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In Vitro Passage Selects for Chlamydia muridarum with Enhanced
Infectivity in Cultured Cells but Attenuated Pathogenicity in Mouse
Upper Genital Tract
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Although modern Chlamydia muridarum has been passaged for decades, there are no reports on the consequences of serial pas-
sage with strong selection pressure on its fitness. In order to explore the potential for Pasteurian selection to induce genomic and
phenotypic perturbations to C. muridarum, a starter population was passaged in cultured cells for 28 generations without stan-
dard infection assistance. The resultant population, designated CMG28, displays markedly reduced in vitro dependence on cen-
trifugation for infection and low incidence and severity of upper genital tract pathology following intravaginal inoculation into
mice compared to the parental C. muridarum population, CMGO0. Deep sequencing of CMG0 and CMG28 revealed novel protein
variants in the hypothetical genes TC0237 (Q117E) and TC0668 (G322R). In vitro attachment assays of isogenic plaque clone
pairs with mutations in either TC0237 and TC0668 or only TC0237 reveal that TC0237(Q117E) is solely responsible for en-
hanced adherence to host cells. Paradoxically, double mutants, but not TC0237(Q117E) single mutants, display severely attenu-
ated in vivo pathogenicity. These findings implicate TC0237 and TC0668 as novel genetic factors involved in chlamydial attach-

ment and pathogenicity, respectively, and show that serial passage under selection pressure remains an effective tool for

studying Chlamydia pathogenicity.

nfection with Chlamydia trachomatis in the lower genital tract

(LGT) of women can lead to upper genital tract (UGT) inflam-
matory pathologies, such as hydrosalpinx, resulting in complica-
tions including ectopic pregnancy and infertility (1, 2). Hydrosal-
pinx, which is detectable by laparoscopic examination, has been
used as a surrogate marker for tubal factor infertility in women (3,
4). However, the mechanisms by which C. trachomatis induces
hydrosalpinges remain unknown. The murine pathogen Chla-
mydia muridarum, although not known to cause human diseases,
has been extensively used for studying the mechanisms of C. tra-
chomatis pathogenesis and immunity (5-8). This is due primarily
to the ease of intravaginal infection of mice with C. muridarum
organisms and their ability to induce hydrosalpinx in the oviduct,
leading to mouse infertility (5, 9).

Both C. trachomatis and C. muridarum share a highly con-
served biphasic growth cycle, which begins with the attachment of
an infectious elementary body (EB) to a host cell. Multiple puta-
tive chlamydial factors, such as the major outer membrane protein
(MOMP) (10-13), outer membrane complex (OMC) protein B
(OmcB) (14-16), and the polymorphic membrane proteins
(Pmps) (17-19), and host-derived factors, such as heparin sulfate
(16, 20), epidermal growth factor receptor (EGFR) (21), estrogen
receptor (22), and insulin-like growth factor 2 receptor (23), have
been proposed to mediate chlamydial interactions with host cells.
However, the precise structural basis of the interactions between
an EB and a host cell during chlamydial infection in animals and
humans remains ill defined. Following attachment to epithelial
cells, chlamydiae have been shown to induce endocytosis to aid
their own entry into host cells through the release of effectors such
as translocated actin-recruiting protein (TARP) (24) and CT694
(25). The internalized EB then differentiates into a noninfectious
but metabolically active reticulate body (RB) that is capable of
multiplying within a cytoplasmic vacuole, termed an inclusion. To
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infect new cells, the progeny RBs must differentiate back to infec-
tious EBs that then exit the infected cells. Stimulation of host cells
with EBs (26) and chlamydial proteins (27) and intracellular RB
replication in cultured cells (28, 29) can lead to the production of
inflammatory cytokines, and inflammatory cytokines are also fre-
quently detected in Chlamydia-infected genital tract tissues (30,
31). However, it remains unknown which and how chlamydial
proteins contribute to pathogenicity in the genital tracts of ani-
mals and humans.

Recently, Sturdevant et al. (32) showed that frameshift muta-
tions in the 360-amino-acid (aa) hypothetical open reading frame
(ORF) CT135 of highly passaged C. trachomatis serovar D are
responsible for various degrees of infectivity in mouse genital
tract. One mutant, isolated 49 days after intravaginal infection of
the parental population, acquired a “T” deletion in the 45th
codon, resulting in premature termination at the 60th codon.
These organisms reproducibly exhibit lower genital tract shedding
for infections in excess of 8 weeks, garnering the strain name “Late
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Clearance” (D-LC). An opposing mutant isolated 10 days after
infection carries a “T” insertion at the 182nd codon, terminates at
the 194th codon, and can be cleared from the lower genital tract
in <4 weeks, giving the strain name “Early Clearance” (D-EC).
These findings demonstrate that phenotype-altering mutations
can accumulate in genomes of passaged Chlamydia isolates. Al-
though analogous mutations have been discovered in TC0412 (33,
34), the C. muridarum homolog of CT135, it is not known
whether these mutations also affect C. muridarum infectivity and
pathogenicity in the mouse genital tract.

We have previously shown that both adequate ascension of
infection to the upper genital tract and activation of an appropri-
ate tubal inflammatory response are required for the induction of
hydrosalpinx (31, 35-37). Defining the virulence factors that con-
tribute to either ascending infection or tubal inflammation has
been a priority in Chlamydia research. Recent advances in trans-
forming Chlamydia (38-42) and inducing mutations (43) have
provided useful tools for investigating pathogenic mechanisms.
However, these approaches rely on either prior discovery of viru-
lence factors encoded on the plasmid and chromosome or func-
tional assays to screen mutant libraries for phenotypes. Serial cell
culture passage, an alternative functional assay, has been em-
ployed to select for chromosomal mutants of C. trachomatis sero-
vars E and L2; however, this study lacked a novel selection pressure
since these strains were historically maintained under the same in
vitro conditions as those used during passage (44). Antibiotic re-
sistance adaptations, on the other hand, have successfully been
revealed through in vitro selection pressure (45). Despite these
advances and prior attempts, no chlamydial genetic factors have
been directly associated with the ability of the organism to induce
upper genital tract pathology.

In this study, we sought to determine whether Chlamydia can
be genetically adapted to an atypical niche, thereby decreasing its
pathogenic fitness in vivo. Although this strategy, classically de-
fined as Pasteurian selection, has generated numerous live atten-
uated microbial vaccines in the past (46, 47), it has not been ap-
plied to Chlamydia, which lacks an approved vaccine. To achieve
attenuation, C. muridarum was serially passaged in vitro to func-
tionally select for organisms with enhanced infectivity toward cul-
tured host cells. Parental and passaged organisms contain multi-
ple preexisting mutations in TC0412, but the hypothetical ORFs
TC0237 and TCO0668 acquired novel mutations during passage.
The mutation in TC0237 can be attributed solely to an in vitro
attachment enhancement phenotype, while TC0237 and TC0668
double mutants, but not TC0237 alone, display severely attenu-
ated in vivo pathogenicity. Unlike CT135, lesions in TC0412 failed
to impact either the in vitro attachment or in vivo pathogenicity of
the organism. In light of these findings, we propose that TC0237 is
a regulator of host adherence and postulate that TC0668 is a sig-
nificant chlamydial virulence factor.

