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The human pathogen Chlamydia trachomatis is an obligate intracellular bacterium with a unique develop-
mental cycle. Within the host cell cytoplasm, it resides within a membrane-bound compartment, the inclusion.
A distinguishing characteristic of the C. trachomatis life cycle is the fusion of the chlamydia-containing
inclusions with each other in the host cell cytoplasm. We report that fusion of inclusions does not occur at 32°C
in multiple mammalian cell lines and with three different serovars of C. trachomatis. The inhibition of fusion
was inclusion specific; the fusion with sphingolipid-containing secretory vesicles and the interaction with early
endosomes were unaffected by incubation at 32°C. The inhibition of fusion of the inclusions was not primarily
the result of delayed maturation of the inclusion, as infectious progeny was produced in host cells incubated
at 32°C, and the unfused inclusions remained competent to fuse up to 48 h postinfection. The ability to reverse
the inhibition of fusion by shifting the infected cells from 32 to 37°C allowed the measurement of the rate and
the time of fusion of the inclusions after entry of the bacteria. Most significantly, we demonstrate that fusion
of inclusions with each other requires bacterial protein synthesis and that the required bacterial protein(s) is
present, but inactive or not secreted, at 32°C.

Chlamydia trachomatis, a gram-negative bacterium and an
obligate intracellular parasite, is a major human pathogen
worldwide. It is the leading cause of sexually transmitted dis-
ease in the Western world and the main cause of noncongenital
blindness in developing nations (28). During its life cycle, C.
trachomatis alternates between two distinct morphological
forms: the replicative, intracellular reticulate body (RB) and
the infectious but metabolically inactive elementary body
(EB). Following binding to an as-yet-unidentified receptor, the
bacteria are internalized, enveloped within membrane-bound
compartments (inclusions), and transported to a perinuclear
location. When multiple bacteria enter a host cell, the C. tra-
chomatis-containing inclusions fuse with each other, resulting
in a single large inclusion. Within the inclusion, EBs differen-
tiate into RBs 6 to 8 h postinfection (hpi); the RBs subse-
quently undergo binary fission to yield approximately 500 to
1,000 progeny. Between 24 and 72 hpi, the RBs differentiate
back into EBs and are released into the extracellular space to
start a new round of infection (22).

C. trachomatis presents a unique setting for the study of the
mechanism and regulation of vesicular fusion events. Appro-
priate trafficking of this organism within the host cell is of the
utmost importance for their survival. When chlamydiae are
transported to a phagolysosome, as is often the case in poly-
morphonuclear leukocytes, the bacteria are rapidly destroyed
(38). In epithelial cells, however, the inclusion does not acquire
lysosomal markers (8, 14, 35, 36) but does fuse with trans-Golgi
network (TGN)-derived sphingolipid-containing secretory ves-
icles (11, 12, 31). The inclusion also becomes surrounded with
transferrin (Tf)-containing endosomes very early after infec-
tion (36), although no fusion with these endosomes has been

detected (11). Other host cell trafficking events are not affected
by infection with Chlamydia psittaci (6) or C. trachomatis (31,
35a).

While much has been learned recently about the fusion of
the C. trachomatis inclusion with TGN-derived vesicles (re-
viewed in reference 10), less is known about the role, regula-
tion, and mechanism of the unique homotypic fusion of C.
trachomatis inclusions. In electron microscopy studies, fusion
has been observed to occur within several hours after entry
into the host cell (15), but when fusion was quantitated more
carefully, host cells could still be seen to contain multiple
inclusions as late as 15 hpi, and fusion was not complete until
25 hpi (21). The exact time at which fusion initiated and the
rate at which the inclusions fused with each other were not
determined. Interpretation of these studies was further limited
by the asynchronous nature of the chlamydial life cycle. Others
have demonstrated that inclusions of one serovar can fuse with
vesicles containing newly entered bacteria of a different sero-
var up to 24 hpi (25). Interestingly, the individual bacteria of
the two serovars remained segregated within the inclusion
without any evidence of fusion.

The cellular requirements for the fusion of inclusions vary
for different C. trachomatis serovars. In the presence of the
microfilament-disrupting drug cytochalasin D, perinuclear
transport and fusion of the inclusions of the L2 serovar of
lymphogranuloma venereum (LGV) was greatly delayed but
the fusion of serovar E-containing inclusions was unaffected
(29). In coinfection experiments, Ridderhof and Barnes found
a decrease in the number of inclusions containing both serovar
E and serovar F after treatment with cytochalasin D, indicating
a microfilament-dependent step in the fusion of these inclu-
sions (25).

