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ABSTRACT Chlamydia trachomatis infections present a major heath burden world-
wide. The conventional method used to detect C. trachomatis is laborious. In the
present study, a novel strategy was utilized to evaluate the impact of antimicrobial
agents on the growth of C. trachomatis and its expression of ompA promoter-driven
green fluorescence protein (GFP). We demonstrate that this GFP reporter system
gives a robust fluorescent display of C. trachomatis growth in human cervical epithe-
lial cells and, further, that GFP production directly correlates to changes in ompA ex-
pression following sufficient exposure to antimicrobials. Validation with azithromycin,
the first-line macrolide drug used for the treatment of C. trachomatis infection, high-
lights the advantages of this method over the traditional method because of its sim-
plicity and versatility. The results indicate both that ompA is highly responsive to an-
timicrobials targeting the transcription and translation of C. trachomatis and that
there is a correlation between changing GFP levels and C. trachomatis growth. This
proof-of-concept study also reveals that the ompA-GFP system can be easily adapted
to rapidly assess antimicrobial effectiveness in a high-throughput format.
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Infectious diseases caused by Chlamydia trachomatis are among the most persistent
global health problems (1, 2). These include trachoma, the leading cause of infectious

blindness in developing countries. C. trachomatis is also the most frequent cause of
urogenital tract infections reported in developed countries. In women in particular,
asymptomatic infections are prevalent, and if left untreated, pelvic inflammatory
disease and infertility may occur. C. trachomatis, an obligate intracellular bacterium, has
a characteristic developmental cycle that involves the interconversion between infec-
tious elementary bodies (EBs) and replicating reticulate bodies (RBs) (3, 4). Both the
membrane-bound inclusion in which C. trachomatis replicates and the formidable
permeability barrier of the bacterial envelope provide challenges for the targeting and
elimination of the bacteria in patients. Currently, there is no effective vaccine. Treat-
ment of C. trachomatis relies solely on cell-penetrating antimicrobial agents, such as
azithromycin and doxycycline, of which a relatively long course is required (2, 5).
Despite enhanced screening and treatment regimens, the rate of urogenital C. tracho-
matis infection has not decreased. There is an indication that cure rates might be
declining in patients with chronic or recurrent C. trachomatis infections (5, 6). Moreover,
the rate of failure of treatment with azithromycin was reported to be 12.8% among
heterosexual men with nongonococcal urethritis (7) and as high as 22% among
individuals with rectal chlamydia infection (8). It is unclear what causes treatment
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failure. Although true antimicrobial resistance by genetic mutation has not emerged in
human strains, C. trachomatis has the ability to build up a heterotypic resistance, which
refers to the replication of a heterogeneous population of resistant and susceptible
bacteria from a subculture of a single resistant organism without genetic changes (5,
7–10). The potential role of such nongenetic resistance in the failure of treatment of C.
trachomatis infection has been debated and has increasingly drawn a great deal of
attention (5, 7–10).

Considering the huge global burden of disease, it is critical to better understand the
mechanism underlying C. trachomatis survival against antimicrobials. This highlights
the important need for a reliable, robust method for assaying chlamydial susceptibility
to antimicrobials. Immunofluorescence assays, which rely on the use of fluorescent dyes
linked to primary or secondary antibodies to identify the presence of bacterial antigens,
are often used to detect C. trachomatis in fixed cells for laboratory diagnosis and
research (11). These assays have proven to be extremely useful in verifying the
chlamydial inclusions enumerated using microscopy. However, they are laborious and
impractical for providing a dynamic picture of bacterial behavior during infection. Now,
emerging tools have made it possible to study important facets of the physiology of
Chlamydia spp. in situ. Among these important advances are the use of genetic labeling
of C. trachomatis with fluorescent proteins for a variety of purposes, including the
tracking of gene insertions made by allelic exchange, deletions, or complementation
and quantifying C. trachomatis growth as well as the localization of proteins in live cells
(12–15).

Here, we applied a recently developed reporter assay to probe the effects of
antimicrobials on the intracellular growth of C. trachomatis in both low- and high-
throughput formats. This assay uses the lymphogranuloma venereum (LGV) strain of C.
trachomatis L2 that expresses ompA promoter-driven green fluorescence protein (GFP)
(16). Approaches that use this reporter and other techniques have been utilized to
revisit the transcriptional control of ompA encoding the major outer membrane protein
(MOMP). Because it is a predominant surface-exposed protein in both EBs and RBs
(17–20), MOMP plays a key role in the maintenance of bacterial integration, mediates
initial contact with the host cell (21), and is a promising candidate for vaccine devel-
opment (22, 23). Three antimicrobials used for treating infections caused by intracel-
lular bacterial pathogens, azithromycin, rifampin, and chloramphenicol, were examined
in this study. Due to the relatively well-defined transformation system (13), LGV
L2-infected HeLa 229 human cervical epithelial cells were used as a model. Although
the LGV L2 strain has a more invasive nature than strains of the common genital
serovars D to K, it shares a common developmental cycle with other members of the
genus Chlamydia (4). The results indicate that chlamydial ompA is highly responsive to
the antimicrobials tested, and this response is linked to GFP dynamics and C. tracho-
matis growth. Thus, PompA-GFP has considerable potential as a reporter for tracking the
changes in bacterial growth induced by antimicrobials. This proof-of-principle study
also indicates that this reporter system can be easily adaptable, allowing high-
throughput assays for the detection of infection and the rapid evaluation of antimi-
crobials.