MATERIALS AND METHODS

Growth and in vitro passage of chlamydial organisms. Chlamydia mu-
ridarum strain Nigg organisms (initially acquired from Robert C. Brun-
ham’s laboratory at the University of Manitoba in 1999) were propagated
and purified in HeLa cells (human cervical carcinoma epithelial cells;
ATCC CCL2), as described previously (48). Prior to C. muridarum infec-
tion, host cells were grown in either 24- or 6-well tissue culture plates or
tissue culture flasks in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco BRL, Rockville, MD) supplemented with 10% fetal bovine serum
(FBS; Gibco BRL) (D10 medium) at 37°C in an incubator supplied with
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5% CO, (standard incubation conditions). For assisted infections, host
cell cultures were preincubated with 30 pg/ml DEAE-dextran (Sigma-
Aldrich, St. Louis, MO) in DMEM for 15 min, aspirated to remove the
DEAE solution, inoculated with C. muridarum diluted in sucrose-phos-
phate-glutamate (SPG) medium (218 mM sucrose, 3.76 mM KH,PO,, 7.1
mM K,HPO,, 4.9 mM glutamate [pH 7.2]), and centrifuged at 500 RCF
(relative centrifugal force) at room temperature (RT) for 1 h to maximize
infection. For unassisted infections, host cell cultures were inoculated
with C. muridarum diluted in SPG medium and incubated for 2 h with
manual rotation every 15 min to selectively infect organisms with en-
hanced attachment to and/or entry into host cells. Following infection,
inocula were aspirated, replaced with D10 medium supplemented with 2
pg/ml of cycloheximide (Sigma-Aldrich, St. Louis, MO) to make host
cells stationary, and incubated for 24 h before being processed.

For in vitro passage, 6-well plates with HeLa cell monolayers were
initially infected under the unassisted-infection conditions described
above with purified parental C. muridarum EBs, designated CMGO, di-
luted to a multiplicity of infection (MOI) of 0.5 in a 1-ml inoculum. After
incubation for 24 h, the progeny C. muridarum organisms, designated pas-
sage generation 1, or CMG1, were harvested and used to infect fresh HeLa
cell monolayers under the assisted-infection conditions described above
to form passage generation 2, or CMG2. This alternating unassisted/
assisted-infection cycle was repeated until CMG28 was reached. As a gen-
eral rule, odd-passage generations represent the results of an unassisted-
infection passage, and even-passage generations represent an assisted-
infection passage.

Plaque-forming assay and genotyping. A plaque-forming assay was
used to isolate individual clones from both CMGO0 and CMG28. Briefly,
purified EBs were inoculated onto confluent monolayers of McCoy cells
in 6-well tissue culture plates and treated under the assisted-infection
conditions described above. The inoculum was then removed and re-
placed with agarose overlay medium (1X Dulbecco’s modified Eagle’s
medium, 10% fetal bovine serum, 0.2 pg/ml cycloheximide, and 1% aga-
rose). The cells were then incubated for 5 days to allow plaques to form.
Plaques were then picked into SPG medium, and a portion of the plaque
stock was used to PCR amplify and Sanger sequence (ABI, Life Technol-
ogies, Grand Island, NY) the coding regions of the chromosomal ORFs
TC0237, TC0412, and TC0668. Based on the sequence results for the three
genes, selected clones were replaqued to ensure monoclonality before
large-scale amplification, whole-genome sequencing, and subsequent ex-
periments.

Sequencing and analysis of C. muridarum genomes. Genomic
DNAs from CMGO0 and CMG28 populations and their plaque-purified
clones were subjected to deep sequencing by using the Illumina
HiSeq2000 platform (University of Texas Health Science Center at San
Antonio [UTHSCSA] Greehey Children’s Cancer Research Institute
[GCCRI|] Genome Sequencing Facility). Briefly, purified DNA was
fragmented by using a Covaris $S220 Ultra sonicator, and a DNA se-
quencing (DNA-Seq) library was prepared by using the TruSeq DNA
sample preparation kit (Illumina, Inc.) according to the manufactur-
er’s protocol. DNA-Seq libraries were sequenced with a 50-bp single-
end sequencing module on the Illumina HiSeq2000 platform. After
demultiplexing with CASAVA, sequence reads and associated qualities
were exported in FASTQ format.

Reads in FASTQ format were mapped to the Chlamydia muridarum
strain Nigg reference chromosome (GenBank accession number NC_
002620.2) and plasmid pMoPn (accession number NC_002182.1) by us-
ing the Burrows-Wheeler Aligner mem algorithm (49). The resulting
SAM file was converted to BAM format and sorted with Samtools (50).
Insertions and deletions (indels) in the mapped reads were realigned by
using the Genome Analysis Toolkit (51). A multisample pileup of the
processed BAMs for CMGO0, CMG28, and CMGO0.21.3 was generated by
Samtools and pipelined into VarScan (52) for detection and variant call
formatted (VCF) output of variants with a minimum average Phred base
quality of 20 and a minimum read fraction of 0.05. Low-frequency vari-
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ants that share read fractions between the two populations and the clonal
control (CMGO0.21.3) were ruled as sequencing errors, while shared con-
sensus variants against the Nigg reference were determined from parental
strain CMGO. All other high-quality variants were mapped to genes, and
their protein sequences were predicted using the MathWorks MATLAB
r2014a Bioinformatics Toolbox and the GenBank accession numbers
listed above. The only variants discovered in passaged organisms lie
within the ORFs TC0237, TC0412, and TC0668, with the remaining ge-
nome being unaffected.

Based on both the whole-genome sequencing and the targeted-gene
sequencing results, three pairs of plaque-purified isogenic clones together
with CMGO and CMG28 organisms were selected for subsequent pheno-
type analyses.

Centrifugation dependence and attachment assays. In order to com-
pare dependence on centrifugation, C. muridarum populations and
plaque-purified clones were titrated for the number of inclusion-forming
units (IFU) per ml under the assisted- and unassisted-infection condi-
tions described above, but without prior incubation with DEAE-dextran.
Briefly, purified C. muridarum EBs were serially diluted in SPG medium
before being inoculated onto confluent HeLa monolayers grown on glass
coverslips in 24-well tissue culture plates. The assisted-infection condi-
tions were modified to include 1 h of preincubation under standard incu-
bation conditions before centrifugation in order to equal the total 2 h of
incubation required for unassisted infections. Monolayers were fixed and
processed for immunofluorescence detection of C. muridarum inclusions
following 24 h of growth. The genome copy number of each organism
stock per ml was also quantitated by using quantitative PCR (qPCR), as
described previously (41).

