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Abstract. The obligate intracellular bacterium Chlamydia 
psittaci is the causative agent of psittacosis in birds and 
humans. The capability of this zoonotic pathogen to develop 
a persistent phase may serve a role in the chronicity of 
infections, in addition to the failure of antibiotic therapy or 
immunoprophylaxis. In the present study, a C. psittaci strain 
6BC persistent infection cell model was induced using inter-
feron (IFN)-γ, alterations in the infectivity and morphology 
of the pathogen were analyzed, and the transcript profile of 
seven selected genes was analyzed. Following treatment with 
IFN-γ, the infectivity of C. psittaci 6BC was decreased, the 
inclusion bodies appeared to be smaller, reticulate bodies were 
larger and the number of infectious elementary bodies was 
decreased compared with acute infection. In IFN-γ-induced 
persistently infected cells, the relative mRNA expression 
levels of the genes CPSIT-0208, CPSIT-0310, CPSIT-0846, 
CPSIT-0844 and CPSIT-0594 were upregulated at 2-48 h 
post-infection (p.i.). The genes CPSIT-0959 and CPSIT-0057 
were downregulated at 2-36 h p.i. The results of the present 
study advanced the understanding of C. psittaci persistent 
infection and demonstrated a number of previously unknown 
alterations in chlamydial gene expression, which may provide 
novel targets to further analyze this particular host-pathogen 
interaction.

Introduction

Bacteria of the family Chlamydiaceae are obligate intracel-
lular pathogens that cause a number of diseases in a wide 
range of animals, including humans. Among these bacteria, 
Chlamydia psittaci, the causative agent of human and avian 
psittacosis, is the most important zoonotic pathogen, which 
is frequently transmitted via aerosol from infected birds. 
The symptoms of human and avian psittacosis encompass 
clinically acute, protracted, chronic or subclinical disease, and 
may persist in the host for months or years, potentially leading 
to mortality (1-6). In humans, C. psittaci infection frequently 
causes acute symptoms; however, it may additionally lead to 
chronic inflammation and fibrosis, which requires the bacteria 
to be able to survive long-term in vivo (7).

Chlamydia exhibit a unique developmental cycle compared 
with other intracellular bacteria. Upon entry into eukaryotic 
cells, Chlamydia replicate within membrane-bound vacuoles, 
termed inclusions (8), and undergo a biphasic developmental 
cycle that alternates between infectious metabolically-inactive 
elementary bodies (EB) and noninfectious metabolically-active 
reticulate bodies (RB). In acute infections, the Chlamydia 
development cycle is 36-72 h. However, under adverse environ-
mental conditions, including cytokine stimulation, antibiotic 
use, heat shock, nutritional deficiency, phage infection and 
viral co-infection, Chlamydia may enter a non-infectious 
viable state termed persistence, in order to evade host immune 
clearance (9-15). In this persistent state, Chlamydia is viable 
and metabolically active, although it exhibits an atypical 
development cycle, manifesting as the formation of small 
inclusions and aberrant bodies (AB), leading to increased RB 
which cannot produce infectious progeny EB. This persistent 
infection status of Chlamydia is reversible; when the inducing 
factors are removed, the RB to EB differentiation is restored 
and the development cycle completed.

Interferon (IFN)-γ is an important immune regula-
tory factor, which is able to stimulate the synthesis of 
indole-2,3-cyclooxygenase (IDO) (16-19). IDO is an important 
enzyme in the catabolism of tryptophan, and tryptophan deple-
tion inhibits the growth of Chlamydia. Beatty et al (20,21) 
confirmed that increased concentrations of IFN-γ may 
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completely inhibit the growth of C. trachomatis; however, 
at low concentrations, Chlamydia will exhibit the atypical 
form of a non-infectious state with certain abnormal RB 
sub-cellular structures. Olivares-Zavaleta et al (22) reported 
that Chlamydophila pneumoniae was able to inhibit the 
proliferation of activated T lymphocytes, thereby decreasing 
the production of IFN-γ and evading host immune clearance, 
leading to persistent infection.

Persistently-infectious Chlamydia is morphologically 
aberrant and exhibits an unusual transcription profile (23). It 
has been reported that the expression of a number of bacterial 
genes, including omp1 and ftsK, is markedly decreased during 
persistence (12,24,25). This alteration in transcriptional 
activity is hypothesized to be a flexible means of adjusting the 
metabolic characteristics of the bacterium to support long-term 
infection of the host under varying circumstances, as observed 
in Mycobacterium tuberculosis and other organisms (26-28).

Numerous stress conditions, including iron deprivation, 
IFN-γ exposure and treatment with penicillin, have been 
investigated in the context of persistence in C. trachomatis, 
C. pneumoniae and C. psittaci (29-33). IFN-γ was used in the 
present study to induce the persistence of C. psittaci and to 
demonstrate its morphologically abnormal, persistent forms, 
and the altered expression of genes associated with cell 
division, energy metabolism and cell membrane structure 
formation.

