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ABSTRACT Chlamydiae colonize the gastrointestinal tracts of both animals and hu-
mans. However, their medical significance remains unknown. We have previously
shown that wild-type Chlamydia muridarum spreads to and establishes stable coloni-
zation of the gastrointestinal tract following intravaginal inoculation. In the present
study, we found that C. muridarum with mutations in chromosomal genes tc0237
and/or tc0668 was defective in spreading to the mouse gastrointestinal tract, which
correlated with its attenuated pathogenicity in the upper genital tract. This correla-
tion was more consistent than that of chlamydial pathogenicity with ascending in-
fection in the genital tract, since attenuated C. muridarum spread significantly less to
the gastrointestinal tract but maintained robust ascending infection of the upper
genital tract. Transcervical inoculation further confirmed the correlation between C.
muridarum spreading to the gastrointestinal tract and its pathogenicity in the upper
genital tract. Finally, defective spreading of C. muridarum mutants was due to their
inability to colonize the gastrointestinal tract since intragastric inoculation did not
rescue the mutants’ colonization. Thus, promoting C. muridarum colonization of the
gastrointestinal tract may represent a primary function of the TC0237 and TC0668
proteins. Correlation of chlamydial colonization of the gastrointestinal tract with
chlamydial pathogenicity in the upper genital tract suggests a potential role for gas-
trointestinal chlamydiae in genital tract pathogenicity.
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Sexually transmitted infection with Chlamydia trachomatis, if not treated appropri-
ately, may lead to pathology such as hydrosalpinx, resulting in tubal infertility in

women (1–3). Chlamydia muridarum infection of the mouse genital tract can cause
hydrosalpinx and infertility (4–6), which has been used to investigate the mechanisms
of C. trachomatis pathogenesis (7–12). Murine-model-based investigations have led to
the conclusion that both chlamydial ascension to the upper genital tract (13–17) and
tubal inflammation (7, 11, 18–24) may be required for chlamydial induction of hydro-
salpinx. However, C. muridarum infections of the genital tracts of female mice are
self-limited (cleared from the entire genital tract within 4 to 6 weeks) while the resultant
upper genital tract pathologies such as tubal fibrosis and hydrosalpinx can be long
lasting (when examined 8 to 10 weeks later) (6, 16, 25, 26). The question is how
hydrosalpinx-causing tubal inflammation is maintained after a genital tract chlamydial
infection is resolved.

C. muridarum is known to last for long periods of time in the mouse gastrointestinal
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(GI) tract (27–30). When C. muridarum was introduced into mouse mucosae, it readily
colonized the GI tract (28). The genital tract C. muridarum organisms efficiently spread
to and established long-lasting colonization of the GI tract (26), suggesting a potential
link between long-lasting C. muridarum infection of the GI tract and long-term C.
muridarum-induced pathology in the upper genital tract. Spreading was independent
of the oral-fecal route since singly housed mice restrained from taking up mouse
secretions still showed C. muridarum spreading from the genital to the GI tract (26, 28).
A hematogenous route might mediate the spreading because C. muridarum survived in
the blood and hematogenous C. muridarum established long-lasting colonization
restricted to the GI tract (31). In addition, C. muridarum failed to autoinoculate the
genital tract after colonization of the GI tract of the same mouse for 70 days (32),
suggesting that GI tract C. muridarum may have to use an indirect mechanism to impact
chlamydial pathogenicity in the genital tract. However, it is worth noting that complex
human behaviors may provide many pathways for C. trachomatis to spread between
the GI and genital tracts. It has been proposed that long-term colonization by chla-
mydial organisms in the GI tract may serve as a reservoir for autoinoculation of the
genital tract (30, 33). Thus, there may be multiple pathways/mechanisms for GI tract
chlamydiae to potentially promote pathogenicity in the upper genital tract.

We previously demonstrated that C. muridarum clones carrying mutations in the chro-
mosomal genes tc0237 and/or tc0668 were highly attenuated in the induction of hydro-
salpinx in the mouse upper genital tract (14, 15). However, these C. muridarum mutants
maintained similar live-organism shedding courses in the lower genital tract. The precise
mechanisms of the attenuation remain unknown. In the present study, we simultaneously
monitored both vaginal and rectal swabs of mice infected with these mutants. The
attenuated C. muridarum mutants consistently decreased their spreading to the GI tract but
maintained robust ascension to the upper genital tract. Transcervical inoculation for further
promotion of ascending infection failed to enhance either the mutants’ pathogenicity in
the upper genital tract or their spreading to the GI tract, further confirming the correlation
of chlamydial pathogenicity in the upper genital tract with its spreading to the GI tract. The
deficient spreading of C. muridarum mutants to the GI tract is likely due to their reduced
ability to colonize the GI tract since direct intragastric inoculation failed to rescue their
colonization. Defective colonization of the GI tract may represent a primary phenotype of
these C. muridarum mutants, which correlates with their attenuated pathogenicity in the
genital tract. Thus, we have presented the first experimental evidence both demonstrating
a primary function of TC0237 and TC0668 in facilitation of chlamydial colonization of the GI
tract and linking chlamydial colonization of the GI tract to chlamydial pathogenicity in the
upper genital tract. The present study has provided a foundation for further investigation
of the mechanisms by which GI tract chlamydiae may promote chlamydial pathogenicity in
the genital tract.