The attachment and entry efficiencies of the C. muridarum organisms
were further compared via direct observation. Briefly, purified EBs were
diluted in SPG medium and inoculated onto HeLa cell monolayers grown
on coverslips in 24-well tissue culture plates at 4°C for 1 h. After a brief
wash with chilled DMEM to remove unbound EBs, one set of the cover-
slips was processed for immunofluorescence detection of cell-associated
EBs, while 1 ml prewarmed D10 medium was added to the remaining
cultures and incubated at 37°C. At different time points after incubation,
aset of coverslips was processed for detecting chlamydial organisms inside
host cells. Intense fluorescent particles, inclusions, and host cells were
counted under the same view across five random views of the coverslip
and averaged. The results are expressed as the number of C. muridarum
particles or inclusions per host cell.

Mouse infection and live-organism recovery from vaginal swabs
and genital tract tissues. Purified C. muridarum EBs were used to infect 6-
to 7-week-old female C3H/HeJ mice (Jackson Laboratories, Inc., Bar Har-
bor, ME) intravaginally with 2 X 10° IFU in 20 ul of SPG medium. Five
days prior to infection, each mouse was injected with 2.5 mg medroxy-
progesterone (Depo-Provera; Pharmacia Upjohn, Kalamazoo, MI) sub-
cutaneously to increase mouse susceptibility to infection. After infection,
mice were monitored for vaginal live-organism shedding and sacrificed
on different days postinfection (as indicated for individual experiments)
for quantitating live organisms recovered from different segments of the
genital tract and/or for observing gross genital tract pathologies.

For monitoring of live-organism shedding in swab samples, vaginal/
cervical swabs were taken every 3 to 4 days for the first week and weekly
thereafter until negative shedding was observed for two consecutive time
points. To quantitate live chlamydial organisms, each swab was soaked in
0.5 ml of SPG medium and vortexed with glass beads, and the chlamydial
organisms released into the supernatant were titrated on HeLa cell mono-
layers in duplicate. The infected cultures were processed for immunoflu-
orescence assays as described below. Inclusions were counted in five ran-
dom fields per coverslip under a fluorescence microscope. For coverslips
with <1 IFU per field, entire coverslips were counted. Coverslips showing
obvious cytotoxicity of HeLa cells were excluded. The total number of IFU
per swab was calculated based on the mean number of IFU per view, the
ratio of the view area to that of the well, the dilution factor, and inocula-
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tion volumes. Where possible, the mean number of IFU/swab was derived
from serially diluted and duplicate samples for any given swab. The total
number of IFU/swab was converted into a log,, value and used to calcu-
late the means and standard deviations across mice of the same group at
each time point.

To monitor ascending infection, mice infected in parallel experiments
were sacrificed on day 14 after infection. Whole genital tracts were sterilely
harvested, and each tract was divided into three portions, including vagi-
na/cervix (VC), uterus/uterine horn (UH), and oviduct/ovary (OV). VC
was defined as the lower genital tract (LGT), while both UH and OV were
defined as the upper genital tract (UGT). Tissue segments were homoge-
nized in 0.2 ml cold SPG medium by using a 2-ml tissue grinder (catalog
number K885300-0002; Fisher Scientific, Pittsburgh, PA). After brief son-
ication and centrifugation at 3,000 rpm for 5 min to pellet large debris, the
supernatants were titrated for live C. muridarum organisms on HeLa cells,
as described above. The results were expressed as log;, IFU per tissue
segment.

Evaluation of mouse genital tract pathology. Mice were sacrificed 60
days after infection to evaluate urogenital tract tissue pathology. Before
removal of the genital tract tissues from mice, an in situ gross examination
for evidence of hydrosalpinx formation and any other gross abnormalities
was performed under a stereoscope (Olympus, Center Valley, PA). The
genital tract tissues were then excised in their entirety from the vagina to
the ovary and laid onto a blue photography mat for acquisition of digital
images. The oviduct hydrosalpinges were visually scored based on their
dilation size by using a scoring system described previously (53). No ovi-
duct dilation or swelling observable by stereoscope inspection was defined
as no hydrosalpinx and assigned a score 0, hydrosalpinx that was visible
only after amplification was assigned a score of 1, hydrosalpinx that
was clearly visible with the naked eye but smaller than ovary was as-
signed a score of 2, hydrosalpinx with a size similar to that of ovary was
assigned a score of 3, and hydrosalpinx that was larger than ovary was as-
signed a score of 4. Both the incidence and severity scores of oviduct hydro-
salpinx were analyzed for statistical differences between groups of mice.

For histological scoring and inflammatory cell counting, the excised
mouse genital tract tissues, after photography, were fixed in 10% neutral
formalin, embedded in paraffin, and serially sectioned longitudinally at
5-wm widths. Efforts were made to include cervix, uterine horns, ovi-
ducts, and lumenal structures of each tissue in each section. The sections
were stained with hematoxylin and eosin (H&E) as described previously
(5). The H&E-stained sections were scored for severity of inflammation
and oviduct dilation based on modified schemes established previously (5,
54) by researchers who were blind to mouse group designation. Scores for
both sides of the oviducts were added to represent the oviduct pathology
for a given mouse, and the scores for individual mice were calculated into
medians for each group.

Inflammatory cell infiltrates were scored for oviduct tissue as follows:
0 for no significant infiltration, 1 for infiltration at a single focus, 2 for
infiltration at two to four foci, 3 for infiltration at more than four foci, and
4 for confluent infiltration. Dilatation of oviduct was scored as follows: 0
for no significant dilatation, 1 for mild dilation of a single cross section, 2
for one to three dilated cross sections (where the largest diameter is
smaller than that of the ovary on the same side), 3 for more than three
dilated cross sections (where the largest diameter is equal to that of the
ovary on the same side), and 4 for confluent pronounced dilation (where
the largest diameter is larger than that of the ovary on the same side).

Immunofluorescence assay. HeLa cells grown on coverslips were
fixed with 4% (wt/vol) paraformaldehyde (Sigma) dissolved in phos-
phate-buffered saline (PBS) for 30 min at room temperature, followed by
permeabilization with 2% (wt/vol) saponin (Sigma) for an additional 30
min. After washing and blocking, the cell samples were subjected to anti-
body and chemical staining. Hoechst 33342 dye (Sigma) was used to vi-
sualize DNA. A rabbit antichlamydial antibody, raised by immunization
with purified C. muridarum elementary bodies, plus a goat anti-rabbit IgG
secondary antibody conjugated with Cy2 (green; Jackson Immuno-
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TABLE 1 Genotypes of Chlamydia muridarum organisms characterized in this study”

Gene length Presence of genotype in Chlamydia muridarum clone

Chromosomal Affected (no. of Nucleotide  Protein

variant gene codons) mutation mutation CMG0.10.1 CMG28.54.1 CMGO0.21.3 CMG28.12.3 CMGO0.1.1 CMG28.38.1
G277313C TC0237 160 G349C QI117E - + — + — +
—472842T TC0412 366 —84T fs29 + + - — _ _
G473020T TC0412 366 G262T E88 stop  — — + + — _
—473193T TC0412 366 —435T fs146 — — — — + +
G797979A TC0668 409 GI964A G322R - + - + _ _

“ Isogenic clones were selected by pairing parental control genomes from CMGO with TC0237(Q117E) single or TC0237(Q117E) and TC0668(G322R) double mutants from
CMG28. Aside from carrying either one or both mutations in TC0237 and TC0668, isogenic pairs differ from one another by their unique TC0412 genotypes. Chromosomal

«_»

variants are numbered according to the parent CMGO consensus chromosome sequence. “fs” represents a frameshift mutation beginning at the indicated codon. “— signifies a lack

of the genotype, while “+” indicates that the clone carries the genotype.