Materials and methods

C. psittaci and cell culture. Human cervical epithelial 
HeLa 229 cells (American Type Culture Collection, Manassas, 
VA, USA; CCL-2.1™) were used for culturing Chlamydia. 
HeLa 229 cells were maintained at 35˚C in 5% CO2, in 
Dulbecco's modified Eagle's medium (DMEM; Hyclone; GE 
Healthcare Life Sciences, Logan, UT, USA) supplemented 
with 10% (v/v) fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) and 2 mmol/l 
L-glutamine (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany). C. psittaci 6BC (American Type Culture Collection; 
VR‑125) was propagated in confluent HeLa 229 cell mono-
layers in complete growth medium with 10% FBS and 2 µg/ml 
cycloheximide as described previously (34). Chlamydial EBs 
were harvested at 48 h post-infection (p.i.). Cells containing 
mature EBs were centrifuged at 1,500 x g at 37˚C for 10 min 
and washed twice with PBS (pH 7.4). Cell pellets were resus-
pended in sucrose-phosphate-glutamate acid buffer (0.2 mol/l 
sucrose, 3.8 mmol/l KH2PO4, 6.7 mmol/l Na2HPO4, 5 mmol/l 
L-glutamic acid; pH 7.4), disrupted by sonication and stored 
at ‑80˚C until use. C. psittaci was used in all experiments at a 
multiplicity of infection (MOI) of 2. The MOI was determined 
using standard serial dilution methods (35) to count the number 
of chlamydial inclusion-forming units (IFU) in the HeLa 229 
cells using 0.2% rabbit anti‑C. psittaci antiserum (gift of 
G. Zhong, Departments of Microbiology and Immunology, 
University of Texas Health Science Center at San Antonio, 
San Antonio, USA).

Infection and induction of persistence. Human recombinant 
IFN-γ (R&D Systems, Inc., Minneapolis, MN, USA) was 
used to establish a state of C. psittaci persistence in HeLa 229 

cells using protocols described below. HeLa 229 cells were 
trypsinized from stock cultures, plated onto 24- or 6-well cell 
culture plates (0.5x106 and 1.5x106 cells/well, respectively) 
and incubated overnight at 35˚C in 5% CO2. Sterile coverslips 
were placed into the 24-well cell culture plates prior to culture. 
Following 16 h of incubation, confluent HeLa 229 cell mono-
layers were infected with C. psittaci at an MOI of 2 for 2 h, and 
the medium was subsequently replaced with complete DMEM 
containing 10% FBS and 2 µg/ml cycloheximide with different 
concentrations of IFN-γ (2.5, 5, 10, 25, 50 and 100 ng/ml). 
The infected cells were incubated at 35˚C in 5% CO2 for the 
indicated time periods (0, 12, 24, 36, 48 and 60 h).

Infectivity and reactivation analysis. Infectivity in the course 
of IFN-γ-induced persistence was determined by harvesting 
chlamydial organisms from infected monolayers by sonica-
tion at 48 h p.i. or the indicated time points (0, 12, 24, 36, 48 
and 60 h p.i.), and reinoculating them onto fresh HeLa 229 
monolayers. A total of 48 h after reinfection, the infected 
monolayers were fixed with 4% paraformaldehyde at room 
temperature for 30 min and stained as described below. The 
numbers of inclusion bodies were counted in 30 random high 
power fields using a fluorescent microscope at x400 magnifi-
cation and calculated as IFUs/ml.

For the reactivation analysis experiments, HeLa 229 
monolayers grown on coverslips were infected at an MOI of 
2, and persistence was induced as described above. A total 
of 24 h p.i., the medium was replaced with complete growth 
medium without IFN-γ and supplemented with 100 µg/ml 
tryptophan. Following incubation at indicated time points (12, 
24 and 36 h), chlamydial organisms were harvested by sonica-
tion and inoculated onto fresh HeLa 229 cell monolayers using 
complete growth medium. A total of 48 h later, the monolayers 
were fixed with 4% paraformaldehyde at room temperature 
for 30 min, samples were stained as described below, and the 
infectious titer was estimated by counting 30 random fields 
using a fluorescent microscope at x400 magnification per 
coverslip.

Indirect immunofluorescence staining. During IFN-γ-induced 
persistence, infected cells were fixed with 4% paraformalde-
hyde for 30 min at 48 h p.i., permeabilized with 0.1% (v/v) 
Triton X-100 for 10 min, and blocked with DMEM containing 
10% FBS at 37˚C for 1 h. Subsequently, the samples were 
inoculated with rabbit anti-C. psittaci antiserum at 37˚C 
for 1 h. Following washing twice with PBS, the infected 
monolayer cells were incubated with 0.5% Cy2‑conjugated 
goat-anti-rabbit immunoglobulin G (Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA, USA; cat. no. 111-225-144) 
and 0.1% DAPI (Thermo Fisher Scientific, Inc.) at 37˚C for 
1 h. Images of inclusion-containing cells were obtained using 
a fluorescent microscope at x400 magnification.

Transmission electron microscopy. HeLa cells were plated 
in 6-well culture plates, and infections were performed as 
described above. The culture supernatant was replaced with 
2.5% glutaraldehyde in phosphate buffer (0.1 mol/l; pH 7.4) 
at the indicated time points (24, 36 and 48 h) following infec-
tion. Following 2 h of fixation at 4˚C, the cells were removed 
from the cell culture plates using a cell scraper, collected into 
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an Eppendorf tube and centrifuged at 1,500 x g for 5 min to 
remove dead and apoptotic cells at 4˚C. The cell pellets were 
postfixed in 1% osmic acid at room temperature for 2‑3 h. 
Following washing twice with PBS, samples were dehydrated 
in increasing concentrations of ethanol (50, 70 and 100%) and 
acetone (90 and 100%) prior to infiltration and embedding in 
a mixture of Spurr epoxide resin (EPON812, DDSA, MNA 
and DMP30) and pure acetone at room temperature for 2-3 h. 
Ultrathin sections (~70 nm) were stained with uranyl acetate 
and lead citrate at 30˚C for 30 min prior to examination and 
imaging under a Hitachi HT-7100 transmission electron 
microscope (Hitachi, Ltd., Tokyo, Japan).

