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Ultrastructural Analysis of Developmental Events in Chlamydia
pneumoniae-Infected Cells

KATERINA WOLF,! ELIZABETH FISCHER,? anp TED HACKSTADT!*

Host-Parasite Interactions Section, Laboratory of Intracellular Parasites," and Microscopy Branch,? National Institute
of Allergy and Infectious Diseases, National Institutes of Health, Rocky Mountain Laboratories,
Hamilton, Montana 59840

Received 4 October 1999/Returned for modification 18 November 1999/Accepted 11 January 2000

Chlamydia pneumoniae is an obligate intracellular parasite with a developmental cycle believed to be common
to all members of the genus Chlamydia. We present a detailed description based on transmission and scanning
electron microscopy of temporal events and inclusion structures throughout the C. pneumoniae AR-39 devel-

opmental cycle.

Chlamydia pneumoniae is a recently recognized chlamydial
species causing infections of the respiratory tract. It has been
estimated that C. pneumoniae infections are responsible for up
to 10% of all cases of community-acquired pneumonia and 5%
of bronchitis and sinusitis cases (18). C. pneumoniae infections
are ubiquitous. Virtually everyone is infected at some point in
life and reinfections are possible (4). Recently, C. pneumoniae
has been receiving intense interest due to reports of its asso-
ciation with a variety of acute or chronic diseases, including
atherosclerosis (reviewed in reference 4), asthma, sarcoidosis,
otitis media, erythema nodosum, and Reiter’s syndrome (18).
Although the findings obtained so far support an association
with atherosclerosis, the exact role of these bacteria in the
pathogenesis of atherosclerotic lesions is unclear.

Like all chlamydiae, C. pneumoniae undergoes a develop-
mental cycle in which two functionally and morphologically
distinct cell types are recognized. The infectious cell type,
which is specialized for extracellular survival and transmission,
is termed the elementary body (EB). The intracellular, vege-
tative cell type is called the reticulate body (RB). The devel-
opmental cycle is initiated by endocytosis of an EB by a eu-
karyotic host cell. Chlamydiae remain within an intracellular
vacuole, termed an inclusion, for their entire developmental
cycle. Shortly after internalization, EBs begin to reorganize
and differentiate into RBs, which then begin to multiply by
binary fission. Late in the cycle, logarithmic growth ceases as
RBs commence to reorganize into EBs, which are released
upon lysis of the host cell.

The entry and the structure of C. pneumoniae EBs have been
described previously (6, 8, 9, 20, 23, 24). However, little is
known in regard to ultrastructural events throughout the C.
pneumoniae developmental cycle. Indeed, many assumptions
regarding C. pneumoniae development are based on analogies
to C. trachomatis or C. psittaci. In this report we present a
detailed analysis of the C. pneumoniae developmental cycle as
characterized by transmission and scanning electron micros-
copy.

C. pneumoniae AR-39 (CCL 2.1) was purchased from the
American Type Culture Collection and propagated in HeLa
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229 cells. Confluent monolayers of HeLa 229 cells on glass
coverslips in 24-well plates were infected with Renografin-
purified C. pneumoniae at a multiplicity of infection of ~1 by
centrifugation at 900 X g for 1 h (19). After centrifugation,
infected cells were washed twice with SPG (sucrose-phosphate-
glutamate buffer) and incubated in RPMI 1640 supplemented
with 10% fetal calf serum plus 10 pg of gentamicin and 0.9 pg
of cycloheximide per ml. At various time points postinfection,
the infected cells were fixed and processed for electron micros-
copy as previously described (12).