Research Laboratories, Inc., West Grove, PA) were used to visualize chla-
mydial organism-containing inclusions. Immunofluorescence images
were acquired by using an Olympus AX-70 fluorescence microscope
equipped with multiple filter sets and Simple PCI imaging software
(Olympus), as described previously (48). The images were processed by
using the Adobe Photoshop program (Adobe Systems, San Jose, CA). For
titration of live organisms recovered from a given sample, the mean num-
ber of inclusions per view was derived by counting inclusions in five ran-
dom views. The total number of live organisms in a given sample was
calculated based on the mean number of inclusions per view, the ratio of
the view area to that of the well, the dilution factor, and the inoculum
volume and expressed as log, , IFU per sample.

Multiplex array for profiling cytokines in oviduct tissue. Oviduct/
ovary tissues were harvested from mice infected with CMGO (n = 5) or
CMG28 (n = 5) organisms on day 14 after intravaginal inoculation with
C. muridarum for generating homogenates, as described previously (35,
54). The homogenates were used for simultaneous measurements of 32
mouse cytokines (23-plex group I [catalog number M60-009RDPD] plus
9-plex group II [catalog number MD0-00000EL]) by using a multiplex
bead array assay (Bio-Plex 200 system) (all from Bio-Rad, Hercules, CA)
according to the manufacturer’s instruction. Levels of all cytokines are
expressed as mean pg/ml * standard deviations. The means from the two
mouse groups infected with CMGO or CMG28 were used for calculating
ratios and statistical analysis.

Statistical analyses. Quantitative data, including the number of live
organisms (IFU), IFU ratios, and the number of organisms or IFU per cell,
were analyzed by using Student’s ¢ test or a Kruskal-Wallis test. Cytokine
levels were first subjected to an ftest to determine whether the variance of
each group is significantly different (P < 0.05), followed by the appropri-
ate ¢ test (two-sample test with either equal or unequal variance). Quali-
tative data, including incidence rates, were analyzed by using Fisher’s
exact test. Semiquantitative data, including gross and microscopic pathol-
ogy scores, were analyzed by using the Wilcoxon rank sum test.

Nucleotide sequence accession numbers. All reads were deposited in
the National Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under run accession numbers SRR1531377 for CMGO,
SRR1531380 for CMG28, SRR1736634 for CMGO.1.1, SRR1736639 for
CMGO.10.1, SRR1531430 for CMGO0.21.3, SRR1736644 for CMG28.12.3,
SRR1737027 for CMG28.38.1, and SRR1736648 for CMG28.54.1. Select ge-
nomes were deposited in GenBank under accession numbers CP009760.1 for
the CMGO parental consensus, CP009608.1 for CMGO.1.1, and CP009609.1
for CMG28.38.1, each being a representative of the population from which
they originate.

RESULTS

In vitro passage selects for Chlamydia muridarum with muta-
tions in chromosomal genes TC0237 and TC0668. C. muridarum
organisms were passaged in HeLa cell cultures for 28 generations,
as described in Materials and Methods, to generate CMG28 or-
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ganisms. We compared the genomes of CMG28 organisms to
those of the original C. muridarum organisms without passage
(CMGO). First, next-generation sequencing (NGS) of the CMGO
and CMG28 populations and a combination of various bioinfor-
matics tools were used to screen for mutations that were either
introduced or affected by passage. Most regions of the CMG28
genome were found to be identical to those of CMGO, except for
the introduction of novel protein variants in two chromosomal
genes: a consensus Q117E substitution in ORF TC0237 and a sub-
consensus G322R substitution in TC0668. Interestingly, many
mutations in TC0412 were detected in both the CMGO and
CMG28 genomes, although no novel TC0412 variants were found
in CMG28 compared to CMGO.

We then picked plaques from the CMGO0 and CMG28 popula-
tions and sequenced their chromosomal regions carrying TC0237,
TC0412, and TC0668 using traditional Sanger sequencing. As pre-
dicted by NGS, CMG28 clones carry the TC0237(Q117E) muta-
tion, while none of the CMGO clones do (Table 1). It is likely that
TC0412 mutations had accumulated during decades of in vitro
maintenance of our C. muridarum stock, as was found for CT135
of C. trachomatis serovar D (32). For this study, we focus on three
TC0412 lesions with similarity to the D-LC and D-EC disruptions
of CT135 as well as an intermediate mutation that lies between
them. These TC0412 variants include a —84T (T insertion at the
84th ORF nucleotide position) frameshift similar to the D-LC
disruption, a G262T nonsense intermediate disruption, and a
—435T (T insertion at the 435th ORF nucleotide position) frame-
shift similar to the D-EC disruption. All three lesions are predicted
to terminate the ORF at or shortly after their position like those
found in D-LC and D-EC.

To correlate the opposing genotypes of TC0237, TC0412, and
TC0668 with phenotypes, we selected three pairs of isogenic
clones to characterize along with the original CMG0 and CMG28
populations. These six isogenic clones were plaque purified twice
and subjected to deep whole-genome sequencing to ensure mono-
clonality. As shown in Table 1, each of the three pairs possessed a
unique TCO0412 mutation, and within each pair, the two clones
differed in TC0237 and/or TC0668 genotypes. For example, both
CMGO.1.1 and CMG28.38.1 have the TC0412 —435T frameshift,
but CMG28.38.1 additionally carries the TC0237(Q117E) muta-
tion. The rest of the genomes and plasmids of the two clones are
identical. The remaining two CMG28-derived clone pairs have a
TC0412 —84T frameshift, G262T nonsense mutations, and both
TC0237(Q117E) and TC0668(G322R) mutations. We were un-
able to isolate plaques with the TC0668 mutation only, as the
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TABLE 2 In vitro growth properties of CMG0 and CMG28 organisms”
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No. of genome