Preparation of RNA samples. The HeLa 229 monolayers 
were grown in 6-well cell culture plates at a density of 
1.5x106 cells/well. A total of two independent rounds of 
infection experiments were performed, including acute and 
persistent Chlamydia infections. At 2, 6, 12, 24, 48 and 60 h 
p.i., infected cells were removed using TRIzol reagent (Tiangen 
Biotech Co., Ltd., Beijing, China), and total RNA was isolated 
through delamination in chloroform, precipitation in isopropyl 
alcohol and washing with 75% ethanol. Following centrifu-
gation at 10,000 x g at 4˚C for 10 min, the RNA sediments 
were dissolved into 50 µl sterile diethyl pyrocarbonate‑treated 
water, aliquoted, titrated and stored at ‑80˚C until use.

Design of gene‑specific primers. Primers used for RT-qPCR 
were designed using Primer Premier software (version 5.0; 
Premier Biosoft International, Palo Alto, CA, USA) and chro-
mosomal DNA of C. psittaci 6BC was used as the template. 
The primers for the target genes are presented in Table I.

Reverse transcription‑quantitative (RT‑q)PCR analysis. Total 
RNA was reverse-transcribed into cDNA using a RevertAid 
First Strand cDNA Synthesis kit (Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. Measurement 
of mRNA expression levels using RT-qPCR was performed 
using a fluorescent quantitation PCR system (Thermo Fisher 
Scientific, Inc.), with the following temperature‑time profile: 
Initial denaturation at 95˚C for 10 min, 40 cycles at 95˚C for 
15 sec and 60˚C for 1 min. The melting curves of the ampli-
fication products were analyzed subsequently. Each reaction 
tube contained a reaction mixture of 1 µl cDNA template, 
0.5 µl each primer (final concentration, 500 nmol/l), 15 µl 
FS Universal SYBR-Green Master mix (Roche Diagnostics, 
Indianapolis, IN, USA), and 13 µl deionized water. All 
RT-qPCR assays from two independent series of infections 
were performed in triplicate for each target gene, with samples 
collected from the persistence model at 2, 6, 12, 24, 36, 48 
and 60 h p.i. The relative gene expression ratios of the target 
genes were calculated based on the real‑time amplification 
efficiency and cycle threshold deviation of a given sample vs. 
the control (36) (acute infection), compared with a reference 
gene, the 16S ribosomal (r)RNA gene.

Statistical analysis. In order to compare the relative transcrip-
tional profiles of the candidate genes in acute and persistent 
C. psittaci infection, statistical comparisons were made using 
one-way analysis of variance and Student's t-test. P<0.05 was 
considered to indicate a statistically significant difference. 

Data are expressed as the mean ± standard deviation of at least 
three independent experiments and statistical analysis of the 
data was performed using SPSS version 18.0 software (SPSS, 
Inc., Chicago, IL, USA).

Results

IFN‑γ treated cultures exhibit decreased C. psittaci infectivity. 
Compared with the untreated cultures (41.0±1.0x106 IFU), 
following treatment with IFN-γ at concentrations of 2.5, 5, 10, 
25, 50 and 100 ng/ml, the infectivity of C. psittaci was decreased 
to 91.0% (37.3±0.85x106 IFU), 82.9% (34.0±0.94x106 IFU), 
74.1% (30.4±1.08x106 IFU), 39.5% (16.2±0.87x106 IFU), 10.0% 
(4.1±0.62x106 IFU), and 3.7% (1.5±0.47x106 IFU), respectively, 
which demonstrated that the infectivity of the IFN-γ-treated 
C. psittaci strain was decreased in a dose-dependent manner 
(Fig. 1). A concentration of 25 ng/ml IFN-γ was used in all 
subsequent trials.

Following treatment with 25 ng/ml IFN-γ, the IFU of 
C. psittaci was detected at 36, 48 and 60 h p.i. (Fig. 2). The 
results demonstrated that, in the absence and presence of 
IFN-γ in the HeLa cells, the numbers of inclusion bodies 
increased progressively with time, peaking at 48 h p.i. In addi-
tion, the infectivity of the IFN-γ-treated C. psittaci strain was 
significantly decreased compared with the untreated cultures 
at each time point (P<0.01).

IFN‑γ treated cultures of C. psittaci exhibit aberrant morpho‑
logical characteristics. In the persistence model, chlamydial 
bodies exhibiting abnormal morphology were observed from 
24 h p.i. onwards. Immunofluorescent images demonstrated 
that the inclusion bodies appeared to be smaller, and the RBs 
larger, compared with those observed in IFN-γ-untreated 
C. psittaci infection. At increased magnification, images of 
aberrant inclusions revealed characteristic inhomogeneities 
resulting from the enlarged bodies, which distinguished them 
from normal inclusion bodies (Fig. 3).