In summary, many aspects of the fusion of inclusions remain
unknown. The rate at which the inclusions fuse with each
other, the time after entry of the bacteria at which fusion is
initiated, the relationship of the fusion of inclusions with each
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other and with sphingolipid-containing secretory vesicles, and
the possible involvement of bacterial proteins in the fusion
process have not previously been described. A better under-
standing of the fusion events will lead to further insights into
the regulation of the interaction of this membrane-bound com-
partment with the host cell and thus the mechanism by which
the bacteria survive within the host. In this study, we exploited
the unexpected observation that fusion of C. trachomatis-con-
taining inclusions does not occur at 32°C to further investigate
these questions. We show that the acquisition of sphingomye-
lin from the TGN and the colocalization of the inclusions with
Tf-containing early endosomes are unaffected at this temper-
ature. In a series of temperature shift experiments that allow
synchronization of events, the time course of fusion was more
precisely defined. Finally, we provide evidence that fusion of
inclusions requires the synthesis of one or more bacterial pro-
teins that are present, but inactive or not secreted, at 32°C.

MATERIALS AND METHODS

Cell culture. HeLa cells (ATCC CCL2) were maintained in DMEM-5 (Dul-
becco’s modified Eagle’s medium H-16 supplemented with 5% fetal bovine
serum [FBS; GIBCO BRL, Bethesda, Md.]). L-929 cells (ATCC CCL1) were
maintained in RPMI 1640 supplemented with 10% FBS. McCoy cells (ATCC
CRL1696) were maintained in minimal essential medium supplemented with
10% FBS. CHO-K1 cells (a kind gift of Kentaro Hanada, National Institute of
Infectious Diseases, Tokyo, Japan) were maintained in Ham’s F-12 medium
supplemented with 10% FBS. HeLa, L-929, and McCoy cells were incubated at
37°C, in an atmosphere of 5% CO2, and propagated every 3 days. CHO-K1 cells
were incubated at 32°C, in an atmosphere of 5% CO2, and propagated every 3 to
5 days. All media were purchased from the UCSF Cell Culture Facility (San
Francisco, Calif.).

Growth of C. trachomatis. The LGV L2 and mouse pneumonitis (MoPn)
strains were propagated as previously described (36). Serovar E was kindly
supplied by Priscilla Wyrick (University of North Carolina, Chapel Hill). Unless
otherwise indicated, all experiments were carried out with the LGV L2 serovar.
Infections of L2 and MoPn were carried out by adding bacteria, suspended in 200
ml of medium appropriate for the cell line being infected, to host cells grown on
12-mm glass coverslips at a multiplicity of infection sufficient to infect approxi-
mately 80% of the host cells per monolayer. For one set of experiments (see Fig.
2), 0.1 ml of EBs resulted in 80% infection. Host cells were incubated at 37°C for
1 h, after which the inoculum was removed, and the host cells were washed with
medium. One milliliter of medium was added, and the host cells were incubated
at either 32 or 37°C. For some experiments, heparin (0.5 mg/ml) was included in
the medium to prevent reinfection (39). Infections with serovar E were per-
formed identically, except that the host cells and bacteria were centrifuged at
room temperature for 5 min at 1,900 3 g prior to incubation at 37°C. Unless
stated otherwise, the bacteria and host cells were visualized by fixation with cold
methanol for 10 min, followed by staining with a fluorescein isothiocyanate
(FITC)-conjugated anti-Chlamydia antibody and Evans blue as the counterstain
(Meridian Diagnostic, Cincinnati, Ohio).

Labeling of host cells with fluorescent ceramide or Tf. HeLa cells were in-
fected with L2 LGV for 1 h at 37°C and incubated at 32°C for 26 h. To label host
cells with C6-NBD-ceramide [6-((N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)am-
ino)hexanoyl)sphingosine; Molecular Probes, Eugene, Oreg.], infected cells were
washed with cold phosphate-buffered saline and C6-NBD-ceramide–bovine se-
rum albumin complex was added to the infected host cells for 30 min at 4°C (23).
The host cells were washed with cold phosphate-buffered saline and minimal
essential medium containing 5% defatted bovine serum albumin (Sigma Chem-
ical Co., St. Louis, Mo.) was added. After incubation at 32°C for 2 h, the samples
were mounted on microscope slides and viewed on a Bio-Rad 600 confocal
microscope.