GO vs G28

Organism copies/ml Infection condition Mean I[FU/ml = SD Mean IFU ratio IFU ratio P value
CMGO 2.50E+10 DE + Centri 9.00E+09
Centri 7.03E+09 * 1.56E+09 43.56 0.0115
No treat 1.61E+08 * 2.22E+07
CMG28 6.75E+10 DE + Centri 2.70E+10
Centri 2.20E+10 = 8.79E+09 5.80
No treat 3.79E+09 * 2.27E+09
CMGO.1.1 9.43E+10 DE + Centri 4.01E+10
Centri 2.41E+10 £ 5.98E+09 18.87 0.0159
No treat 1.28E+09 * 7.56E+08
CMG28.38.1 4.71E+10 DE + Centri 2.35E+10
Centri 1.48E+10 * 3.57E+09 4.87
No treat 3.68E+09 *= 1.86E+09
CMGO0.21.3 9.26E+09 DE + Centri 4.30E+09
Centri 4.29E+09 = 6.47E+08 31.04 0.0088
No treat 1.38E+08 * 4.99E+07
CMG28.12.3 2.74E+10 DE + Centri 1.33E+10
Centri 1.24E+10 = 1.68E+09 5.11
No treat 2.43E+09 * 4.25E+08
CMGO.10.1 2.67E+10 DE + Centri 1.02E+10
Centri 5.20E+09 = 1.11E+09 20.70 0.0168
No treat 2.51E+08 * 6.31E+07
CMG28.54.1 6.03E+10 DE + Centri 4.63E+10
Centri 4.33E+10 = 5.03E+09 5.23
No treat 8.28E+09 * 4.10E+09

@ C. muridarum organisms were amplified and purified. Each of the eight purified stock organisms was quantitated for genome copies per ml by using qPCR and titrated for the
number of live organisms under three different infection conditions, including DEAE treatment plus centrifugation (DE + Centri), centrifugation alone (Centri), and no treatment
(No treat). Numbers of live organisms are expressed as IFU per ml. The ratios of IFU determined by titration under centrifugation conditions to that under the no-treatment
condition were calculated for each organism, and the ratios between the CMG0 and CMG28 organisms within each pair were compared. The ratios for the CMGO organisms were

significantly higher than those for the CMG28 organisms.

consensus TC0237(Q117E) mutation is always present in
CMG28-derived clones.

TC0237(Q117E) mutants are more efficient in attaching to
cultured cells. As shown in Table 2, three pairs of isogenic clones
along with their original CMGO and CMG28 populations were
compared for their in vitro growth in HelLa cells. Each of these
eight organisms was amplified, purified, and titrated for determi-
nation of the numbers of both genome copies and live organisms
per stock volume. Live-organism titration was carried out by us-
ing both DEAE-dextran pretreatment of HeLa cells and centrifu-
gation of the infected cultures, which maximizes the in vitro
growth of C. muridarum organisms. Indeed, the IFU titers ob-
tained under these maximally assisted infection conditions were
closer to the genome copy numbers of the corresponding organ-
isms. We then retitrated the eight organisms under two infection
conditions: with or without centrifugation. No DEAE-dextran
was used under either condition to prevent confounding charge-
related effects. Interestingly, all CMG28 organisms reached signif-
icantly higher titers than did CMGO organisms when titrated
without centrifugation. Since the untreated, noncentrifuged con-
ditions were similar to conditions used in alternating cycles dur-
ing in vitro passage (see Materials and Methods), the above-de-
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scribed observation suggests that the CMG28 organisms were
likely selected to be more efficient for infecting HeLa cells in the
absence of any assisted-infection conditions. When titrated with
versus without centrifugation, the titers of CMGO plaques in-
creased dramatically, by 19- to 31-fold, compared to the consis-
tent 5-fold increase in the titers of CMG28 organisms. These find-
ings suggest that CMG28 organisms adapted to invade HeLa cells
more efficiently in the absence of centrifugation.

Although CMG28 organisms display a reduced dependence on
centrifugation for infection, these results do not distinguish be-
tween more efficient attachment and intracellular growth. To ad-
dress this question, we compared the attachment efficiencies of
CMGO and CMG28 populations and clones on HeLa cell mono-
layers under unassisted-infection conditions (Fig. 1). After the
organisms were allowed to attach to HeLa cells for 1 h at 4°C, cell
samples were rinsed with cold medium three times to remove
loosely associated or free-floating EBs and fixed for detection of
cell-associated chlamydial particles. We found that even after the
numbers of live input organisms were standardized across both
organisms, the number of chlamydial particles associated with
each cell was significantly higher in cultures inoculated with the
CMG28 population and its clones than those in cultures inocu-
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FIG 1 Attachment of CMGO and CMG28 populations and plaque-purified
clones to cultured HeLa cells. The same numbers of CMGO0 and CMG28 or-
ganisms, as listed along the x axis, were inoculated onto HeLa cell monolayers
under unassisted-infection conditions. The infected cells were washed and
processed for immunofluorescence detection of the remaining chlamydial or-
ganisms 1 h after incubation at 4°C (A) or 6 h (a) or 22 h (b) after incubation
at 37°C (B). The cell-associated chlamydial organisms or inclusions were
counted and expressed as the number of chlamydial organisms or inclusions
per cell, as shown along the y axis. The 37°C incubation conditions were ap-
plied only to the CMGO and CMG28 population cultures (B). All experiments
were repeated three times. **, P < 0.01 (Kruskal-Wallis test).

lated with CMGO. When the parallel cultures were incubated for
another 6 hat 37°C, the number of intracellular chlamydial organ-
isms per cell continued to be significantly higher in cultures inoc-
ulated with CMG28 than in those inoculated with CMGO. This
trend continued for inclusions inside each cell when observed 22 h
after infection. These observations suggest that the CMG28 organ-
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isms are more efficient in attaching to HeLa cells during infection
in the absence of centrifugation and that enhanced attachment
results in more productive infection.

Although their TC0412 and TC0668 genotypes vary, all CMG28-
derived clones carry the TC0237(Q117E) mutation. These organisms
independently displayed significantly enhanced attachment to HeLa
cells compared to their corresponding CMGO control population or
isogenic clones, which strongly suggests that the TC0237(Q117E)
mutation is responsible for the enhanced attachment to cultured
cells.

TC0668(G322R) mutants are significantly attenuated in in-
ducing hydrosalpinx in mice. Following in vitro characterization
of CMGO and CMG28 organisms, we evaluated their pathoge-
nicity in the mouse upper genital tract. When oviduct tissues
were examined on day 60 after intravaginal infection with 2 X
10° TFU of each of the eight CMGO or CMG28 organisms (Fig.
2), we found that all mice infected with CMGO organisms de-
veloped significant upper genital tract pathology, with hydro-
salpinx incidence rates of 76.9% or higher and severity scores of
3.23 £ 2.24 or higher. However, CMG28 organisms, with the
exception of CMG28.38.1 without the TC0668(G322R) muta-
tion, induced significantly reduced levels of hydrosalpinx, with
an incidence rate of 30.8% or less and severity scores of <1.5.
Although the CMG28.38.1 clone also showed reduced patho-
genicity, the attenuation was not as significant, since this clone
induced the development of hydrosalpinx in 50% of mice, with
a mean severity score of 2.63. Thus, the attenuation of patho-
genicity seemed to correlate with the presence of the TC0668
(G322R) mutation. The attenuated pathogenicity of the
CMG28 population and CMG28 clones was also confirmed by
microscopy, which showed significantly reduced oviduct lume-
nal dilation in mice infected with TC0668(G322R) mutants
(Fig. 3).