The morphological characteristics of C. psittaci 6BC 
were further evaluated at each time point by transmission 
electron microscopy. No clear morphological alterations were 
detected in chlamydial structures between untreated and 
IFN-γ-treated cells at 24 h p.i., and the two groups exhibited 
large inclusion bodies containing numerous EBs and few RBs. 
However, evident morphological differences were observed 
at 36 and 48 h p.i. (Fig. 4). Following treatment with IFN-γ, 
the inclusion bodies were smaller with enlarged RBs, and few 
or no EBs. In acute infection cultures, the inclusion bodies 
contained normal EBs and RBs; the EBs were electron opaque, 
spherical-oval shaped particles with little periplasmic space and 
were surrounded by an undulating cell membrane, while the 
RBs were round to oval in shape, with a typical electron trans-
lucent center and a cytoplasm condensed towards the periphery. 
In the IFN-γ-treated cultures, the inclusion bodies were small 
contained few chlamydial particles. The RBs (termed ABs) 
were larger compared with normal inclusion bodies, exhibited 
an electron‑lucent cytoplasm with a loose network of filaments 
and multiple electron-dense foci.

Activity of IFN‑γ‑treated C. psittaci may be rescued. In 
order to assay the reversibility of the persistent state in the 
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IFN-γ-induced model, the capability of persisting chlamydial 
bodies to recover was examined using freshly infected host 
cells, following removal of the persistence inducer and 
tryptophan supplementation. The morphological features of 
C. psittaci were observed to be rescued in this model. The 
inclusion bodies were larger, and more EBs and fewer ABs 
and RBs were observed in the inclusion bodies by electron 
microscopy (Fig. 5).

In addition to the morphological data, IFUs were addition-
ally compared to evaluate the infectivity of the organisms. 
Following IFN-γ removal and tryptophan supplementation, 
C. psittaci recovered and returned to an infectious state. At 
48 h p.i., compared with the persistent infection, the recovery 
rate was 79.5% (Fig. 6).

IFN‑γ induces modulation of C. psittaci gene expression. 
RT-qPCR analysis was used to analyze the expression of 
seven chlamydial genes in IFN-γ-treated C. psittaci cultures 
at 2-60 h p.i. The 16S rRNA gene served as an internal 
standard. The results of the present study demonstrated 
that treatment with IFN-γ modulated the expression of 
specific C. psittaci genes (Fig. 7). From 2 h p.i. onward, the 
genes encoding the polymorphic outer membrane protein 
(CPSIT-0310) was upregulated in C. psittaci IFN-γ-induced 
persistence at 2-48 h p.i., although it was downregulated from 
48 h p.i. onwards. Inclusion membrane protein (CPSIT-0594; 
incA) expression was upregulated at 2-48 h p.i, and downreg-
ulated at 60 h p.i. The gene encoding the large cysteine-rich 

Table I. Sequences of primers used for the reverse transcription-quantitative polymerase chain reaction.

Target gene Primer sequence (5'-3') Amplicon size, bp

16S rRNA  F: CATCTGCCCAGACTTCTACGG 255
 R: ACACGCCCTTTACGCCCAAT
CPSIT_0844 F: TGTGCTAACTCCTTCGTCTTG 420
 R: CTCAATCTCGAAGAGTTCCTGG
CPSIT_0594 F: GGCTCATGGTTACTGATGGAG 113
 R: TTGTGAGTGCTGTAAGTGAGG
CPSIT-0846 F: GGTGTGCAAGCTTCTCTTTTAG   37
 R: GAGCTTCTAGTTATGCCCAAATTG
CPSIT-0959 F: AGGCATTGGAAACATCGGAG 368
 R: GACAGAGGAAAGGCGATACAC
CPSIT-0057 F: TGCAAGCTCAATCTCTACCG    95
 R: GCACAACCACATTCCCATAAAG
CPSIT-0208 F: CCTTGCGAAGTTGAGTTTGTC 433
 R: GCAGTAAGATACAGTAGCCACG
CPSIT-0310 F: TTTTGATGCGGAGAGTATGGG 259
 R: TCGGTTCGGGTTCTTTAGTTC

rRNA, ribosomal RNA; F, forward; R, reverse.

Figure 1. Infectivity of Chlamydia psittaci 6BC cultures with different 
concentrations of IFN-γ. The number of inclusion-forming units was 
determined from paraformaldehyde‑fixed immunostained cell cultures at 
48 h post‑infection using fluorescence microscopy. The data represent the 
mean ± standard deviation for three independent experiments. *P<0.05, 
**P<0.01 vs. 0 ng/ml IFΝ‑γ. IFU, inclusion-forming units; IFN-γ, interferon-γ.

Figure 2. Infectivity of Chlamydia psittaci 6BC treated with 25 ng/ml IFN-γ 
at different time points. The persistent infection group was treated with 
25 ng/ml IFN-γ. The acute and persistent infection groups exhibited a latency 
period; a rapid burst in IFU was observed in the acute infection group, 
although not in the persistent group. The data represent the mean ± standard 
deviation for three independent experiments. **P<0.01 vs. 0 h post-infection. 
IFU, inclusion-forming units; IFN-γ, interferon-γ.



MOLECULAR MEDICINE REPORTS  16:  4835-4842,  2017 4839

periplasmic protein (CPSIT‑0208; omcB) was significantly 
upregulated in the persistence model at 2-36 h p.i., and 
downregulated from 48 h p.i. onwards. The expression of the 
gene encoding type III secretion protein CPSIT-0844 was 
upregulated at 2-48 h p.i, and downregulated at 60 h p.i., 
although CPSIT-0846 was upregulated at 2-24 h p.i. and 
downregulated from 36 h p.i. The genes encoding proteins 
with functions in cysteine desulfurase (CPSIT-0959) and a 
major outer membrane protein (CPSIT‑0057; ompA) were 
downregulated in the IFN-γ-treated cultures from 2 h p.i. 
onwards.