RESULTS
C. muridarum mutants that fail to induce hydrosalpinx are defective in spread-

ing to the GI tract following intravaginal inoculation. We previously reported that
a series of C. muridarum mutants were highly attenuated in induction of hydrosalpinx
in the mouse upper genital tract (14, 15). However, the mechanisms of attenuation
remained unknown. In the present study, we evaluated whether these C. muridarum
mutants could spread to the GI tract since wild-type C. muridarum that induced
hydrosalpinx effectively spread from the mouse genital tract to the GI tract (26). When
evaluated in C3H/HeJ mice (Fig. 1), all of our mutants displayed a reduced ability to
induce hydrosalpinx. A significant reduction was found in mutant clone G13.11.1, which
carries a premature termination codon in tc0668 (designated a single mutant) and two
clones (G28.54.1 and G28.51.1) each with mutations in both tc0237 and tc0668 (double
mutants). We then compared their shedding courses in both the genital and GI tracts
(Fig. 2). We found that both wild-type and mutant C. muridarum displayed similar
courses of live-organism shedding from the lower genital tract regardless of their
genotypes, confirming previous findings (15). However, all of our C. muridarum mutants
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FIG 2 Abilities of C. muridarum with or without mutations in tc0668 and/or tc0237 to spread to the GI
tract and induce hydrosalpinx in the genital tract. (A) The same C. muridarum organisms were used to
infect C3H/HeJ mice as described in the legend to Fig. 1. (B) At various time points postinoculation, as
indicated on the x axis, both vaginal (graphs a, d, g, j, m, and p) and rectal (graphs b, e, h, k, n, and q)
swabs were taken for titration of live organisms from the genital and GI tracts, respectively, and the
recovery of live organisms is expressed as log10 IFU counts per swab, as displayed on the y axis. (C) The
hydrosalpinx score and incidence data are from Fig. 1. Note that although wild-type and mutant C.
muridarum organisms displayed similar courses of live-organism shedding from the mouse genital tract,
mutant C. muridarum organisms developed significantly delayed/reduced courses of shedding from the
same mouse GI tracts, the latter of which correlated with reduced hydrosalpinx severity and incidence.
n.s. stands for not significant compared to the wild-type clone, *, P � 0.05; **, P � 0.01 (for pathology
comparison, see the legend to Fig. 1; for IFU comparison, b versus e, h, k, n, or q, area under the curve,
or individual time points, Wilcoxon rank sum test).

FIG 1 Ability of C. muridarum with or without mutations in tc0668 and/or tc0237 to induce hydrosalpinx
in C3H/HeJ mice following intravaginal inoculation. (A) Wild-type (WT) C. muridarum (clone G13.32.1
[TC0668wt/TC0237wt], n � 5, image a) or C. muridarum with a substitution mutation in tc0668 (G13.59.2
[TC0668G322R], n � 5, image b) or tc0237 (G40.50.2 [TC0237Q117E], n � 5, image c), a premature stop
codon in tc0668 (G13.11.1 [TC0668G216*], n � 5, image d), substitution mutations in both tc0668 and
tc0237 (G28.54.1 [TC0668G322R/TC0237Q117E], n � 5, image e), or a premature stop codon in tc0668
plus the tc0237 substitution mutation (G28.51.1 [TC0668G216*/TC0237Q117E], n � 5, image f) was
intravaginally inoculated into female C3H/HeJ mice at 2 � 105 IFUs per mouse. (B) All mice were
sacrificed for evaluation of upper genital tract hydrosalpinx pathology (as described in Materials and
Methods) on day 56 after inoculation. One representative genital tract image was chosen from each
group. The entire genital tract is displayed with the vagina on the left and the oviduct/ovaries on the
right. Oviducts with hydrosalpinges are indicated by white arrows. The oviduct/ovary from each side is
shown magnified on the right. The hydrosalpinx scores are shown in the magnified images. Hydrosalpinx
was scored for severity, and mice with hydrosalpinx were counted for calculation of the incidence rate
in each group. Note that all of our mutant C. muridarum organisms produced reduced hydrosalpinx
severity and incidence, with a significant reduction for clones G13.11.1, G28.54.1, and G28.51.1 (*, P �
0.05; **, P � 0.01; Fisher’s exact test for incidence and Wilcoxon rank sum test for score comparison).
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showed decreased live-organism shedding in rectal swabs. Live C. muridarum organ-
isms became detectable in the rectal swabs of mice infected with wild-type C. muri-
darum as early as day 3 after intravaginal inoculation and reached significant levels on
day 7, while single mutants became detectable in rectal swabs until day 14 (mutants
G13.59.2 and G13.11.1 with a substitution mutation and premature termination in
TC0668, respectively) or 21 (mutant G40.50.2 with a substitution mutation in
TC0237). The overall rectal shedding courses of C. muridarum single mutants were
significantly decreased compared to that of wild-type C. muridarum. These single
mutants also induced lower levels of hydrosalpinx, although a significant reduction
was found with G13.11.1 only. These observations suggest a correlation between
reduced spreading to the GI tract and decreased induction of hydrosalpinx. This
correlation is strengthened by the observation that mice intravaginally infected
with the double mutant G28.54.1 or G28.51.1 did not shed any significant live
organisms in their rectal swabs and failed to show any significant hydrosalpinx.
Statistically, the Spearman coefficient of correlation between rectal swab inclusion-
forming unit (IFU) counts and hydrosalpinx scores was 0.6353, while that between
the vaginal swab IFU counts and hydrosalpinx scores was 0.076 (see Table S1 in the
supplemental material). The two coefficients were significantly different when
measurements from individual mice were compared (see Table S1 and the para-
graph on statistical analyses in Materials and Methods for more information).