CMG28 organisms are as infectious as CMGO organisms in
mouse genital tract. Following intravaginal infection with either

CMGO0.21.3

CMGO0.10.1

H'YHH‘HHHHHH Hmmm
n=8 100% 4.25+1.98 n=5 100% 3.80+0.84
CMG28.12.3

CMG28.54.1

TTITTRNRTTTIINIn] L
\H’!H!Iwa

0%3&&

0+0*

FIG 2 Induction of hydrosalpinx in mice by CMG0 and CMG28 populations and plaque-purified clones. C3H/HeJ mice were intravaginally infected with 2 X
10°IFU of the 8 C. muridarum organisms, including the CMGO (a) and CMG28 (b) population pair (1 = 13/group) and three plaque-purified isogenic clone pairs
CMGO.1.1 (n = 8) (c) and CMG28.38.1 (n = 8) (d), CMGO0.21.3 (n = 8) (e) and CMG28.12.3 (n = 5) (f), and CMGO0.10.1 (n = 5) (g) and CMG28.54.1 (n = 5)
(h). The mice were sacrificed 60 days after infection for observation of hydrosalpinx. One representative image of whole genital tract from each group of mice is
presented in the left columns, with vagina on the left and oviduct/ovary on the right. The areas covering the oviduct/ovary portions were magnified and are shown
on the right side of the corresponding images of whole genital tracts. Hydrosalpinges are indicated by white arrows, and hydrosalpinx severity scores are indicated
by white numbers. The hydrosalpinx incidence rates and severity scores are listed below the corresponding images. Mice with hydrosalpinx in either or both
oviducts were considered positive for hydrosalpinx. The severities of both hydrosalpinges from a given mouse were scored separately and added together for the
severity score assigned to that particular mouse. Fisher’s exact test was used for comparing incidence rates (&, P < 0.05; &&, P < 0.01) and a Wilcoxon rank sum
test was used for comparing severity scores (¥, P < 0.05; **, P < 0.01) between the CMGO0 and CMG28 organisms. Note that all CMG28 organisms induced more
significant hydrosalpinges than did their CMGO counterparts, with the exception of the CMG0.1.1 and CMG28.38.1 pair.
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FIG 3 Microscopic observation of oviduct dilation induced by CMGO0 and CMG28 populations and plaque-purified clones. The oviduct tissues of mice infected
with the four pairs of CMGO and CMG28 organisms were harvested and subjected to H&E staining for microscopic evaluation of oviduct dilation. (A)
Representative images for each group were taken under a 4X objective lens from mice infected with CMGO (a) and CMG28 (b) populations and from the three
pairs of plaque-purified clone-infected mice (c to h), as indicated at the top of each image. Uterine horn (UH), normal oviduct, and ovary tissues are marked.
Dilated oviducts are indicated with white lines with arrowheads at both ends. Bar, 0.5 mm. (B) Severity of lumenal dilation was scored as described in Materials
and Methods and is listed along the y axis. The four pairs of C. muridarum organisms are listed along the x axis. Note that all CMG28 organisms induced more
significant oviduct lumenal dilation than did their CMGO counterparts, with the exception of the CMGO0.1.1 and CMG28.38.1 pair. *, P < 0.05; **, P < 0.01

(Wilcoxon rank sum test).

CMGO or CMG28 populations or clones as described above, mice
were monitored for live-organism shedding from the lower geni-
tal tract at different time points (Fig. 4). We found that both the
number of live organisms recovered and the percentage of mice
remaining positive for shedding of live organisms at each time
point were similar regardless of the chlamydial organisms used for
infection. This observation suggests that both the CMGO and
CMG28 populations and clones maintain similar levels of infec-
tivity in mouse lower genital tract. Unlike CT135, ORF disrup-
tions within TC0412 have no obvious effect on shedding.

To further compare ascending infection between the CMGO
and CMG28 population organisms, we monitored live-organism
recovery from genital tract tissues harvested from mice on day 14
after infection (Fig. 5). There was no significant difference in the
numbers of live organisms recovered from mice infected with
CMGO and those infected with CMG28 population organisms.
There was also no significant difference in the Chlamydia load
detected in the lower and upper genital tracts, including CV, UH,
and OV tissues. It appears that both CMGO and CMG28 organ-
isms comparably ascended to and replicated in the upper genital
tract of mice. Although the above-described observation was
made on a single day and with the CMGO0 and CMG28 popula-
tions, we can still conclude that these two types of organisms share
similar growth patterns in the mouse genital tract since live organ-
isms from the lower and upper genital tract tissues were surveyed
in relation to one another.
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FIG 4 Shedding of live chlamydial organisms from mouse lower genital
tract following infection with CMGO and CMG28 populations and plaque-
purified clones. C3H/He] mice were intravaginally infected with four pairs
of C. muridarum CMGO and CMG28 organisms, as described in the legend of
Fig. 2 and as indicated above the corresponding plots. On different days after
infection, as shown along the x axis, vaginal swabs were taken for titration of
live organisms on HeLa cell monolayers. The live organisms recovered from
each swab are expressed as log,, IFU along the y axis in panels a, ¢, e,and g. The
percentage of mice remaining positive for shedding of live organisms at each
time point is plotted along the y axis in panels b, d, f, and h. Note that there is
no significant difference in live-organism shedding from the lower genital
tracts of mice infected with CMGO and those infected with CMG28 organisms.
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FIG 5 Recovery of live chlamydial organisms from mouse genital tract tissues
following infection with CMGO and CMG28 populations. C3H/He]J mice in-
travaginally infected with CMGO (n = 5) or CMG28 (n = 5) population or-
ganisms were sacrificed on day 14 after infection. Vaginal swabs were taken
prior to mouse sacrifice. The entire genital tract tissue was harvested from each
mouse and divided into lower genital tract (LGT) vagina/cervix (VC) and
upper genital tract (UGT) uterus/uterine horn (UH) and oviduct/ovary (OV)
sections, as listed along the x axis. Each tissue section was homogenized for
titration of live C. muridarum organisms. Vaginal swabs were similarly titrated
for live organisms. Log, , IFU values were used to calculate means and standard
deviations for each group, as displayed along the y axis. Note that the numbers
of live organisms recovered from mice infected with CMGO and those infected
with CMG28 were similar, without any significant difference (Kruskal-Wallis
test).