RESULTS AND DISCUSSION
Comparing time courses of GFP-based reporter systems during C. trachomatis

infection. C. trachomatis LGV L2 takes about 48 h to complete a single developmental
cycle in human cervical epithelial cells. A successful strategy to overcome issues in
recognizing diverse chlamydial forms, including EBs and RBs, involves long-term, robust
labeling of the pathogen for easy detection. The L2/PompA-GFP system, which contains
ompA promoter-driven GFP, may be best suited for this purpose, as it is constitutively
expressed throughout the chlamydial developmental cycle (16). The traceability of the
L2/PompA-GFP system was compared with that of the L2/PincD-GFP system (24), which
was previously used to track infection (15). Following infection of HeLa 229 cells with
C. trachomatis, microscopy and flow cytometry were used to monitor the time course
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of GFP expression from 8 to 24 h postinfection (hpi) when RBs replicated and/or
asynchronously began to transit back to EBs.

We observed that L2/PompA-GFP formed inclusions displaying fluorescence signals
stronger than those of the inclusions formed by L2/PincD-GFP in all cells (Fig. 1a and b).
Flow cytometry data indicated that the GFP-positive infected cell population was
readily separated from the uninfected cell population at 16 hpi for L2/PompA-GFP-
infected cells. At the same time, less separation between infected and uninfected cells
was seen for L2/PincD-GFP-infected cells (Fig. 1c and d). The average mean fluorescent
intensity (MFI) of the total population of cells analyzed was 4.2- and 18.4-fold higher for
L2/PompA-GFP than for L2/PincD-GFP at 16 and 24 hpi, respectively, indicating the higher
potency of PompA-GFP in comparison to that of PincD-GFP. These results confirm the
effectiveness of PompA-GFP for the labeling of C. trachomatis during infection in HeLa
229 cells. Thus, we chose to investigate L2/PompA-GFP further.

PompA-GFP is highly responsive to antimicrobials targeting essential processes
of C. trachomatis. Previous studies have reported that Chlamydia spp. are able to
adaptively respond to various stressors, including antimicrobials, by rapidly reprogram-
ming their macromolecule synthesis and remodeling their envelope (25–27). We
sought to address whether or not PompA-GFP as a reporter can realistically reflect
changes in ompA expression. Therefore, the levels of ompA and PompA-GFP expression
as well as the morphology of chlamydial inclusions were monitored in the presence of
antimicrobials. PompA-GFP contains the ompA P3 promoter (16) and the region of
translation initiation from tuf encoding translation elongation factor (EF) Tu (28), so it
may be useful in exploring the changes in bacterial growth induced by antimicrobials
targeting the processes of bacterial transcription and translation.

FIG 1 Performance of C. trachomatis GFP reporter systems. (a and b) Fluorescence microscopy detects GFP-expressing inclusions in HeLa 229 cells infected with
L2/PincD-GFP (a) or L2/PompA-GFP (b). Live cells were counterstained for DNA (Hoechst 33342) before visualization. Images were taken at 24 hpi under the same
exposure condition for L2/PincD-GFP and L2/PompA-GFP. DIC, differential inference contrast. (c) Quantitative analysis of GFP levels using flow cytometry. Cells
(30,000) in each sample were analyzed at the time points indicated. The percentage of GFP-positive cells in each of the samples is shown. (d) MFI obtained
from the same samples used in the assay whose results are shown in panel c. Data are representative of those from three independent experiment performed
in triplicate for each group. All values were analyzed by FlowJo and GraphPad Prism software.
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To test this hypothesis, L2/PompA-GFP-infected cells were first exposed to a dose of
rifampin (50 ng/ml) administered at 16 hpi, the point at which C. trachomatis is at the
exponential phase of its developmental cycle (Fig. 2a). Rifampin exerts its antibacterial
action by targeting the � subunit of bacterial RNA polymerase and has been proven to
inhibit growth and de novo mRNA synthesis in C. trachomatis (29). GFP signals and
chlamydial inclusions were monitored by microscopy. Real-time quantitative reverse
transcriptase PCR (qRT-PCR) was used to measure changes in gfp mRNA levels com-
pared with the levels of mRNA for the tuf gene. Exposure to rifampin for 24 h starting
at 16 hpi resulted in dramatic decreases in the GFP signal and the inclusion size (Fig.
2b), indicating bacterial growth retardation. In agreement with these findings, gfp
mRNA was completely eliminated upon exposure to rifampin for 24 h. Short-course
exposure to rifampin for 2 h also resulted in the downregulation of gfp (Fig. 2c).
Notably, in contrast to the relatively stable level of tuf mRNA in rifampin-exposed cells,
there was an approximately 50% decrease in the gfp mRNA level, suggesting that the
ompA P3 transcript is highly sensitive to rifampin. More importantly, the decrease in the
amount of the gfp transcript correlated with decreased levels of MOMP and GFP after
exposure to rifampin for �2 h (Fig. 2d), indicating that the changes in the level of ompA
expression and the changes in GFP levels were linked.