Discussion

C. psittaci is a zoonotic pathogen which may cause persistent 
infection, leading to severe sequelae which are difficult to 
treat (23). However, the molecular mechanisms that evoke and 
maintain the persistence of Chlamydia remain poorly under-
stood. In order to further investigate the potential underlying 
mechanisms, a state of C. psittaci persistence was established 
in HeLa cells using IFN-γ treatment in the present study.

Different concentrations of IFN-γ were used to treat 
C. psittaci 6BC, and it was observed that the infectivity of the 
IFN-γ-treated C. psittaci strain was significantly decreased 
in a dose-dependent manner. Previous studies have reported 
that high concentrations of IFN-γ may inhibit Chlamydia 
growth; however, an infected host will frequently produce 
sub-inhibitory concentrations of IFN-γ, which is insufficient 
to eliminate the bacteria and thereby induces persistent infec-
tion (20,21). In the present study, 25 ng/ml IFN-γ was able to 
significantly decrease the infectivity of C. psittaci; therefore, 
this concentration was used to induce the C. psittaci 6BC 
persistent infection model. Previous studies have used different 

Figure 3. Indirect immunofluorescent staining of Chlamydia psittaci 6BC cells 
in acute and IFN-γ-induced persistent infection. Infected HeLa monolayers 
were incubated at 35˚C with 5% CO2 for 48 h, fixed with paraformalde-
hyde, stained and visualized using fluorescence microscopy (magnification, 
x1,000). (A) HeLa monolayer infected with C. psittaci 6BC without persis-
tence inducer. (B) Persistent infection upon exposure to 25 ng/ml IFN-γ. Blue, 
nuclear; green, inclusions of C. psittaci 6BC. IFN-γ, interferon-γ. 

Figure 4. Transmission electron microscopy of Chlamydia psittaci 6BC 
inclusion bodies in acute and persistent infection. (A) Untreated C. psittaci 
6BC-infected HeLa cells. The typical inclusion structure was observed. 
(B) IFN-γ-treated infected HeLa cells. The inclusions became small and 
contained expanded, low electron density Abs. Scale bar, 1 µm. N, nucleus; EB, 
elementary body; RB, reticulate body; AB, aberrant body; IFN-γ, interferon-γ. 

Figure 6. One-step growth curves of Chlamydia psittaci 6BC following 
removal of IFN-γ. The numbers of recoverable infectious chlamydial 
organisms (measured as IFU) from the IFN-γ (25 ng/ml) -induced persis-
tent infection and reactivation assay, which included the removal of the 
persistence inducer at 24 h p.i. (arrow) and subsequent culture in complete 
growth medium with tryptophan supplementation. The data represent the 
mean ± standard deviation for three independent experiments. **P<0.01 vs. 0 h 
p.i. IFN-γ, interferon-γ; p.i., post-infection; IFU, inclusion-forming units.

Figure 5. Reversibility of chlamydial morphological characteristics in persis-
tent infection. The morphological characteristics of chlamydial inclusion 
bodies from the persistent infection and reactivation assay were observed 
under transmission electron microscopy, including the removal of the persis-
tence inducer at 24 h p.i. and subsequent culture in complete growth medium 
with tryptophan supplementation for 6, 12 and 24 h. (A) IFN-γ-treated chla-
mydia-infected HeLa cells. (B) Cultures following removal of the persistence 
inducer at 24 h p.i. and subsequent culture in complete growth medium with 
tryptophan supplementation. Scale bar, 1 µm. N, nucleus; EB, elementary 
body; RB, reticulate body; AB, aberrant body; IFN-γ, interferon-γ; p.i., 
post-infection.
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concentrations; for example, Beatty et al (20) used 0.2 ng/ml 
IFN-γ to induce C. trachomatis serotype A persistent infection, 
Pantoja et al (37) used 25 U/ml to induce C. pneumoniae A-03 
persistent infection, and Goellner et al (38) used 120 U/ml to 
induce C. psittaci DC15 persistent infection. This discordancy 
between previous experimental protocols may be associated 
with the differing sensitivity of the various Chlamydia species 
to IFN-γ.

Following treatment with IFN-γ, the morphological altera-
tions of the inclusions of C. psittaci were less apparent at 24 h 
p.i.; however, at 36 and 48 h p.i., the number of abnormal 

RB was increased, mature progeny EBs were decreased in 
number, and vacuolar alterations were visible in inclusion 
bodies, suggesting that IFN-γ exposure inhibits binary fission 
and RB to EB differentiation. The results of the present study 
are consistent with the results reported in C. trachomatis and 
C. pneumoniae persistent infections induced by IFN-γ (39,40). 
It was additionally observed that the infectivity and morpho-
logical changes were recoverable upon removal of IFN-γ and 
exogenous tryptophan supplementation. The results of the 
present study demonstrated that the persistent infection state 
of C. psittaci is reversible, and the growth and development 

Figure 7. Relative mRNA expression levels of genes in IFN-γ-induced C. psittaci 6BC at different time points. C. psittaci 6BC was treated with 25 ng/ml 
IFN-γ to induce persistence and cultivated at different time points in three independent experiments. Relative mRNA expression was detected using the reverse 
transcription-quantitative polymerase chain reaction. The expression levels of target genes were normalized to 16S rRNA mRNA levels. The data represent 
the mean ± standard deviation for the three independent experiments as calculated using the 2-ΔΔCq method. *P<0.05 and **P<0.01 vs. acute infection group at 
same time point. rRNA, ribosomal RNA; C. psittaci, Chlamydia psittaci; IFN-γ, interferon-γ.
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of the organism may return to normal when the stimulus is 
removed.