CMG28 organisms are less inflammatory in mouse upper
genital tract. Oviduct tissues collected on day 60 after infection
were evaluated for inflammatory cell histopathology under a mi-
croscope. As shown in Fig. 6, inflammatory infiltration was signif-
icantly reduced in mice infected with the CMG28 population. In
order to dissect the immunological mechanisms behind the atten-
uation of CMG28 organisms, we compared the cytokine levels in

A CMGO CMGO.1.1

y (] cl
- Hed
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CMG28.38.1

oviduct tissue homogenates harvested on day 14 from mice in-
fected with CMGO to those in mice infected with CMG28 popu-
lations (Table 3) and found that the levels of 12 out of the 32
cytokines measured were significantly higher in mice infected with
CMGO than in those infected with CMG28. The remaining cyto-
kines either were not detected in CMGO or CMG28 homogenates
or were not significantly different. The 12 cytokines with de-
creased concentrations in CMG28-infected mice include the pro-
inflammatory cytokines interleukin-lae (IL-1ot) and IL-18; the
Thl-promoting cytokines IL-12 and IL-15; the Th2 cytokines
IL-10 and eotaxin; the Th17 cytokine IL-17; the chemokines mac-
rophage inflammatory protein lae (MIP-1a), monokine induced
by gamma interferon (MIG), and MIP-2; as well as the growth
factor vascular endothelial growth factor (VEGF). It is clear from
these observations that CMG28 organisms are attenuated in in-
ducing inflammation in mouse oviducts despite adequate ascen-
sion to the upper genital tract.

DISCUSSION

In vitro passage of Chlamydia has been used to maintain and ac-
quire pure chlamydial organisms by Chlamydia research labora-
tories over the years. Normally, assisted-infection conditions such
as DEAE-dextran treatment and/or centrifugation are applied to
maximize infection rates. As a result, no specific selection pres-
sure, aside from standardized nutrient availability and host cell
origin, is applied during routine laboratory passage. Thus, the
genomes of the C. muridarum organisms maintained in different
laboratories have been relatively stable, although mutations have
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FIG 6 Oviduct inflammatory infiltration induced by CMG0 and CMG28 populations and plaque-purified clones. Oviduct tissues from mice infected with the
CMGO0 and CMG28 populations and plaque-purified clones, as described in the legend of Fig. 2, were subjected to H&E staining, as described in the legend of Fig.
3, for evaluation of inflammatory histopathology. (A) Representative images from each group taken under 10X (left) and 100X (right) objective lenses. White
rectangles in the 10X objective lens images indicate the same areas from which the right images were taken under a 100X objective lens. (B) The severity of
inflammatory infiltration in oviduct tissue was scored as described in Materials and Methods and is listed along the y axis. The four pairs of C. muridarum
organisms are listed along the x axis. Note that all CMG28 organisms induced more significant oviduct inflammatory infiltration than that induced by their
CMGO counterparts, with the exception of the CMGO0.1.1 and CMG28.38.1 pair. ¥, P < 0.05; **, P < 0.01 (Wilcoxon rank sum test).
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TABLE 3 Cytokines from oviduct tissues of mice infected with C.
muridarum CMGO or CMG28”

. CMGO/

Mean cytokine level (pg/ml) = SD CMG28
Cytokine CMGO (n = 5) CMG28 (n = 5) ratio P value
IL-1a 3,809.7 £ 2,847.6 38.2 £ 41.7 99.67 <0.05
1IL-1B 6,248.2 £ 4,272.9 122.4 = 178.1 51.05 <0.05
IL-2 7.1 =78 0
IL-3 5.8 +3.5 1.7£1.2 3.53
1L-4 15.6 = 10.4 2.0+23 7.89
IL-5 0 0
IL-6 267.1 £294.7 10.3 = 12.6 25.97
IL-9 304.7 £ 121.4 166.0 = 53.7 1.84
IL-10 41.3 £27.1 6.2 +5.0 6.70 <0.05
IL-12(p40) 312.8 = 196.9 61.2 = 52.0 5.11 <0.05
IL-12(p70) 123.0 = 83.6 7.2+ 6.6 17.03 <0.05
IL-13 971.4 = 553.4 400.5 = 154.2 2.43
1L-17 73.8 £50.2 43 *£6.2 17.07 <0.05
Eotaxin 1,506.2 £ 1,029.3 105.4 = 124.6 14.28 <0.05
G-CSF 12,420.0 = 10,815.5 1,552.7 = 944.3 8.00
GM-CSF 92.9 = 62.2 24.3 = 28.1 3.83
IFN-vy 147.1 = 121.0 21.7 £ 235 6.76
MCP-1 3,891.9 = 3,282.3 1,356.5 = 1,558.4 2.87
MIP-1a 922.4 *+ 681.3 69.6 = 77.6 13.24 <0.05
MIP-11 2219 £171.3 42.0 = 35.0 5.28
RANTES 946.6 = 770.2 224.3 * 233.6 4.22
TNF-a 163.6 = 131.3 16.9 = 16.2 9.71
IL-15 347.7 £ 2334 18.8 = 22.0 18.46 <0.05
KC 498.6 = 386.0 56.1 = 57.2 8.89
1L-18 111.5 = 103.7 0
FGF-basic 1,131.0 = 536.9 703.4 *= 102.6 1.61
LIF 2349 = 203.3 11.7 £ 129 20.03
M-CSF 360.9 = 236.9 76.5 = 44.8 4.72
MIG 68,208.3 * 45,450.3  7,556.5 = 9,488.6  9.03 <0.05
MIP-2 12,745.6 = 8,969.6 43.4 = 60.9 293.90 <0.05
PDGF-BB 0 0
VEGF 9,355.2 £ 5,326.1 1,668.7 £ 595.6 5.61 <0.05

“ Oviduct tissue homogenates were produced from mice infected with CMGO (n = 5)
or CMG28 (n = 5) on day 14 after intravaginal inoculation for simultaneous
measurement of the levels of 32 cytokines using a multiplex bead array assay. The
means from the two strains were used for calculating ratios and significance by
Student’s t test. The corresponding ratios of CMGO to CMG28 are highlighted in
boldface type. G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-
macrophage colony-stimulating factor; IFN-vy, gamma interferon; MCP-1, monocyte
chemoattractant protein 1; TNF-a, tumor necrosis factor alpha; KC, keratinocyte
chemoattractant; FGF-basic, basic fibroblast growth factor; LIF, leukemia inhibitory
factor; M-CSF, macrophage-stimulating factor; PDGF-BB, platelet-derived growth
factor beta homodimer.

still accumulated over time. These mutations not only are limited
in scope but also lack a tractable association with a definitive phe-
notype. For example, the TC0412 gene in our CMGO stock has
already accumulated various catastrophic mutations prior to this
study, but the functional consequence of the TC0412 mutations
remains unknown. Similarly, Miyairi et al. (55) were able to cor-
relate the attenuation of a Chlamydia psittaci 6BC strain in mice
with substitution mutations in chromosomal genes, but the lack
of isogenic strains and selective pressure context prevents the as-
signment of individual mutations to the attenuated phenotype.
When the genome of a C. trachomatis L2 population obtained
after long-term in vitro propagation under assisted-infection con-
ditions was deep sequenced, nonsynonymous mutations were
identified in CTL0084 and CTL0610, encoding a putative trans-
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ferase and a protein likely implicated in transcription regulation,
respectively (44). It is still unclear whether these mutations are
advantageous for the replication of L2 organisms. Nevertheless, it
is clear that different species or biovars of chlamydial organisms or
the same organisms can accumulate different mutations in their
genomes during routine passage in different laboratories. Since
the impacts of these different mutations on chlamydial pathoge-
nicity are not known, there is an urgent need for all chlamydial
research laboratories to begin utilizing standardized clones so that
the experimental results from different laboratories can be directly
compared.