Next, we examined the effects of chloramphenicol, an inhibitor of prokaryotic
protein synthesis. Because chloramphenicol can inhibit mitochondrial function and,
therefore, cell viability (30), we administered a 60-�g/ml dose of chloramphenicol at 16

FIG 2 Changes in chlamydial growth and GFP expression induced by rifampin (Rif). (a to c) Experimental
schematic for the time of rifampin addition (a) and sample testing by imaging (b) and qRT-PCR analysis
(c). (b) Visualization of the inclusion morphology in the absence or presence of rifampin for 24 h starting
at 16 hpi. Images were taken at 40 hpi under the same conditions in the absence and presence of
rifampin. The graph on the right shows the average size, determined from five different fields using
ImageJ software, of inclusions exposed to rifampin relative to that of inclusions that lacked rifampin
exposure. The P value was obtained by an unpaired Student t test. (c) Exposure to rifampin for 2 h
resulted in a significant decrease in gfp mRNA levels in C. trachomatis, as measured by qRT-PCR (see
Materials and Methods). Shown is the ratio of the level of gfp mRNA to the level of tuf mRNA. The P value
was obtained by an unpaired Student t test. (d) Quantifying the levels of MOMP and GFP by immuno-
blotting. Lysates of cells exposed to rifampin or DMSO (control) were paired. GFP or MOMP was probed
with specific antibodies, and their levels were quantified by densitometry using Quantity One software.
Host cell tubulin was used as a loading control for protein amounts. The values are reported as a
percentage by normalization to the corresponding protein intensity from the DMSO control harvested at
the same times. Data are representative of those from three independent experiments. In all cases,
rifampin was used at a concentration of 50 ng/ml.
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hpi. Note that this is less than one-third of the amount previously used for protein
synthesis inhibition assays with C. trachomatis (31). The cell morphology and popula-
tions were analyzed by microscopy and flow cytometry. To exclude potential
chloramphenicol-associated toxic effects, cells were incubated with a cell death probe,
ethidium homodimer III (EthD-III), and were then subjected to flow cytometry analysis.
EthD-III enters the cells and binds to DNA only when cells die and the plasma
membrane becomes disrupted. We observed that the chlamydial growth was dramat-
ically inhibited by exposure to chloramphenicol for 6 and 24 h starting at 16 hpi
compared with the growth of the unexposed control (Fig. 3a and b). Consistent with
these observations, GFP levels, analyzed by immunoblotting, decreased after chloram-
phenicol exposure compared to those for the corresponding control at the same time
point (Fig. 3c). The levels of MOMP in the same samples also decreased, indicating
overall bacterial translational inhibition by chloramphenicol. We verified that this effect
was not due to the cytotoxicity of chloramphenicol, because the number of EthD-III-
stained dead cells in populations that had been exposed and populations that had not
been exposed to chloramphenicol was almost unchanged (Fig. 3b).

The GFP version used in this study has been reported to be quite stable once it is
produced (13). To track the fate of GFP, C. trachomatis-infected cells were harvested at
16 hpi prior to chloramphenicol addition and then at 1, 2, or 4 h after the addition of
chloramphenicol for immunoblot analysis (Fig. 3d). We found that GFP was �50% less
intense after chloramphenicol exposure over a period of 2 to 4 h compared to its
intensity in the corresponding cells harvested prior to chloramphenicol addition. These
data suggest that the half-life of GFP is on the order of hours in C. trachomatis. The
gradual decrease in the amount of GFP may reflect the time required for GFP degra-
dation in C. trachomatis, which has a doubling time of 2.5 to 4 h (32, 33). This finding