Like those of C. trachomatis (14) and C. psittaci (15), C.
pneumoniae EBs appear to interact initially with microvilli
prior to endocytosis by the host cell (Fig. 1A). Once internal-
ized, the EBs, still retaining their characteristic size and con-
densed nucleoid structure, remain within individual, tightly
membrane-bound vesicles (Fig. 1B). By 8 h postinfection, dif-
ferentiation into RBs is evidenced by the dissociation of the
nucleoid and some increase in size is apparent, although EBs
still containing a condensed nucleoid may be observed (Fig.
1C). At 12 h postinfection, morphologically typical RBs are
present (Fig. 1D), and by 19 h postinfection, multiplication has
begun (Fig. 1E). At 24 and 36 h postinfection (Fig. 1F and G),
the RBs continue to multiply and accumulate within the inclu-
sion and no EBs are yet detected. Note the morphology of the
inclusions, in which RBs are observed throughout the entire
volume. This morphology is distinct from that of C. trachomatis
at an equivalent stage of development, since C. trachomatis
RBs are typically tightly juxtaposed to the inclusion membrane,
with the lumen of the inclusion being devoid of organisms (11).
The developmental cycle becomes asynchronous by 48 h
postinfection as the differentiation of RBs back into EBs is
detected morphologically (Fig. 1H). Typical EBs of appropri-
ate size and with a condensed nucleoid structure are observed,
as are intermediate developmental forms that exhibit a con-
densed nucleoid but have not yet compacted to the dimensions
of EBs. Although EBs and intermediate developmental forms
are detected, typical RBs, some apparently in the process of
binary fission, are still observed. By 60 and 72 h postinfection,
the inclusion consists of RBs and an increasing percentage of
EBs that take on the characteristic pear shape of C. pneu-
moniae EBs (Fig. 1I and J). In addition, the cytoplasmic min-
iature bodies, typical only of C. pneumoniae EBs, become ap-
parent. The intracellular growth of C. pneumoniae is
completed with lysis of the host cell after 84 h postinfection to
release progeny EBs for subsequent rounds of infection.
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The pear shape of C. pneumoniae EBs has been proposed as
a possible criterion for distinguishing C. pneumoniae EBs from
EBs of other chlamydial species (6). However, the diagnostic
value of the pear shape has been questioned (5, 23). Miyashita
and colleagues have shown by scanning electron microscopy
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FIG. 1. The C. pneumoniae AR-39 developmental cycle in HeLa 229 cells. Infected cells were processed for transmission electron microscopy at 0 (A), 2 (B), 8 (C),
12 (D), 19 (E), 24 (F), 36 (G), 48 (H), 60 (I), and 72 (J) h postinfection. Arrowheads indicate intracellular chlamydiae. Scale bars = 1 pm.

that some isolates, including AR-39, display the pear-like mor-
phology but that other isolates, such as YK-41, do not (23).
Thus, this particular morphology does not appear to be com-
mon to all strains of C. pneumoniae. We also observed the pear
shape structure of C. pneumoniae AR-39 by both transmission
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and scanning electron microscopy using procedures that yield
the typical spherical EB structure of C. trachomatis. Figure 2
illustrates the pear shape of C. pneumoniae EBs that appears
to be largely due to a large periplasmic space and a relatively
flexible and pleomorphic outer membrane. Miniature bodies,
which are also considered characteristic of C. pneumoniae EBs,
were also observed. However, these were observed only in the
chlamydial cytoplasm and not in the periplasmic space, as
shown by Chi et al. (6). Although chlamydiae typically are
believed to multiply by binary fission, we occasionally observed
aberrantly large RBs in the apparent process of producing
additional RBs by budding.

In agreement with the results of electron microscopy dem-
onstrating the appearance of EBs by 48 h postinfection, a
one-step growth curve demonstrated the production of infec-
tious progeny EBs by 48 h and their subsequent increase in
number and rapid accumulation (Fig. 3). Unlike C. trachomatis
and C. psittaci EBs, which undergo a significant loss of infec-
tivity within hours following infection, C. pneumoniae EBs dis-
play only about a log-unit decrease in recoverable infectious
units. A likely explanation is that the relatively high multiplicity
of infection necessary to obtain a uniformly infected culture
leads to multiple EBs per cell, some of which do not differen-
tiate into RBs or do so at prolonged intervals.

