymmetric distribution (polarization) of intramembra-
nous particles in MIFs and the relative changes in electron
density in different components of their complex envelope
further suggested an important metabolic conversion. If the
host cell exclusively provides the metabolites required to effect
these changes, this would partially explain why L. pneumophila
cannot complete its differentiation in vitro. In this respect, our
current documentation of defined morphological changes, pre-
sented here as evidence for a developmental cycle in L. pneu-
mophila, has marked a pathway to be followed by physiological,
biochemical, and genetic studies aimed at reconstructing the
molecular process of differentiation and identifying the genes
(4) that orchestrate it.

FIG. 9. Freeze fracture analysis of agar-grown and postreplicative SVir forms. (A and B) Fracture replicas of MIFs, showing both cytoplasmic
inclusions and an uneven distribution of intramembranous particles in the inner membrane. (C) Fracture replicas of agar-grown bacteria. Notice
the lack of inclusions in the exposed fractures across the cytoplasm and the even distribution of intramembranous particles in the inner membrane.
(D) Fracture replicas of MIFs after they were grown on BCYE plates to form a visible film. It was common to see small vesicles in areas
corresponding to the periplasm (arrowheads) and inner membranes with evenly distributed intramembranous particles. Bars, 1.0 �m.
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