FIG 3 Chloramphenicol (Cam) affects chlamydial growth and GFP expression. (a) Live cell image of L2/PompA-GFP-infected cells that were and were
not exposed to chloramphenicol starting at 16 hpi for 24 h. Images were taken at 40 hpi under the same conditions for cells that were and
were not exposed to chloramphenicol. (b) Simultaneous quantification of the GFP-positive population and EthD-III-stained dead cells. Cells were
harvested after exposure to chloramphenicol (Cam�) for 6 hpi and subjected to flow cytometry. The corresponding cells that lacked exposure
to chloramphenicol (Cam�) were harvested at the same time and used as controls. The distribution of cells in the green channel (GFP) and red
channel (EthD-III-A) is shown. The percentages of cells displaying no fluorescence (uninfected bystander cells), GFP-positive cells, and/or
EthD-III-positive cells relative to the total number of cells initially analyzed are indicated. (c) Measurement of MOMP and GFP levels by
immunoblotting. Lysates of L2/PompA-GFP-infected cells exposed to chloramphenicol or DMSO (control) harvested at the same times were
compared. GFP, MOMP, or tubulin (loading control) was revealed with specific antibodies. (d) Monitoring of the fate of GFP in C. trachomatis by
immunoblotting. Protein bands were quantified by densitometry using Quantity One software. The values are reported as a percentage by
normalization of the corresponding protein intensity to that for the DMSO control. Data are representative of those from three independent
experiments. In all cases, chloramphenicol was used at a concentration of 60 ng/ml.
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clearly differs from that for many other fast-growing bacteria, such as Escherichia coli,
whose replication rate in the laboratory is 15 to 20 min. It is possible that changes in
GFP levels induced by short-term antimicrobial exposure may be masked by stable GFP.
Nevertheless, in the case of drug exposure over a sufficient period of time, GFP levels
decreased, mirroring the growth inhibition of C. trachomatis. These results indicate that
the changes in GFP levels are a reflection of the C. trachomatis growth retardation
induced by antimicrobials and that the use of the PompA-GFP reporter is well suited for
measuring antichlamydial activity.

Impacts of azithromycin on dynamics of C. trachomatis growth and GFP levels.
We sought to assess the azithromycin-induced changes in chlamydial growth dynamics
at both the single-cell and population levels. Azithromycin, which targets the bacterial
50S ribosome, is often prescribed to treat respiratory infections, ear infections, and
sexually transmitted diseases, including C. trachomatis infections (2). Although evidence
indicates that plasmid transformation of C. trachomatis does not impair its ability to
elicit host cell cytokine production (34), transformed strains display a slight delay of the
developmental cycle compared to untransformed strain L2/434/Bu (13, 16). Therefore,
we first determined the dose and time response of L2/PompA-GFP to azithromycin by
assessing the yield of EBs in HeLa 229 cells using an inclusion-forming unit (IFU) assay
(Fig. 4a). The MIC, the lowest azithromycin concentration that inhibited inclusion

FIG 4 Changes in C. trachomatis growth and the GFP levels induced by azithromycin (Azi). (a) Dose- and time-dependent response of C. trachomatis to
azithromycin. HeLa 229 cells infected with C. trachomatis L2/PompA-GFP were exposed to increasing concentrations of azithromycin (0, 5, 50, and 100 ng/ml)
starting from 0, 8, or 24 hpi. Cells were harvested at 40 hpi and subjected to the endpoint IFU assay to determine EB yields using immunofluorescence assays
with an antibody specific to L2 MOMP. The P value was obtained by one-way ANOVA with a Bonferroni posttest. ***, P � 0.001. (b) Flow cytometry analysis
of azithromycin’s effect. HeLa 229 cells infected with L2/PompA-GFP were exposed to azithromycin at 0, 8, or 24 hpi and collected at 24, 28, or 44 hpi, as indicated,
for flow cytometry. The percentage of the GFP-positive population and the MFI value from DMSO-treated control cells are shown in red, and those values for
azithromycin-exposed cells are presented in blue. These data represent averages from three separate experiments, in which triplicates were tested. (c) Results
of immunofluorescence assay with fixed cells unexposed or exposed to azithromycin. The L2 MOMP antibody was used to visualize C. trachomatis. Note that
there was a correlation between MOMP (red) and GFP (green). (d) Visualization of the effect of azithromycin by live cell imaging. Images were taken at 24 hpi
prior to azithromycin addition (left) and then at 42 hpi (middle) after the addition of azithromycin for 18 hpi under the same exposure conditions. Enlarged
abnormal inclusions that appeared empty and displayed a lower and uneven GFP signal are shown in the right panels. In all cases with the exception of the
assay whose results are presented in panel a, azithromycin was used at a concentration of 50 ng/ml.
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formation by L2/PompA-GFP for 48 h posttreatment, was identified to be 50 ng/ml. This
value is similar to that for L2/434/Bu, suggesting that the introduction of PompA-GFP
into C. trachomatis did not significantly influence susceptibility to azithromycin.