In the current study, we have used the traditional Pasteurian
approach (47) of in vitro passage selection to attenuate pathoge-
nicity in vivo in order to identify chlamydial factors relevant to
chlamydial pathogenicity. For every other infection cycle, the
chlamydial organisms were applied to cell monolayers without
assistance, in the form of DEAE-dextran preincubation and cen-
trifugation. This infection cycle selects for chlamydial organisms
with an enhanced affinity for HeLa cells. The successful organisms
were then amplified via an assisted-infection cycle. Alternating
selection cycles were repeated 28 times, which allowed us to obtain
CMG28 organisms with mutations accumulating in the coding
regions of TC0237 and TC0668. These genotypes were confirmed
by Sanger sequencing of plaque-isolated clones and resequencing
of the whole genomes of three pairs of isogenic clones. Although
the types of mutations obtained in this study are different from
what Borges et al. reported for C. trachomatis serovar L2 or E
organisms after passage under fully assisted conditions (44), the
general trend in mutability is similar. Only a limited number of
ORFs experienced nonsynonymous single nucleotide polymor-
phisms (SNPs) in both studies, most likely due to the small size of
the Chlamydia genome or its relatively high genomic stability fol-
lowing significant reductive evolution.

Following passage, characterization of three pairs of isogenic
plaque-purified clones along with the CMGO0 and CMG28 popu-
lations revealed that all CMG28 organisms developed enhanced
attachment to cultured cells. Since TC0237(Q117E) is the only
mutation shared by all the CMG28 organisms, this mutation is
likely responsible for the in vitro attachment enhancement pheno-
type. This conclusion is supported by the fact that CMG28.38.1
carrying only the TC0237(Q117E) mutation with a wild-type
TC0668 ORF also displayed the enhanced-attachment phenotype.
On the contrary, when evaluated in mice, all CMG28 organisms
except for the CMG28.38.1 clone were highly attenuated in induc-
ing hydrosalpinx. The attenuated pathogenicity correlates with
the presence of the TC0668(G322R) mutation.

It is worth noting that no plaque clones with a wild-type, or
annotated, TC0412 ORF sequence were recovered from the
CMGO and CMG28 populations. TC0412 encodes a conserved
365-aa hypothetical protein, although no putative conserved do-
mains have been detected. It shares ~60% amino acid sequence
identity with its homolog CT135 from C. trachomatis serovar D
and weaker homology (~20% amino acid identity) with its ho-
mologs in other chlamydial species. Both TC0412 and CT135 are
predicted to contain four transmembrane domains. The TC0412
mutants characterized in this study are highly analogous to those
previously discovered in CT135 (32), implicating common selec-
tive pressures to disrupt the ORF. However, the CT135-associated
delayed-clearance (D-LC) or early-clearance (D-EC) phenotype
could not be replicated by these TC0412 analogs. TC0412 mutants
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also did not differ in their abilities to attach to cultured HeLa cells
and failed to affect the pathogenicity of C. muridarum in the
mouse upper genital tract. Thus, it is unlikely that TC0412 is ir-
relevant to murine urogenital tract infection, but it is still possible
that CT135 is necessary for pathogenesis in the human urogenital
tract.

The two ORFs that accumulated mutations during 28 cell cul-
ture passages encode two hypothetical proteins that are both con-
served and unique to Chlamydiae. TC0237, found on the comple-
mentary strand of the C. muridarum strain Nigg reference
genome, codes for a 159-aa protein with no known function (56).
On the other hand, TC0237 contains a domain of unknown func-
tion 720 (DUF720) motif, which is also found in its neighboring
ORFs TC0236 (coding for a 172-aa hypothetical protein) and
TC0235 (coding for a 170-aa hypothetical protein). These three
sequential proteins are paralogous to each other and are predicted
to be encoded in an operon (56). TC0237, TC0236, and TC0235
are all highly conserved within the Chlamydia and Chlamydophila
genera, an example of such being ~90% amino acid sequence
identity with their C. trachomatis serovar D homologs CT849,
CT848, and CT847. Interestingly, Russell et al. previously re-
ported a Q119K substitution mutation in TC0236, which ac-
counted for enhanced infectivity in both cultured cells and mouse
lower genital tract tissue (34), but whether this mutation contrib-
utes to pathogenicity remains unknown. Since we have correlated
a QI117E mutation in TC0237 with enhanced attachment to cul-
tured cells, we hypothesize that this cluster of three proteins may
participate in initial chlamydial interactions with host cells. How-
ever, we found that the TC0237(Q117E) mutation may not par-
ticipate in the pathogenicity of C. muridarum in mice. This hy-
pothesis originates from the observation that CMG28.38.1 with
only the TC0237(Q117E) mutation was as effective as its isogenic
background strain, CMGO.1.1, in inducing hydrosalpinx follow-
ing intravaginal infection.

TC0668 encodes a highly conserved hypothetical protein of
408 aa and contains a single DUF1207 motif. It shares ~90%
amino acid identity with its homolog CT389 from C. trachomatis
serovar D, and its first 24 aa are predicted to constitute a Gram-
positive/negative signal sequence. In addition, the region covering
residues 360 to 380 of CT389 has weak homology with mamma-
lian phosphatase signatures, suggesting that TC0668 may be a se-
creted phosphatase. Partially consistent with this prediction and
analyses, CT389 was enriched in the outer membrane complex
(OMC) fraction of C. trachomatis, suggesting that it is associated
with the OMC (15). It appears that the selective advantage of
TC0668(G322R) for adaptation to unassisted in vitro infection is
less than that of TC0237(Q117E), given that TC0668(G322R) is
found at a subconsensus population level and TC0237(Q117E)
is found at a consensus population level in CMG28. Although we
have not been able to isolate clones that carry the TC0668 muta-
tion alone due to the fact that all CMG28 clones carry the
TC0237(Q117E) mutation, the available data have allowed us to
associate the TC0668 mutation with the attenuation of in vivo
pathogenicity of C. muridarum. However, it is unknown whether
TC0668 is solely responsible for pathogenicity or if TC0668 and
TC0237 act synergistically to induce upper genital tract disease.

In summary, this study revealed that TC0237 is involved in the
chlamydial host attachment process, TC0668 is associated with
upper genital tract pathogenesis of C. muridarum, and Chlamydia
is tractable to Pasteurian passage and selection.
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