Scanning electron microscopy of C. pneumoniae AR-39-in-
fected cells at 84 h postinfection revealed the shape of C.
pneumoniae EBs as well as their distribution within the inclu-
sion (Fig. 4), both of which are consistent with the results of
transmission electron microscopy. To prepare the specimens
for scanning electron microscopy, samples were fixed and de-
hydrated prior to critical-point drying in a Bal-Tec model cpd
030 drier (Balzers, Liechtenstein). The coverslips were then
mounted on aluminum studs, and the cells were fractured by
gently touching them with adhesive tape to remove their sur-
faces and to expose intracellular structures. Samples were then
coated with 110 A of chromium in a model IBS/TM200S ion
beam sputterer (VCR Group, South San Francisco, Calif.) and
viewed with a model S-4500 cold-field emission scanning elec-
tron microscope (Hitachi, Tokyo, Japan). C. pneumoniae in-
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FIG. 2. Transmission electron micrograph of a C. pneumoniae inclusion at 72 h postinfection showing details of the mature EBs, including the pear shape as well

as the presence of miniature bodies (arrowheads) within the EBs’ cytoplasms. Arrows indicate sites suggestive of septation and possible generation of C. pneumoniae
RBs by budding from a giant RB located in the lower right corner. Scale bar = 0.5 pm.

clusions are smaller in diameter than inclusions of C. tracho-
matis, but a large number of EBs with very little space between
them could be seen (Fig. 4A and C). This compact structure of
C. pneumoniae inclusions remained intact even after removal
of the inclusion membrane. In addition, the scanning electron
microscopy indicated that C. pneumoniae inclusions do not
fuse, as occurs in cells multiply infected with C. trachomatis (2).
The protracted commitment to development shown above
likely contributes to the appearance of inclusions at different
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FIG. 3. A one-step growth curve of C. pneumoniae AR-39 shows an initial
10-fold decrease in the number of infectious units and the maintenance of this
level up to 36 h postinfection. The number of inclusion-forming units (IFUs)
increases by 48 h postinfection, when the differentiation of RBs to EBs is
initiated. Differentiation continues up to 84 h postinfection.
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FIG. 4. Scanning electron micrographs of C. pneumoniae AR-39 and C. trachomatis 12 inclusions in fractured host cells. (A and B) Presence of several C.
pneumoniae inclusions within individual infected HeLa cells (arrows). Each of these inclusions appears to be at a different stage of maturity. Scale bars = 1 pm. The
remaining panels emphasize the differences in shape between EBs of C. pneumoniae (C and D) and those of C. trachomatis (E and F) and their distribution inside the
inclusion, as well as the different structures of inclusions between these two chlamydial species. Scanning electron microscopy confirmed the pear shape of C.
pneumoniae EBs, and a break in an EB (arrow in panel D) reveals the presence of a large periplasmic space between the cytoplasmic and the outer membranes of the
EBs. Scale bars = 0.5 pm.
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FIG. 5. Phase- and Nomarski differential-interference-contrast images of C. trachomatis (A and B, respectively) and C. pneumoniae (C and D) inclusions. In
comparison to inclusions of C. trachomatis obtained 18 h postinfection, C. pneumoniae inclusions at 36 h postinfection differ in shape and size, although both chlamydiae
reach similar stages of their development at these time points postinfection, characterized by the presence of dividing RBs. This difference is most apparent in the
presence of clear fluid-filled centers in C. trachomatis inclusions, since C. pneumoniae inclusions are filled with RBs. Scale bars = 10 pm.

stages of development observed in multiply infected cells. It is
of interest that in multiply infected cells, the majority of the
inclusions appear to be delayed in maturation. Although asyn-
chronous initiation of the developmental cycle is one possible
explanation for multiple inclusions at different stages of devel-
opment within the same cell, the preferential maturation of
one or two suggests that competition for host-derived nutrients
might be an alternative mechanism. The scanning electron
microscopy also confirmed the presence of a large periplasmic
space between the cytoplasmic and the outer membranes of C.
pneumoniae EBs as well as their pear shape (Fig. 4D) and that
the shape of C. trachomatis EBs remained round (Fig. 4E and
F).

C. pneumoniae inclusions display a morphology and appear-
ance distinct from those of C. trachomatis. Whereas C. tracho-
matis RBs are typically associated closely with and circum-
scribe the inner leaflet of the inclusion membrane (10), C.
pneumoniae RBs appear to be tightly packed throughout the
entire volume of the inclusion. Inclusions of C. pneumoniae
viewed by phase-contrast and Nomarski differential-interfer-
ence-contrast microscopy at 36 h postinfection and inclusions
of C. trachomatis at 18 h postinfection demonstrate the differ-
ences in size, structure, and shape between inclusions of these
two chlamydial species (Fig. 5). Both represent approximately
the same stage of their development, since only dividing RBs
are observed within. Because C. pneumoniae inclusions are
packed with developmental forms and lack the phase-bright

clear center typical of C. trachomatis inclusions, they are more
difficult to visualize by standard light microscopy.