To label C. trachomatis-infected HeLa cells with FITC-Tf, the infected cells
were first incubated in the presence of serum-free DMEM-5 for 1 h at 32°C. This
was replaced with serum-free DMEM-5 containing 30 mg of FITC-Tf (Molecular
Probes) per ml, and the infected cells were incubated at 32°C for 1 h. The
infected cells were fixed according to the pH shift protocol of Bacallao and
Stelzer (1) with 4% paraformaldehyde in 80 mM PIPES [piperazine-N,N9-bis(2-
ethanesulfonic acid)]-KOH (pH 6.5), 5 mM EGTA, and 2 mM MgCl2 for 5 min,
followed by fixation with 4% paraformaldehyde in 100 mM sodium borate (pH
11) for 10 min, and stained for C. trachomatis by utilizing the L2-I45 monoclonal
antibody (a kind gift of Harlan Caldwell, NIH Rocky Mountain Laboratory)
directly conjugated to Texas red according to the manufacturer’s instructions
(Molecular Probes). The samples were mounted with 1.0% p-phenylenediamine
in 90% glycerol (pH 8.2) and viewed by confocal microscopy with the Bio-Rad
600 confocal microscope.

Quantification of viable progeny. HeLa cells grown in 12-well dishes were
infected for 1 h with LGV L2. The inoculum was aspirated, and the infected host

cells were incubated at 37°C in an atmosphere of 5% CO2 for 24 to 72 h. The
infected host cells were removed with a cell scraper, and the well was washed
once with DMEM-5. The host cells were pelleted in a microcentrifuge for 10 min
at 17,000 3 g. The host cells were washed once with medium, pelleted again, and
lysed by drawing them sequentially through a 22-gauge and a 27-gauge needle.
Two different aliquots of the lysate were diluted in DMEM-5 and used to infect
HeLa cells plated on coverslips for 1 h. The fraction of these HeLa cells that
became infected was determined 18 to 24 h later to determine the relative
amount of infectious progeny. All experiments were performed in triplicate, and
a minimum of 300 infected cells were counted per sample.

Inhibition of protein synthesis. To inhibit bacterial protein synthesis, 50 mg of
chloramphenicol (CAM; Sigma) per ml was added to the culture medium at the
indicated time. Drug removal was accomplished by washing the HeLa cells three
times with DMEM-5. This process was repeated twice at 1-h intervals to fully
remove the CAM.

Statistical analysis. All experiments were performed in triplicate, and data are
shown as means 6 1 standard deviation from a representative of two to four
independent experiments. Statistical analysis was performed by using the two-
tailed Student t test with unequal variance.

RESULTS

Host cells contain multiple chlamydial inclusions at 32°C.
The LGV L2 serovar of C. trachomatis is routinely propagated
in cell culture at 37°C. Surprisingly, when HeLa cells were
infected with the L2 serovar of LGV for 1 h at 37°C and
incubated at 32°C for 26 h, multiple inclusions were observed
in many infected cells (Fig. 1A). In contrast, HeLa cells in-
fected under identical conditions but incubated at 37°C pre-
dominantly contained single inclusions (Fig. 1B). To ascertain
that this observation was not cell line specific, a mouse fibro-
blast cell line (McCoy) and a hamster ovarian epithelial cell
line (CHO-K1) were infected at 37°C for 1 h and incubated for
26 h at 32 or 37°C. Figure 1 illustrates that these cell lines also
contained multiple inclusions after incubation at 32°C but not
at 37°C. The inclusions detected after incubation at 32°C ap-
peared uniform in size, in contrast to the heterogeneously
sized inclusions observed in infected cells grown at 37°C. Ad-
ditionally, all inclusions in the host cells incubated at 32°C were
positioned adjacent to the nucleus, comparable with the posi-
tion of the inclusions in infected cells grown at 37°C. The
number of inclusions seen within the host cells grown at 32°C
varied from 1 to more than 10. The range in number of inclu-
sions was most pronounced for HeLa cells; other cell lines
usually showed a more moderate number of inclusions, but
nonetheless contained multiple inclusions, all of approximately
identical size.

As inclusion formation differs even within Chlamydia spe-
cies, the ability of two other C. trachomatis serovars to form
multiple inclusions at 32°C was determined. HeLa cells were
infected with either the MoPn or E serovar followed by incu-
bation at either 32 or 37°C. Both serovars behaved identically
to LGV: many infected cells contained multiple inclusions
when incubated 32°C (Fig. 1G and I) but only a single large
inclusion when incubated at 37°C (Fig. 1H and J). The forma-
tion of multiple inclusions at 32°C is thus not limited to the
LGV serovar. Of note, serovar E is often propagated at 35°C,
and a single inclusion is usually observed at this temperature
(9).