Although the microbiological and morphological features 
of C. psittaci were altered in persistent infection, the atypical 
organisms were able to proceed to replicate their genomes. 
However, the gene expression of C. psittaci during persistent 
infection was altered compared with active infection and varied 
in different persistent cultures. In the present study, following 
IFN-γ stimulation, alterations in chlamydial gene expression 
were observed from early time points (2-96 h). Among the 
seven genes analyzed, five were significantly upregulated and 
two were downregulated.

Three membrane protein genes, CPSIT-0208 (encoding 
large cysteine-rich periplasmic protein omcB) and CPSIT-0310 
(encoding polymorphic outer membrane G family domain 
protein) were upregulated, and CPSIT‑0057 (encoding major 
outer membrane protein ompA) was downregulated during 
the state of IFN-γ-induced persistent infection. Previous 
studies have reported that the expression of major outer 
membrane porin was upregulated for C. pneumoniae (strains 
IOL-207, A-03 and CM-1) (41-43), and downregulated for 
C. trachomatis serotype D and C. psittaci DC15 (20,23). 
The expression of omcB was not altered in C. pneumoniae 
IOL-207, was upregulated in C. pneumoniae CM-1, and was 
downregulated in C. trachomatis serotype D (20,39,43). In 
C. psittaci DC15, the expression of omcB and polymorphic 
outer membrane protein 91B was upregulated at 12 h p.i., 
and downregulated from 24 h p.i. (23). These previous results 
demonstrated that the diversity of membrane proteins might 
serve different roles in persistent infection in different species 
of bacteria.

Three inclusion membrane (Inc) proteins were upregu-
lated in the present persistent infection model. CPSIT-0594 
encodes protein IncA. CPSIT-0846 and CPSIT-0844 are two 
putative transmembrane head protein family proteins which 
are additionally located in the inclusion membrane, and have 
been predicted to be type III secretion system (T3SS) effector 
protein encoding genes (44). Inc proteins may be associated 
with the processes of inclusion formation, transportation to the 
nuclear space and evasion of early lysosomal fusion (45,46). 
T3SS effector proteins are injected into the host cell cytosol, 
inclusion lumen or chlamydial inclusion membranes via the 
T3SS, and they exert important roles in facilitating EB inva-
sion, preparing chlamydial organisms for the dissemination 
of progeny EBs to new cells, and promoting the survival 
and replication of intracellular chlamydial organisms (47). 
Therefore, the upregulation of Inc or T3SS effector proteins 
may be a mechanism through which C. psittaci is able to 
modulate its survival under stress conditions.

CPSIT-0959, encoding a protein with functions in cysteine 
desulfurase activity, was significantly downregulated at the 
later stages of persistent infection. This protein is principally 
associated with metabolism in Chlamydia, and its downregu-
lation may affect nutrient biosynthesis for C. psittaci, thereby 
disrupting the normal developmental cycle.

The present study advances the understanding of C. psittaci 
persistent infection and reveals a number of previously unknown 
alterations in chlamydial gene expression, which may provide 
novel targets to further analyze this particular host-pathogen 
interaction.

Acknowledgements

The present study was supported by the National Natural Science 
Foundation of China (grant nos. 31270218 and 81572011), the 
Hunan Province Cooperative Innovation Center for Molecular 
Target New Drug Study (grant no. 2015-351), and the Hunan 
Provincial Key Laboratory for Special Pathogens Prevention 
and Control Foundation (grant no. 2014-5).

References

 1. Kaleta EF and Taday EM: Avian host range of Chlamydophila 
spp. based on isolation, antigen detection and serology. Avian 
Pathol 32: 435-461, 2003.

 2. Harkinezhad T, Verminnen K, Van Droogenbroeck C and 
Vanrompay D: Chlamydophila psittaci genotype E/B transmis-
sion from African grey parrots to humans. J Med Microbiol 56: 
1097-1100, 2007.

 3. Gaede W, Reckling KF, Dresenkamp B, Kenklies S, Schubert E, 
Noack U, Irmscher HM, Ludwig C, Hotzel H and Sachse K: 
Chlamydophila psittaci infections in humans during an outbreak 
of psittacosis from poultry in Germany. Zoonoses Public 
Health 55: 184-188, 2008.

 4. Vanrompay D, Harkinezhad T, van de Walle M, Beeckman D, 
van Droogenbroeck C, Verminnen K, Leten R, Martel A and 
Cauwerts K: Chlamydophila psittaci transmission from pet birds 
to humans. Emerg Infect Dis 13: 1108-1110, 2007.

 5. Moroney JF, Guevara R, Iverson C, Chen FM, Skelton SK, 
Messmer TO, Plikaytis B, Williams PO, Blake P and Butler JC: 
Detection of chlamydiosis in a shipment of pet birds, leading 
to recognition of an outbreak of clinically mild psittacosis in 
humans. Clin Infect Dis 26: 1425-1429, 1998.