The presence of persistent C. pneumoniae is believed to be a
common sequel of acute respiratory infections with C. pneu-
moniae in humans (13), and persistent chlamydial infection is
thought to play a role in the development of chronic chlamyd-
ial diseases. In many studies demonstrating an association of C.
pneumoniae with heart disease, electron microscopy, PCR, and
immunocytochemical staining are used individually or in com-
bination to detect organisms in atherosclerotic lesions (re-
viewed in reference 3). There are, however, few examples of C.
pneumoniae isolation by culture from atherosclerotic lesion
homogenates of patients with severe coronary artery disease
(16, 25). These observations suggest that C. pneumoniae may
survive under certain circumstances in a condition in which
infectious EBs are not produced. Events triggering such an
alteration of chlamydial development may include activation of
an immune response against chlamydiae. As described for C.
trachomatis, the presence of gamma interferon in the culture
medium leads to formation of abnormal RBs (1). However,
there are a variety of other factors causing growth inhibition,
including the use of B-lactam antibiotics and p-cycloserine and
deviations in the levels of essential nutrients, that can trigger
aberrant chlamydial development (7, 17, 21, 22). These aber-
rant RBs can recover to generate infectious EBs upon removal
of the growth inhibitory factor.

Because chlamydiae in a persistent state may not display
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FIG. 6. Transmission electron micrograph of C. pneumoniae-infected cells treated with ampicillin. (A) Large, abnormal RBs displaying single-cell or no cell division

and multiple electron-dense sites, possibly representing nucleoid condensation, near the chlamydial cell wall (arrowheads). (B) Vesicles of unknown function and origin
surrounded some giant RBs. Scale bars = 0.5 pm.

typical morphology, we induced aberrant C. pneumoniae de-
velopment by culture in the presence of ampicillin to visualize
the morphology of C. pneumoniae in a nonproductive infection
but one which maintains the chlamydiae in a viable state. C.
pneumoniae-infected HeLa cells were incubated for 48 h in the
presence of ampicillin (50 pg/ml) to induce the development of
abnormal RBs. Abnormal RBs are much larger than normal
RBs and undergo little or no cell division. Numerous vesicles
of unknown origin and composition are present in the inclu-
sions surrounding some giant RBs (Fig. 6).

The recovery of infectious EBs from C. pneumoniae and C.
trachomatis abnormal RBs was assessed by blind passaging 24,
48, and 72 h after removal of ampicillin from the culture
media. Neither C. trachomatis nor C. pneumoniae regenerated
infectious EBs by 24 h after removal of ampicillin. However,
33.3% of the original C. trachomatis inoculum but only 0.13%
of the original C. pneumoniae inoculum could be recovered by
48 h of incubation in the absence of the antibiotic. Eighty-six
and seven-tenths percent of the C. trachomatis and 0.22% of
the C. pneumoniae original inocula were obtained by 72 h after
removal of ampicillin. Attempts to recover EBs after incuba-
tion for longer than 72 h after removal of ampicillin were
unsuccessful due to death of the host cells. Ampicillin-induced
C. pneumoniae aberrant RBs thus appear to recover less effi-
ciently than C. trachomatis RBs upon removal of the antibiotic.
This result may be due to a delayed ability to initiate the
developmental cycle of C. pneumoniae abberant RBs following
release from inhibition. Alternatively, this may be due to a
higher eradication rate of C. pneumoniae abnormal RBs by
host cells. The low numbers of EBs recovered after release
from growth inhibition may contribute to the difficulty of cul-
tivating C. pneumoniae organisms from patient samples.

In this work we have emphasized the unique attributes of the
C. pneumoniae developmental cycle, which is otherwise similar
to those of other chlamydial species. This information may
help to overcome some difficulties of successful growth of C.
pneumoniae in vitro and improve recognition of C. pneumoniae
in vivo by documenting the distinctive morphologies of both
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normal inclusions and growth-inhibited aberrant developmen-
tal forms.

We thank H. Caldwell, G. McClarty, M. Scidmore, R. Carabeo, E.
Shaw, and K. Fields for critical review of the manuscript.
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