Formation of multiple inclusions results from an inhibition
of fusion of the inclusions. The finding of multiple inclusions in
C. trachomatis-infected cells grown at 32°C raises the possibil-
ity that they arise from a combination of multiple entry events
followed by division of the inclusions, as is the case for the C.
psittaci guinea pig inclusion conjunctivitis strain (26). If the
inclusions divide, formation of multiple inclusions should be
independent of the number of bacteria that enter a host cell; if
the multiple inclusions derive from multiple entry events, the
percentage of host cells containing more than one inclusion
should increase with increasing inoculum size. To differentiate
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between these two possibilities, L cells were infected at 37°C
over a 100-fold range of inocula and then incubated at 32 or
37°C for 26 h. As illustrated in Fig. 2, the number of host cells
containing multiple inclusions at 32°C was dependent on the
size of the inoculum; in contrast, at 37°C, multiple inclusions
were not observed. Hence, the multiple inclusions formed at
32°C do not derive from division of an inclusion but instead
result from multiple entry events.

Inhibition of fusion of inclusions does not prevent acquisi-
tion of sphingomyelin from the TGN or association with en-
dosomes. The lack of fusion of inclusions observed at 32°C

could result from a general inhibition of interactions of the
inclusion with host cell compartments or could be specific to
homotypic fusion of inclusions. The only host cell compart-
ment with which the C. trachomatis inclusion has been dem-
onstrated to fuse is sphingolipid-containing TGN-derived se-
cretory vesicles (11, 12, 31). In addition, we have demonstrated
that there is a close interaction of the inclusion with Tf-con-
taining endosomes (36). Therefore, we assessed the effect of
temperature on the interaction of the inclusion with these two
compartments.

To determine if unfused inclusions could fuse with sphingo-
lipid-containing vesicles at 32°C, HeLa cells were infected with
LGV for 1 h at 37°C followed by incubation at 32°C for 26 h.
Infected cells were labeled with the fluorescent Golgi complex
marker C6-NBD-ceramide and observed by confocal micros-
copy. The fluorescent lipid was clearly detected within the
bacterial envelope (Fig. 3A), indicating that fusion of inclu-
sions with sphingolipid-containing secretory vesicles still oc-

FIG. 1. The lack of fusion of C. trachomatis-containing inclusions at 32°C is
not cell line or serovar specific. Three different cell lines, HeLa (A and B),
McCoy (C and D), and CHO-K1 (E and F), were infected with the LGV L2
serovar of C. trachomatis for 1 h at 37°C and incubated at either 32°C (A, C, and
E), or 37°C (B, D, and F) for 26 h. To test if inhibition of fusion was observed
for multiple serovars, HeLa cells were infected for 1 h at 37°C with serovar E (G
and H) and the MoPn strain (I and J) as described in Materials and Methods.
The HeLa cells were subsequently incubated at 32°C (G and I) or 37°C (H and
J) for 26 h. After fixation, the bacteria were visualized with FITC-conjugated
anti-Chlamydia antibodies, and the host cells were visualized with Evan’s blue.
The left-hand side of each panel shows the anti-Chlamydia staining, and the
right-hand side of the panel shows the Evan’s blue staining of the same field of
C. trachomatis-infected cells.

FIG. 2. The number of C. trachomatis-containing inclusions per host cell
increases as the inoculum size increases. L-929 cells were infected with C.
trachomatis with the indicated inoculum for 1 h at 37°C. The host cells were
subsequently incubated at 37°C (A) or 32°C (B) for 26 h. The chlamydiae and the
host cells were visualized as described in the legend of Fig. 1. The number of
inclusions per host cell was determined for 100 infected cells for each inoculum
size at each temperature. The number of infected cells containing 1 to 10
inclusions is illustrated. The experiment was carried out twice with similar re-
sults.
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curred under conditions that otherwise inhibited fusion of in-
clusions.

The interaction of the chlamydial inclusion with early endo-
somes at 32°C was also investigated. HeLa cells were infected
at 37°C for 1 h and incubated at 32°C for 26 h. Infected cells
were labeled with FITC-Tf at 32°C for 1 h, fixed, and stained
for chlamydiae. As shown in Fig. 3B and C, the unfused inclu-
sions were surrounded by FITC-Tf-containing endosomes. To-
gether these results indicate that incubation at 32°C specifically
inhibits fusion of inclusions with each other but does not affect
their interactions with secretory or endocytic vesicles.

Fusion of inclusions is not observed even at late times in the
chlamydial developmental cycle. In the experiments described
so far, fusion of inclusions at the nonpermissive temperature
was monitored only up to 26 hpi. Therefore, the lack of fusion
of the inclusions could be due to a retardation of inclusion
maturation or chlamydial development. Indeed, the inclusions
observed after a 26-h incubation at 32°C were smaller than
those seen at 37°C.