Next, C. trachomatis growth was monitored using microscopy and flow cytometry
after azithromycin (50 ng/ml) was added at 0, 8, or 24 hpi. In the control experiments,
dimethyl sulfoxide (DMSO) was used. We observed that a significant decrease in the
GFP-positive cell population was induced by the addition of azithromycin at 0 or 8 hpi
(early time points) when the cells were evaluated at 24 hpi; only 0.88% and 5.6% of
azithromycin-exposed cells, respectively, were GFP positive, whereas 62.2% of the
DMSO-exposed control cells were GFP positive (Fig. 4bi and ii). MFI values were also
much lower for the azithromycin-exposed cells than for the control cells, indicating
significant inhibition of bacterial growth at early time points. In contrast, exposure to
azithromycin starting at 24 hpi appeared to be less effective than exposure at the early
points (Fig. 4biii and iv). Upon 4 h of exposure to azithromycin starting at 24 hpi, the
proportion of GFP-positive cells decreased from 62.2% to 56.2% when the cells were
observed at 28 hpi (Fig. 4biii). In parallel, there was an approximately 2/5 decrease in
the MFI value (Fig. 4biii). A 20-h exposure to azithromycin caused a larger fraction of the
cells to become GFP negative and a reduction of the MFI value by nearly 1/2 when the
cells were observed at 48 hpi (Fig. 4biv). These data were verified by immunofluores-
cence assays using MOMP antibody staining (Fig. 4c). The profound inhibitory effect of
azithromycin on C. trachomatis growth is in line with its ability to impede RB replication,
block RB-to-EB differentiation, and prevent subsequent infection by modulating an
as-yet-unidentified host cell factor (11, 35). Live cell imaging performed at 42 hpi
showed a noticeably considerable variation in the inclusion morphology induced by
azithromycin addition starting at 24 hpi (Fig. 4d). Some cells were normal in size and
produced a strong GFP signal; others were morphologically aberrant with a weakened
GFP signal and fewer GFP-expressing chlamydial organisms. These results suggest that
C. trachomatis exists in diverse populations. Such variations were not easily detected in
fixed cells by immunofluorescence assay (Fig. 4c). The heterogeneity of the inclusions
observed may reflect stage-specific differences in chlamydial physiology and asynchro-
nous growth at the late stage, when RBs, EBs, and intermediate bodies accumulated.
Although both EBs and RBs have a metabolic capacity (36, 37), rapidly replicating RBs
are more responsive to antimicrobials than EBs (38, 39). Alternatively, a small number
of bacteria may have adapted to a viable, nondividing persistent form (9, 26, 39, 40)
that was less susceptible to antimicrobials in vitro. Suchland et al. (11) reported that the
survival rate of Chlamydia exposed to an effective antimicrobial is approximately one
bacterium per 5,000 infected cells. Collectively, these results underscore the growth-
stage-dependent susceptibility of C. trachomatis to azithromycin and further verify that
dynamic GFP profile correlates with chlamydial growth.

High-throughput assays verified the impacts of antimicrobials on chlamydial
growth. Given its robust performance, we considered the potential use of PompA-GFP
in a high-throughput infection assay. As a proof of principle, we assessed whether
PompA-GFP could be used to set up experiments to probe antimicrobial effects with the
aid of an automatic fluorimeter in a 96-well plate format. HeLa 229 cells were inocu-
lated with a series of L2/PompA-GFP dilutions, permitting infectivity for the host cell to
vary over time. The optimized concentrations of azithromycin (50 ng/ml), rifampin (50
ng/ml), and chloramphenicol (60 �g/ml) were added to different wells at 0, 8, or 20 hpi.
With these dosages, changes in GFP levels should reflect the antimicrobial effect
instead of cytotoxicity. Mock-infected cells were used as autofluorescence baseline
controls. The inclusion morphology was monitored by microscopy. The GFP readout
was measured by a plate reader.

As shown in Fig. 5a, we were able to achieve 5% to 90% C. trachomatis infection in
HeLa 229 cells with different-sized inocula. These levels of infection did not cause
detectable host cell damage within the 72 h of observation. The GFP signal was low
prior to 16 hpi, but in most cases, the fluorescence readout was augmented after 18 hpi
as a result of the multiplication and accumulation of C. trachomatis (Fig. 5b). Changes
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in fluorescence intensity depended on the infectivity and time intervals of detection.
The highly infected cells (infected with inocula of 2,500 to 50,000 inclusion-forming
units [IFU]/ml) displayed a large increase in GFP intensity (�1.5-fold) during exponen-
tial growth from 18 to 24 hpi (Fig. 5c), a peak GFP intensity at 44 hpi, and a slight or
no increase in GFP intensity (0.69- to 1.25-fold) from 44 to 48 hpi. In contrast, the cells
infected with a lower inoculum of 250 to 1,000 IFU/well exhibited a constitutive, small
increase in fluorescence intensity (�1.5-fold) from 18 to 48 hpi. The disparity in GFP
profiling detected between highly and weakly infected cells can be explained by the
difference in the amounts of chlamydial organisms that were produced and that
accumulated in the inclusions. Indeed, the inclusions tended to be large and contained
more chlamydial particles in highly infected cells (Fig. 5a), likely due to the invasion of
multiple EBs and homotypic inclusion fusions within a single host cell. Additionally, it
was relatively easy to observe the formation of new, small inclusions at 48 hpi and later.
In contrast, there were small inclusions in cells infected with a low inoculum. These data
support the previous findings that the degree of host infectivity affects the develop-
mental cycle and outcome of C. trachomatis infection. Because the fluorescence signal
remained unchanged as a factor of time in mock-infected cells, cellular autofluores-
cence is unlikely to have a major influence on Chlamydia-derived GFP readouts under
our test conditions.