 6. Rodolakis A and Yousef Mohamad K: Zoonotic potential of 
Chlamydophila. Vet Microbiol 140: 382-391, 2010.

 7. Schautteet K and Vanrompay D: Chlamydiaceae infections in 
pig. Vet Res 42: 29, 2011.

 8. Everett KD: Chlamydia and Chlamydiales: More than meets the 
eye. Vet Microbiol 75: 109-126, 2000.

 9. Schoborg RV: Chlamydia persistence - a tool to dissect chla-
mydia-host interactions. Microbes Infect 13: 649-662, 2011.

10. Coles AM, Reynolds DJ, Harper A, Devitt A and Pearce JH: 
Low-nutrient induction of abnormal chlamydial development: A 
novel component of chlamydial pathogenesis? FEMS Microbiol 
Lett 106: 193-200, 1993.

11. Raulston JE: Response of Chlamydia trachomatis serovar E to 
iron restriction in vitro and evidence for iron-regulated chla-
mydial proteins. Infect Immun 65: 4539-4547, 1997.

12. Mäurer AP, Mehlitz A, Mollenkopf HJ and Meyer TF: Gene 
expression profiles of Chlamydophila pneumoniae during the 
developmental cycle and iron depletion-mediated persistence. 
PLoS Pathog 3: e83, 2007.

13. Deka S, Vanover J, Dessus-Babus S, Whittimore J, Howett MK, 
Wyrick PB and Schoborg RV: Chlamydia trachomatis enters a 
viable but non-cultivable (persistent) state within herpes simplex 
virus type 2 (HSV-2) co-infected host cells. Cell Microbiol 8: 
149-162, 2006.

14. Vanover J, Kintner J, Whittimore J and Schoborg RV: Interaction 
of herpes simplex virus type 2 (HSV-2) glycoprotein D with the 
host cell surface is sufficient to induce Chlamydia trachomatis 
persistence. Microbiology 156: 1294-1302, 2010.

15. Prusty BK, Bohme L, Bergmann B, Siegl C, Krause E, Mehlitz A 
and Rudel T: Imbalanced oxidative stress causes chlamydial 
persistence during non-productive human herpes virus co-infec-
tion. PloS One 7: e47427, 2012.

16. Morrison RP: Differential sensitivities of Chlamydia tracho‑
matis strains to inhibitory effects of gamma interferon. Infect 
Immun 68: 6038-6040, 2000.

17. Carlin JM, Borden EC and Byrne GI: Interferon-induced indole-
amine 2,3-dioxygenase activity inhibits Chlamydia psittaci 
replication in human macrophages. J Interferon Res 9: 329-337, 
1989.

18. Pantoja LG, Miller RD, Ramirez JA, Molestina RE and 
Summersgill JT: Inhibition of Chlamydia pneumoniae replication 
in human aortic smooth muscle cells by gamma interferon-induced 
indoleamine 2,3-dioxygenase activity. Infect Immun 68: 
6478-6481, 2000.



CHEN et al:  GENE TRANSCRIPTION IN C. psittaci PERSISTENT INFECTION4842

19. Fehlner-Gardiner C, Roshick C, Carlson JH, Hughes S, Belland RJ, 
Caldwell HD and McClarty G: Molecular basis defining human 
Chlamydia trachomatis tissue tropism. A possible role for tryp-
tophan synthase. J Biol Chem 277: 26893-26903, 2002.

20. Beatty WL, Byrne GI and Morrison RP: Morphologic and anti-
genic characterization of interferon gamma-mediated persistent 
Chlamydia trachomatis infection in vitro. Proc Natl Acad Sci 
USA 90: 3998-4002, 1993.

21. Beatty WL, Belanger TA, Desai AA, Morrison RP and 
Byrne GI: Tryptophan depletion as a mechanism of gamma 
interferon-mediated chlamydial persistence. Infect Immun 62: 
3705-3711, 1994.

22. Olivares-Zavaleta N, Carmody A, Messer R, Whitmire WM and 
Caldwell HD: Chlamydia pneumoniae inhibits activated human 
T lymphocyte proliferation by the induction of apoptotic and 
pyroptotic pathways. J Immunol 186: 7120-7126, 2011.

23. Hogan RJ, Mathews SA, Mukhopadhyay S, Summersgill JT and 
Timms P: Chlamydial persistence: Beyond the biphasic para-
digm. Infect Immun 72: 1843-1855, 2004.

24. Gérard HC, Freise J, Wang Z, Roberts G, Rudy D, Krauss-Opatz B, 
Köhler L, Zeidler H, Schumacher HR, Whittum-Hudson JA and 
Hudson AP: Chlamydia trachomatis genes whose products are 
related to energy metabolism are expressed differentially in 
active vs. persistent infection. Microbes Infect 4: 13-22, 2002.

25. Ouellette SP, Hatch TP, AbdelRahman YM, Rose LA, Belland RJ 
and Byrne GI: Global transcriptional upregulation in the absence of 
increased translation in Chlamydia during IFNgamma-mediated 
host cell tryptophan starvation. Mol Microbiol 62: 1387-1401, 
2006.

26. Belland RJ, Zhong G, Crane DD, Hogan D, Sturdevant D, 
Sharma J, Beatty WL and Caldwell HD: Genomic transcriptional 
profiling of the developmental cycle of Chlamydia trachomatis. 
Proc Natl Acad Sci USA 100: 8478-8483, 2003.