To determine if the inclusions fused at later time points in
the developmental cycle, HeLa cells were infected at 37°C for
1 h and incubated at either 32 or 37°C for 48, 60, and 72 h in

the presence of heparin, which prevents reinfection with prog-
eny released during the course of the experiment (39). Heparin
itself does not inhibit fusion when added after infection (data
not shown). At 48 and 60 hpi, a large fraction of the infected
host cells grown at 32°C contained multiple inclusions (Fig. 4A
and B). The inclusions seen at these time points were also of
approximately identical size. Even as late as 72 hpi, multiple
inclusions could be detected in HeLa cells incubated at 32°C
(Fig. 4C), although at this time point, no host cell was found to
contain more than three inclusions. A possible explanation for
this observation is that many infected host cells have already
lysed at late time points; infected cells containing a high num-
ber of inclusions may rupture earlier, lowering the average
number of inclusions per infected cell at these late time points,
even in the absence of fusion of the inclusions. Alternatively,
some fusion may occur very late in the developmental cycle.

To further investigate the growth and proliferation of the
bacteria at 32°C, the amount of infectious progeny recovered
from infected cells incubated at 32°C and 37°C was compared.
While the onset of production of viable progeny was delayed in
host cells incubated at 32°C compared to that in cells incubated
at 37°C and the total amount of progeny appeared to decrease
by approximately 50%, the bacteria were nonetheless capable
of proliferating at 32°C (data not shown). These findings sug-
gest that the C. trachomatis intracellular life cycle can proceed
to completion at 32°C, albeit more slowly. The formation of
inclusions demonstrates that the EBs can transform to RBs
and proliferate at 32°C. Furthermore, the recovery of viable
progeny indicates that the bacteria can transform from RBs

FIG. 3. Unfused inclusions retain the ability to fuse with sphingolipid-con-
taining secretory vesicles and associate with Tf-containing endosomes at 32°C.
HeLa cells were infected with C. trachomatis for 1 h at 37°C and incubated at
32°C for 26 h. (A) The host cells were labeled with C6-NBD-ceramide for 30 min
at 4°C and subsequently incubated at 32°C for 2 h to allow the ceramide to be
processed and transported to the inclusion and the plasma membrane. The
samples were subsequently mounted and viewed by confocal microscopy. (B and
C) The infected cells were labeled with FITC-Tf for 1 h, and then fixed and
stained for chlamydiae. The samples were then viewed by confocal microscopy.
Panel B shows an infected HeLa cell stained with an antibody to C. trachomatis,
and panel C shows the distribution of FITC-Tf in the same cell.

FIG. 4. C. trachomatis-containing inclusions remain unfused at late time
points in the developmental cycle at 32°C. HeLa cells were infected with C.
trachomatis for 1 h at 37°C and incubated at 32°C for 48 h (A), 60 h (B), or 72 h
(C) in the presence of 0.5 mg of heparin per ml to prevent reinfection at later
times during the experiment. C. trachomatis and host cells were visualized as
described in the legend to Fig. 1.
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back to EBs. Thus, the inhibition of fusion at lower tempera-
tures is not due to a failure of the bacteria to grow or to
complete the intracellular developmental cycle. Rather, the
fusion process itself appears to be a temperature-sensitive step
in the chlamydial life cycle.

Inclusions remain fusogenic for at least 48 hpi. It was shown
previously that up to 24 hpi, superinfection of C. trachomatis
serovar F-infected cells with serovar E resulted in fusion of the
different serovar-containing inclusions (25). The ability to in-
duce fusion by shifting the cells from low to high temperature

allowed us to test whether two preexisting inclusions of the
same serovar could fuse at late times postinfection. Duplicate
samples of HeLa cells were infected with C. trachomatis for 1 h
and incubated at 32°C in the presence of heparin to prevent
reinfection with bacteria released during the course of the
experiment. After incubation for 12, 24, 36, and 48 h at 32°C,
one set was transferred to 37°C for 12 h to allow fusion to
occur, whereas an identical set was incubated at 32°C for an
additional 12 h. The average number of inclusions per infected
cell at each time point is shown in Fig. 5. At 12, 24, 36, and 48
hpi, shifting the infected cells to 37°C for 12 h decreased the
average number of inclusions per cell compared to the control
sample that had been kept at 32°C for an identical duration of
infection (compare data for samples A and B, C and D, E and
F, and G and H) with a certainty of a value of P , 0.005 for
each pair (two-tailed Student t test). The inclusions thus re-
main competent to fuse late in the developmental cycle. As
shown in Fig. 4, the number of inclusions per cell observed
after 60 h incubation at 32°C had decreased slightly compared
to that at 24 h (P , 0.02, two-tailed Student t test).