As expected, exposure to azithromycin, rifampin, or chloramphenicol starting from
8 hpi for �14 h resulted in dramatic decreases in GFP intensity (Fig. 5d), in agreement
with the bacterial growth inhibition shown in Fig. 2 to 4. There was no observed
difference in the inhibitory effect when the inoculum sizes of C. trachomatis varied over
a range of from 250 to 50,000 IFU/ml. To examine the outcome for GFP, fluorescence
intensity was monitored for up to 72 h after antimicrobial exposure starting at 20 hpi.

FIG 5 Fluorimeter-based analysis of C. trachomatis growth and GFP in a 96-well microplate. (a) Microscopic analysis of the progression of infection in HeLa 229
cells with various EB inocula (the inoculum [given as the number of IFU per well] is indicated at the top left of each panel). Live cells were photographed at
20 hpi in the absence of antimicrobials. (b) Tracing of the GFP fluorescence profile with time using a plate reader. Data represent the mean � standard deviation
(SD). (c) Fold changes in fluorescence readouts from 18 to 48 hpi in cells with different inocula. The ratio of GFP intensity at 24 hpi to that at 18 hpi or the
ratio of the GFP intensity at 48 hpi to that at 44 hpi is shown. The black line indicates a ratio of 1. (d) The inhibitory effects of azithromycin, chloramphenicol,
or rifampin on chlamydial growth correlates with the GFP profile. HeLa 229 cells inoculated with increasing numbers of IFU were exposed to antimicrobials at
8 hpi, and the amount of GFP was measured after antimicrobial exposure for 20 h. Azithromycin (50 ng/ml), rifampin (50 ng/ml), and chloramphenicol (60
�g/ml) were used. (e) Monitoring the fate of GFP. Cells inoculated with 10,000 IFU/ml were exposed to rifampin, chloramphenicol, or azithromycin starting at
20 hpi. Fluorescence was measured at 48 and 72 hpi (or 28 and 52 h after drug exposure) using a plate reader. Mock-infected cells and infected cells exposed
to DMSO were used as controls. The ratios of the fluorescence intensity measured at 48 or 72 hpi to that measured at 20 hpi, reflecting the fold change in the
amount of GFP, are shown. All graphs indicate the combined average from at least three independent experiments with triplicates in each experiment.
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We observed that the GFP signal decreased with time; approximately 30% or 50% of the
decrease in the GFP level compared to that at the time that the drug was added was
induced by drug exposure for 28 or 52 h. Meanwhile, at 72 hpi GFP levels continued to
increase up to �6-fold in cells that were not exposed to the drug. Autofluorescence
was unchanged in mock-infected cells. Therefore, differences in GFP readouts between
drug-exposed and unexposed cells became more obvious with time. More detailed
studies of the relationship between fluorescence levels and bacterial growth status are
necessary. Nevertheless, these results indicate that genetically encoded GFP in C.
trachomatis can produce a strong fluorescence signal that can be measured in �1 min
per plate using ordinary fluorescence plate readers or fluorimetry in a 96-well format.
All three drugs tested effectively inhibited C. trachomatis growth, on the basis of the
decreases in GFP levels, in agreement with the results of non-high-throughput studies
(Fig. 2 to 4).

Conclusion. This study describes a simple, robust GFP reporter assay suitable for the
rapid detection of the antichlamydial efficacy of antimicrobials in vitro. This method is
based on the well-known dependence of C. trachomatis growth on the expression and
proper function of ompA (21, 40). Treatment with three antimicrobials of different
classes resulted in considerably decreased levels of GFP in a large fraction of cells,
correlating to the killing or growth arrest of chlamydial organisms. We consider this
cell-based method to have significant potential to be an efficient tool in screening new
antimicrobial agents and measuring neutralizing antibody. The versatility of PompA-GFP
also opens numerous possibilities to monitor the dynamic behavior of C. trachomatis,
in particular, in scenarios of persistence induced by stressors and reactivation upon
removal of the stressors, as well as the host adaptation of C. trachomatis and its related
heterotypic resistance (5, 7–10). Such studies will provide new insights into the intra-
cellular survival mechanism of C. trachomatis contributing to C. trachomatis pathogen-
esis.

Numerous studies have provided examples in which GFP is broadly used to monitor
the antimicrobial susceptibility of microbial organisms (41–43). The use of GFP in
antimicrobial susceptibility testing is advantageous because it can be easily detected
and quantitated using advanced automated techniques, including fluorescence micros-
copy, flow cytometry, and fluorimetry. We demonstrate the suitability of PompA-GFP as
a reporter to assay for antichlamydial efficacy in both low- and high-throughput
formats. Due to the inherent stability of the GFP used, GFP alone cannot always provide
sensitive readouts of the influence of short-term exposure to drugs. A dynamic GFP
profile, as a surrogate for the growth of the bacteria, can be significant and should be
accounted for in the studies. Despite the similar trends of the change in fluorescence
and the growth pattern of C. trachomatis, the changes in GFP levels do not fully reflect
the variety of EBs and RBs, as GFP is present in both. Moreover, our assay provides
information only on the in vitro behavior of bacteria; bacteria growing in vivo face much
more complex conditions, such as host innate and adaptive immunity, as well as the
influence of urogenital tract-associated microbial communities (44).