27. Cha SB, Yoo A, Park HT, Sung KY, Shin MK and Yoo HS: 
Analysis of transcriptional profiles to discover biomarker candi-
dates in Mycobacterium avium subsp. paratuberculosis-infected 
macrophages, RAW 264.7. J Microbiol Biotechnol 23: 1167-1175, 
2013.

28. Gerard HC, Whittum-Hudson JA, Schumacher HR and 
Hudson AP: Synovial Chlamydia trachomatis up regulates 
expression of a panel of genes similar to that transcribed by 
Mycobacterium tuberculosis during persistent infection. Ann 
Rheum Dis 65: 321-327, 2006.

29. Clark RB, Schatzki PF and Dalton HP: Ultrastructural analysis 
of the effects of erythromycin on the morphology and devel-
opmental cycle of Chlamydia trachomatis HAR-13. Arch 
Microbiol 133: 278-282, 1982.

30. Lambden PR, Pickett MA and Clarke IN: The effect of penicillin 
on Chlamydia trachomatis DNA replication. Microbiology 152: 
2573-2578, 2006.

31. Wyrick PB: Chlamydia trachomatis persistence in vitro: An 
overview. J Infect Dis 201 (Suppl 2): S88-S95, 2010.

32. Peters J, Hess S, Endlich K, Thalmann J, Holzberg D, Kracht M, 
Schaefer M, Bartling G and Klos A: Silencing or permanent acti-
vation: Host-cell responses in models of persistent Chlamydia 
pneumoniae infection. Cell Microbiol 7: 1099-1108, 2005.

33. Wolf K, Fischer E and Hackstadt T: Ultrastructural analysis of 
developmental events in Chlamydia pneumoniae-infected cells. 
Infect Immun 68: 2379-2385, 2000.

34. Hu Y, Chen L, Wang C, Xie Y, Chen Z, Liu L, Su Z and Wu Y: 
Transcriptional analysis of 10 selected genes in a model of peni-
cillin G induced persistence of chlamydophila psittaci in HeLa 
cells. J Microbiol Biotechnol 25: 1246-1256, 2015.

35. Cortes C, Rzomp KA, Tvinnereim A, Scidmore MA and Wizel B: 
Chlamydia pneumoniae inclusion membrane protein Cpn0585 
interacts with multiple Rab GTPases. Infection and immunity 75: 
5586-5596, 2007.

36. Livak KJ and Schmittgen TD: Analysis of relative gene expression 
data using real-time quantitative PCR and the 2(-Delta Delta C (T)) 
method. Methods 25: 402-408, 2001.

37. Pantoja LG, Miller RD, Ramirez JA, Molestina RE and 
Summersgill JT: Characterization of Chlamydia pneumoniae 
persistence in HEp-2 cells treated with gamma interferon. Infect 
Immun 69: 7927-7932, 2001.

38. Goellner S, Schubert E, Liebler-Tenorio E, Hotzel H, Saluz HP and 
Sachse K: Transcriptional response patterns of Chlamydophila 
psittaci in different in vitro models of persistent infection. Infect 
Immun 74: 4801-4808, 2006.

39. Kokab A, Jennings R, Eley A, Pacey AA and Cross NA: Analysis 
of modulated gene expression in a model of interferon-gamma- 
induced persistence of Chlamydia trachomatis in HEp-2 cells. 
Microb Pathog 49: 217-225, 2010.

40. Mehta SJ, Miller RD, Ramirez JA and Summersgill JT: 
Inhibition of Chlamydia pneumoniae replication in HEp-2 cells 
by interferon-gamma: Role of tryptophan catabolism. J Infect 
Dis 177: 1326-1331, 1998.

41. Mathews S, George C, Flegg C, Stenzel D and Timms P: 
Differential expression of ompA, ompB, pyk, nlpD and Cpn0585 
genes between normal and interferon-gamma treated cultures of 
Chlamydia pneumoniae. Microb Pathog 30: 337-345, 2001.

42. Molestina RE, Klein JB, Miller RD, Pierce WH, Ramirez JA and 
Summersgill JT: Proteomic analysis of differentially expressed 
Chlamydia pneumoniae genes during persistent infection of 
HEp-2 cells. Infect Immun 70: 2976-2981, 2002.

43. Slepenkin A, Motin V, de la Maza LM and Peterson EM: 
Temporal expression of type III secretion genes of Chlamydia 
pneumoniae. Infect Immun 71: 2555-2562, 2003.

44. Wu H, Wang C, Jiang C, Xie Y, Liu L, Song Y, Ma X and Wu Y: 
Localization and characterization of two putative TMH family 
proteins in Chlamydia psittaci. Microbiol Res 183: 19-25, 2016.

45. Suchland RJ, Rockey DD, Bannantine JP and Stamm WE: Isolates 
of Chlamydia trachomatis that occupy nonfusogenic inclusions 
lack IncA, a protein localized to the inclusion membrane. Infect 
Immun 68: 360-367, 2000.

46. Ronzone E and Paumet F: Two coiled-coil domains of Chlamydia 
trachomatis IncA affect membrane fusion events during infec-
tion. PloS One 8: e69769, 2013.

47. Zhong G: Chlamydia trachomatis secretion of proteases for 
manipulating host signaling pathways. Front Microbiol 2: 14, 
2011.