Fusion of inclusions is a gradual process that occurs be-
tween 10 and 16 hpi. While fusion can be detected early after
entry by electron microscopy, at least one group has reported
observing host cells that contain multiple inclusions 15 hpi
(21). In that study, a majority of the inclusions had fused by 25
hpi. The ability to manipulate the time of inclusion fusion by a
temperature shift allowed us to more precisely define the time
at which the inclusions fuse. HeLa cells were infected for 1 h
and incubated at 37°C for 2 to 22 h, followed by further incu-
bation at 32°C. When the total infection time reached 22 h, the
host cells were fixed and stained for chlamydiae, and the dis-
tribution of the number of inclusions per infected host cell was
determined. As shown in Fig. 6A, the average number of in-
clusions per infected host cell was first observed to decrease
after 10 h at 37°C but did not approach a statistically significant
difference (P , 0.05 compared to 0 h at 37°C) or an average of
one per infected cell until 16 hpi. These results indicate that a
majority of fusion of inclusions occurs between 10 and 16 hpi,
a finding which confirms data in other published reports (15,
21).

FIG. 5. Inclusions retain the ability to fuse late in infection. HeLa cells were
infected with C. trachomatis LGV L2 for 1 h at 37°C and incubated at 32°C in the
presence of 0.5 mg of heparin per ml (to inhibit reinfection [39]) for the time
indicated. Samples A, C, E, and G were transferred to 37°C after the indicated
time for 12 h. Samples B, D, F, and H were incubated at 32°C continuously for
the indicated time. After the total incubation time shown, the host cells were
fixed and stained for C. trachomatis, as described in the legend to Fig. 1. Each
value represents the mean of three determinations (200 cells counted for three
slides each), and error bars represent 1 standard deviation. This experiment was
carried out twice with similar results. Asterisks represent significant differences
(P , 0.02) for the values of samples A and C compared to B, samples C and E
compared to D, samples E and G compared to F, and sample G compared to H.

FIG. 6. Fusion of vacuoles is not initiated until 10 hpi and is a gradual process. (A) HeLa cells were infected with C. trachomatis for 1 h at 37°C and then incubated
at 37°C for the time indicated. To block further fusion of the inclusions but still allow the bacteria to proliferate, the infected cells were transferred to 32°C at the times
indicated. After a total infection time of 22 h, the host cells were fixed and stained for C. trachomatis as described in the legend to Fig. 1. (B) HeLa cells were infected
with C. trachomatis for 1 h at 37°C and incubated at 32°C for 20 h. The infected cells were shifted to 37°C to initiate fusion of the inclusions and subsequently fixed
and stained as before at the indicated time. Each value represents the mean of three determinations (200 cells counted for three slides each), and error bars represent
1 standard deviation. This experiment was carried out twice with similar results. Asterisks represent significant differences (P , 0.05) compared to the zero time value.
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Previous investigations have not determined whether the
late onset of fusion of inclusions is a result of the slow fusion
of inclusions or a rapid process that is not initiated until later
in the chlamydial developmental cycle. To distinguish between
these two possibilities, the rate of fusion of mature inclusions
was determined. HeLa cells were infected with C. trachomatis
for 1 h and incubated at 32°C for 24 h. One sample was fixed
at this time point to determine the average number of inclu-
sions per host cell at this time. The remaining samples were
shifted to 37°C for 2 to 12 h, after which they were fixed, and
the average number of inclusions per infected host was deter-
mined. As shown in Fig. 6B, fusion of preexisting inclusions
appears to be a gradual process. Not until 8 h after the tem-
perature shift did the decrease in average inclusion per cell
reach statistical significance (P , 0.05 compared to 0 h at
37°C), which corresponded to the levels normally seen for
infected cells incubated continuously at 37°C.

Fusion of inclusions requires synthesis of one or more chla-
mydial proteins that is inactive at 32°C. All known membrane
fusion events in the host cell are tightly regulated to avoid a
spurious joining of two membranes (for a review, see reference
27). Fusion of inclusions could be dependent on host cell
factors or could be controlled by the bacteria themselves. To
determine if bacterial protein synthesis was required for fusion
of the inclusions, HeLa cells were infected with C. trachomatis
for 1 h and incubated at 37°C for 3 h to allow the bacteria to
aggregate in the peri-Golgi region. Bacterial protein synthesis
was subsequently inhibited by the addition of CAM, and the
infected cells were placed at 37°C for 20 h. To determine the
amount of fusion that had occurred when bacterial protein
synthesis was inhibited, the CAM was removed, and the in-
fected host cells were incubated at 32°C for 26 h. This allowed
the bacteria to grow in the absence of any further fusion of
inclusions. As shown in Fig. 7A, many infected host cells still
contained multiple inclusions after incubation at 32°C. Thus,
no fusion of the inclusions had occurred during the 20-h incu-
bation at 37°C. When infected host cells were incubated at
37°C after the removal of CAM, they contained only single
inclusions (Fig. 7B). HeLa cells infected and grown at 37°C in
the absence of CAM for 20 h likewise harbored only single
inclusions (Fig. 7C). Infected host cells treated with CAM had
no detectable bacterial growth after 20 h at 37°C (data not
shown). Although quantitation of the fusion of inclusions was
not possible due to the poor recovery of the bacteria after drug
removal (32), these findings nonetheless indicate that bacterial
protein synthesis is required for the fusion of chlamydial in-
clusions.