Despite these considerations and limitations, the GFP reporter assay provides a
unique tool with which the dynamic response of C. trachomatis to antimicrobial agents
can be rapidly monitored in live cells. When this assay is incorporated with automated
detection, it may permit highly parallel, unbiased research to address important
biological questions that are otherwise not amenable to study using conventional
methods. For example, this assay can facilitate a direct survey of the survival of C.
trachomatis exposed to various stressors, including antimicrobials and gamma inter-
feron, the major antichlamydial cytokine. It has been challenging to interpret the
antimicrobial susceptibility of C. trachomatis, as determination of the MIC is influenced
by many factors, including the strains or serovars tested, the rate of C. trachomatis
infection in host cells, the antimicrobial concentration (effective but noncytotoxic), the
time of addition, the exposure interval, and the type of cell culture model (11, 39,
45–47). Using these parameters, several studies from different laboratories have shown
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high degrees of quantitative and qualitative differences in the effects of antimicrobials
on growing bacteria as determined by conventional assays (11, 45–47). The use of the
GFP reporter in studies of C. trachomatis and the proper interpretation of the data from
C. trachomatis studies will require that all these important conditions be satisfied.
Careful evaluation of the test parameters and further standardization of test procedures
using other antimicrobials, such as the commonly used doxycycline, are warranted.
Additionally, this assay can be extended to the non-LGV strains which cause most of the
common syndromes associated with C. trachomatis infection.

MATERIALS AND METHODS
Reagents, antimicrobial agents, and antibodies. Ampicillin, rifampin, azithromycin, chloramphen-

icol, cycloheximide, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The primary antibodies used in this study included a mouse monoclonal antibody (L2I-45) specific
to the LGV L2 MOMP (48), kindly provided by Yun-xun Zhang (Boston University); a rabbit polyclonal GFP
antibody (catalog number AG279) from Beyotime (Beijing, China); and a mouse monoclonal antibody to
tubulin (catalog number T5168) from Sigma-Aldrich (St. Louis, MO, USA). The secondary antibodies used
were Alexa Fluor 568-conjugated goat anti-mouse IgG (catalog number A11004) from Invitrogen
(Carlsbad, CA, USA) and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (catalog number
ASS1009) or anti-mouse IgG (catalog number ASS1007) from Abgent (Wuxi, China).

Cell culture and C. trachomatis infection. HeLa 229 human cervical cancer cells (CCL2; ATCC) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing a high level of glucose (4.5 g/liter)
supplemented with 10% fetal bovine serum (Sigma-Aldrich) and L-glutamine (2 mM) (DMEM-10) at 37°C
in a humidified incubator with 5% CO2. C. trachomatis strains L2/PompA-GFP and L2/PincD-GFP were
generated by transforming plasmid-free C. trachomatis L2/25667R cells with the shuttle plasmid
pBOMB-P3 (16) or p2TK2-SW2 IncDProm-RSGFP-IncDTerm (called pPincD-GFP in this study) (24) (kindly
provided by Isabelle Derré, University of Virginia), respectively, using the method described previously
(16). pBOMB-P3 carried ompA promoter P3-driven GFP (16) and pPincD-GFP carried incD promoter-driven
GFP (24). The transformed strain was used to infect HeLa 229 cells, followed by culturing in DMEM-10
containing ampicillin (5 �g/ml) and cycloheximide (1 �g/ml) for 48 h. EBs were then isolated from the
other chlamydial forms by density gradient purification as described previously (49), resuspended in
sucrose-phosphate-glutamic acid (SPG) buffer (10 mM sodium phosphate [8 mM Na2HPO4, 2 mM
NaH2PO4], 220 mM sucrose, 0.5 mM L-glutamic acid), and stored at �80°C until use. The C. trachomatis
stocks tested negative for mycoplasma by PCR (Phoenix Research).

Monolayers of HeLa 229 cells in culture plates were infected with C. trachomatis expressing GFP.
Infections were synchronized by centrifugation at 1,600 � g for 40 min at 37°C. The medium was
changed immediately postinfection to ensure the removal of nonphagocytosed bacteria. C. trachomatis-
infected cells were cultured in DMEM-10 containing ampicillin (5 �g/ml) and cycloheximide (0.5 �g/ml)
with or without the addition of the test antimicrobial for various time periods, as indicated above for
each experimental result. The infectious EB progeny in the culture was evaluated by enumeration of the
IFU in 1 ml of cell lysate.

Endpoint inclusion-forming unit assay. C. trachomatis-infected cells were harvested in sterile water
at 44 hpi. Serial dilutions of the harvested cultures were subcultured using HeLa 229 cells. The cells were
processed at 44 hpi for indirect immunofluorescence assay as described below. The quantity of infectious
EBs was determined by enumeration of the IFU in triplicate wells using fluorescence microscopy. The
total numbers are presented as the number of IFU per milliliter.