The lack of fusion at 32°C could be the result of the absence
of the required chlamydial protein or the consequence of its
inability to function or be localized correctly at 32°C. To dif-
ferentiate between these two possibilities, HeLa cells were
infected at 37°C for 1 h and incubated at 32°C for 24 h. A
sample was fixed and stained to determine the average number
of inclusions per infected cell after this time (Fig. 8, sample A).
The remaining two samples were subsequently incubated at
37°C in the absence (sample B) or presence (sample C) of
CAM to inhibit further bacterial protein synthesis. After 24 h
at 37°C, the host cells were fixed and stained for chlamydiae,
and the average number of inclusions per infected host cell was
determined. If the protein(s) required for the fusion of inclu-
sions is inactive but present at 32°C, fusion should be observed
upon shifting of the infected cells to 37°C in the presence of
CAM. Alternatively, if the required protein(s) is not synthe-
sized at 32°C, it will likewise not be produced in the presence
of CAM, and fusion should not occur even at 37°C when CAM

FIG. 7. Fusion of inclusions requires bacterial protein synthesis. HeLa cells were infected with C. trachomatis at 37°C for 1 h. After 3 h, 50 mg of CAM per ml (A
and B) or an equivalent amount of ethanol (C) was added to the samples, and they were incubated at 37°C for an additional 20 h. One sample was fixed and stained
for chlamydiae to determine the amount of fusion of inclusions that had occurred in the absence of CAM (C). In the remaining samples, the drug was removed, and
the cells were incubated at 32°C (A) or 37°C (B) for 26 h. The host cells and the bacteria were visualized as in Fig. 1.

FIG. 8. Preexisting inclusions do not require bacterial protein synthesis for
fusion. HeLa cells were infected with C. trachomatis for 1 h at 37°C and incu-
bated at 32°C for 24 h. Sample A was fixed and stained for C. trachomatis at this
time. Samples B and C were further incubated at 37°C for 24 h in the absence (B)
or presence (C) of CAM. The bacteria and host cells were visualized as described
in the legend to Fig. 1. Each value represents the mean of three determinations
(200 cells counted for three slides each), and error bars represent 1 standard
deviation. Asterisks represent significant differences (P , 0.002) compared to the
value for sample A.
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is added. Therefore, there will be no change in the average
number of inclusions compared to the infected cells fixed at the
time of the temperature shift. As Fig. 8 demonstrates, the
average number of inclusions per infected cell in the sample
treated with CAM upon shift to 37°C does decrease greatly
(sample C, P , 0.002 compared with sample A), falling almost
to the level of infected cells incubated at 37°C without addition
of CAM (sample B, P , 0.002 compared with sample A). The
difference in the average number of vacuoles between samples
B and C did not reach statistical significance (P . 0.14). Thus,
even without ongoing bacterial protein synthesis, fusion be-
tween preexisting, mature inclusions can occur. The protein(s)
responsible for the fusion must have been present on the sur-
face of the inclusion at 32°C, because bacterial protein synthe-
sis, but not fusion of the inclusions, was inhibited during the
incubation at 37°C. Alternatively, the protein is produced and
functional at 32°C but is not secreted properly until the in-
fected cells are incubated at 37°C. The finding that restoration
of fusion of the inclusions is not fully complete may reflect a
short half-life of the protein(s) or a lower level of expression at
32°C that is insufficient to promote complete fusion.

DISCUSSION

In this study, we further investigated the fusion of C. tracho-
matis-containing inclusions with each other. Our unexpected
observation that this fusion event is inhibited at 32°C allowed
us to probe several properties, such as the rate and the involve-
ment of bacterial proteins, of this homotypic fusion event.
Since all infections were initiated at 37°C, the formation of
multiple inclusions at 32°C is not the result of a change in the
entry mechanism at low temperatures but is instead due to an
inhibition of a step in the fusion process. Although we did not
determine the minimal temperature at which fusion occurs,
several strains of C. trachomatis (including serovar E) are
propagated at 35°C, and the inclusions fuse at that tempera-
ture (9). Thus, a temperature shift of as little as 3°C can affect
the fusion of inclusions. While this is surprising, there is pre-
cedence for very small temperature shifts altering the function
of a protein (for example, see reference 17), although usually
the protein is inactive at the higher temperature. Effects of
low-temperature incubation on membrane transport have also
been reported. At 30°C, the redistribution of Golgi markers
into the endoplasmic reticulum in response to brefeldin A is
inhibited (30). It was not reported if this process was affected
at 32°C as well.

We demonstrate that the presence of multiple inclusions at
32°C is likely to be the result of an inability of the inclusions to
fuse, as increasing the inoculum size also increased the number
of inclusions per infected cell. This contrasts with the forma-
tion of the multilobed inclusions characteristic of the C. psittaci
guinea pig inclusion conjunctivitis strain, an event which is
independent of the inoculum size (26). The number of inclu-
sions fluctuated greatly from host cell to host cell, consistent
with the notion that the number of bacteria that enter a host
cell varies greatly within a population of host cells. Therefore,
it is likely that the difference in inclusion sizes observed in
infected cells grown at 37°C is the result of entry of different
numbers of bacteria into a single host cell, followed by fusion
to form inclusions of different sizes.

Careful measurements of the kinetics of the fusion of inclu-
sions indicated that the fusion of inclusions is a gradual process
that is not initiated until 10 hpi and is not fully completed until
16 to 20 hpi. This finding is in contrast to other reports that
showed evidence of fusion of the inclusions shortly after infec-
tion (15). Those experiments utilized very large inocula in

order to visualize the bacteria, which could have led to an
increase in the fusion rate of the inclusions due to the high
concentration of bacteria inside the cells. Our data comple-
ment those of Matsumoto and colleagues (21), who showed
that at 15 hpi, many host cells contained multiple inclusions,
but that at 25 hpi, these had fused to form single inclusions.

Two lines of evidence suggest that the bacteria at least partly
mediate the fusion of inclusions with each other. We observed
very little fusion prior to the conversion of EBs to RBs (6 to 8
hpi), the time at which most bacterial protein synthesis is
initiated. Additionally, inhibition of bacterial protein synthesis
after the aggregation of the inclusions prevented fusion of the
inclusions. Thus, four critical steps in the C. trachomatis life
cycle require bacterial protein synthesis: the aggregation of
inclusions in the perinuclear region (20), the fusion of inclu-
sions, the inhibition of lysosomal fusion (32), and the acquisi-
tion of sphingolipids (32). The bacteria clearly play an active
role in their intracellular transport within the host cell and in
the interaction of the vacuole with other membrane-bound
compartments within the host cell. How the bacteria mediate
all these functions is still unclear, but the recent discovery in
the C. trachomatis and C. psittaci genomes of orthologs encod-
ing putative homologs of the type III secretion system provides
a potential mechanism for the secretion of bacterial proteins
into the inclusion and the host cell (16, 34). Possibly, bacterial
proteins directly interact with the host cell to mediate these
functions, or host cell factors are recruited to the inclusion by
bacterial proteins, which then further regulate the fusion and
transport of the vacuole. Indeed, both dynein (5) and members
of the annexin family (19) have been found to colocalize with
the vacuole.

The role of fusion of the inclusions in the C. trachomatis life
cycle remains a matter of speculation. The bacteria may have
a growth advantage when the inclusion becomes more spa-
cious. In addition, fusion of the inclusions may facilitate ge-
netic recombination between individual RBs within the inclu-
sion. Genetic exchange between extracellular EBs is unlikely,
given their lack of close proximity to each other, their rigid
outer membrane, and their lack of detectable metabolic activ-
ity. Indeed, polymorphisms within the omp1 gene, the gene
encoding the major outer membrane protein of Chlamydia,
have been described for different C. trachomatis serovars that
could be explained by recombination within one or between
two different serovars (3, 7, 13, 18, 24, 33, 37). In order for
exchange of genetic material to occur, a host cell has to be-
come superinfected with two different serovars of C. tracho-
matis. This has been observed both in a tissue culture model
(25) and in human settings (2). As the outer membrane protein
is a major target for the human immune response, alteration of
its epitopes through recombination may play an important role
in the interaction and survival of the bacterium within its eu-
karyotic host (4).

Our finding that the bacteria synthesize a protein that pro-
motes this fusion points to an evolutionarily conserved func-
tion. In the future, a comparison of the genomes of Chlamydia
species that include or exclude fusion of the inclusions during
their developmental cycle may be informative. The finding that
C. trachomatis inclusions fail to fuse with each other at 32°C
will be a useful tool for dissecting this fusion event. Further
studies investigating the role of host cell factors such as micro-
filaments, microtubules, Ca21, and annexins in the fusion pro-
cess are currently under way.
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