Indirect immunofluorescence assays. C. trachomatis-infected HeLa 229 cells were fixed with 2%
paraformaldehyde dissolved in phosphate-buffered saline (pH 7.4) for 30 min at room temperature and
permeabilized with 0.1% Triton X-100 (Sigma) for an additional 30 min. After the cells were washed and
blocked with 3% bovine serum albumin, they were incubated with MOMP antibody (L2I-45) (48)
overnight at 4°C, followed by incubation with Alexa Fluor 568-conjugated secondary antibody (Molecular
Probes) for 45 min at 37°C. The cells were visualized and photographed using a microscope (see below).

Acquiring and analyzing images using phase-contrast, fluorescence, and confocal microscopy.
A Nikon laser confocal microscope (A1R si) was used to capture images of live or fixed cells. The images
were analyzed by use of confocal z-section series and then merged into loss-less montage images using
NIS-Elements BR software, version 4.11. In some experiments, the cells were photographed with an
inverted fluorescence microscope (Zeiss Axio Observer D1). Images were processed using AxioVision
software, version 4.8. ImageJ software, version 1.40g (50), was downloaded from the National Institutes
of Health website (the W. S. Rasband website) and used to take measurements of the images.

Flow cytometry. Cells in six-well plates were detached by trypsinization using a trypsin (0.025%)-
EDTA (0.001%) solution (Sigma) at different times, as indicated in the Results and Discussion. Unfixed cells
or cells that were fixed with 2% paraformaldehyde at room temperature for 20 min were subjected to
flow cytometry analysis using a FACSCanto II flow cytometer (BD Biosciences). Flow cytometry data were
recorded for at least 20,000 cells per sample. Mock-infected cells were used as a blank control. Data were
analyzed, using FlowJo software, version 7.6 (TreeStar Inc.), for both the percentage of GFP-positive cell
populations and the mean fluorescent intensity (MFI) of the total population of cells.

Real-time quantitative reverse transcriptase PCR (qRT-PCR). Genomic DNA and total RNA were
isolated from the same cells using a ZR Duet-DNA/RNA kit (Zymo) according to the manufacturer’s
instructions. DNase treatment was performed in a column to remove residual DNA. A total of 1 �g of
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total RNA was reverse transcribed into cDNA, and the genes of interest were amplified using a VeriQuest
Fast SYBR green quantitative PCR (qPCR) kit (USB) with the following primer pairs: gfp-rtF (5=-GTATAC
ATCATGGCAGACAAACAAA)/gfp-rtR (5=-TGTTGATAATGGTCTGCTAGTTGAA), tuf-rtF (5=-GTATACATCATGG
CAGACAAACAAA)/tuf-rtR (5=-GTAACTCTGCCTGAGGGAATTGA), and 16SF (5=-CGCCAACACTGGGACTGAG
A)/16SR (5=-GGCGTCGCTTCGTCAGACTT). The PCR cycle conditions were as follows: 50°C for 2 min, 95°C
for 5 min, 95°C for 3 s, and 60°C for 30 s. The last two steps were repeated for 35 to 45 cycles, and
fluorescence was detected at the end of each cycle. Transcript levels were normalized to C. trachomatis
genomic DNA levels, which were quantified by qPCR with primers specific to the 16S rRNA gene. The
2�ΔΔCT threshold cycle (CT) method was used to obtain relative transcript levels.

Immunoblot analysis. Cells were lysed in buffer containing 10 mM Tris (pH 8.0) and 8 M urea. The
protein content was determined by a bicinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology,
Shanghai, China). The optimal amount of protein dissolved in 1� sodium dodecyl sulfate (SDS) loading
buffer was separated on a 12% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore) for immunoblotting. The membrane was incubated with primary antibod-
ies against GFP, MOMP, or tubulin, followed by incubation with the secondary antibody horseradish
peroxidase-conjugated rabbit anti-mouse or goat anti-rabbit IgG. The protein bands were visualized by
use of an enhanced chemiluminescence kit (Bio-Rad).

Measuring GFP intensity using a time-resolved spectrophotometer. HeLa 229 cells grown
overnight in 96-well black microplates (catalog number 655090; Greiner) were infected with C. tracho-
matis expressing GFP at a dose resulting in infection of 5% to 90% of cells, as indicated above.
Antimicrobials were added to triplicate wells at different time points after infection (see the details
provided above for each experiment). In a comparable manner, parallel control uninfected cells at the
same cellular concentrations received only medium containing a corresponding amount of DMSO.
Cultures were incubated in a 37°C incubator, and GFP fluorescence was measured by a plate reader
(SynergyMx; BioTek) at appropriate intervals with excitation at 480 � 20 nm and emission at 530 � 20
nm. The relative fluorescence intensity was obtained by subtraction of the background reading for the
medium from the fluorescence reading for the cells. Measurements were taken at the time points
indicated above in the presence or absence of antimicrobials.

Statistical analyses. Data analyses were performed using GraphPad Prism software (GraphPad
Software, Inc.). Statistical significance was determined by two-way analysis of variance (ANOVA) or an
unpaired Student t test, as indicated above. P values of �0.05 were considered statistically significant.
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