C. muridarum mutants maintain robust ascending infection despite their re-
duced pathogenicity in the upper genital tract and defective spreading to the GI
tract. Since C. muridarum ascending infection to the upper genital tract is necessary for
C. muridarum to induce hydrosalpinx, we next evaluated whether C. muridarum mu-
tants were defective in ascending infection. We compared the live-organism loads of
wild-type and attenuated C. muridarum mutant clones in different mouse organs and
tissue sections from both the genital and GI tracts of C3H/HeJ mice on day 14 after
intravaginal inoculation (Fig. 3). Wild-type organisms spread to most mouse tissues,

FIG 3 Abilities of C. muridarum with or without mutations in tc0668 and/or tc0237 to ascend to the upper
genital tract and spread to tissues outside the genital tract following intravaginal inoculation. Wild-type
G13.32.1 (n � 7; panel a) or mutant C. muridarum G40.50.2 (n � 5; panel b), G13.11.1 (n � 7; panel c), or
G28.51.1 (n � 5; panel d) was intravaginally inoculated into female C3H/HeJ mice as described in the legend
to Fig. 1. On day 14 after inoculation, mice were sacrificed for harvesting of genital tract tissues, which were
divided into the vagina/cervix (VC), uterine horn (UH), and oviduct/ovary (OV), and GI tract tissues, which were
divided into the stomach (ST), small intestine (SI), cecum (CE), colon (CO), rectum (RE), kidneys (KD), liver (LI),
spleen (SP), lungs (LU), and heart (HE), as displayed on the x axis, for measurement of live organisms. Vaginal
swabs taken prior to mouse sacrifice and VC samples were designated the lower genital tract (LGT), while UH
and OV samples were designated the upper genital tract (UGT). Live-organism titers, expressed as log10 IFU
counts per tissue sample, are displayed on the y axis. The hydrosalpinx data displayed in the last column for
analysis are from Fig. 1. IFU counts from each tissue type of mutant-infected mice were compared with those
from the corresponding tissues of wild-type C. muridarum-infected mice. The IFU counts recovered from most
tissues of the GI tract but not the non-GI tract tissues of mutant C. muridarum-infected mice were significantly
lower than those recovered from wild-type C. muridarum-infected mice (*, P � 0.05; **, P � 0.01; a versus b,
c, or d, Wilcoxon rank sum test). The IFU counts recovered from the GI tract tissues positively correlated with
reduced hydrosalpinges in mutant C. muridarum-infected mice (Spearman rank-order correlation; the corre-
sponding coefficients are shown at the top).
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including both the GI tract and non-GI tract organs/tissues in addition to the genital
tract tissues, which is consistent with previous observations (26, 28). Interestingly, the
attenuated mutant clones all achieved robust ascending infection to the upper genital
tract tissues, including the uterine horn and oviduct/ovary. There were no significant
differences in the yields of live organisms recovered from the upper genital tract tissues
of mice infected with wild-type C. muridarum versus any of the attenuated C. muri-
darum mutants. Thus, the attenuated pathogenicity of the mutants in the upper genital
tract was unlikely to have been caused by a lack of adequate ascending infection. On
the other hand, the loads of attenuated C. muridarum mutants were consistently lighter
in the GI tract tissues. The loads of two single mutants were consistently lighter in the
small intestine, cecum, and colon tissues. More dramatically, no live organisms were
detected in the GI tracts of mice infected with the double mutant G28.51.1. Clearly, the
significantly reduced or lack of recovery of live organisms from the GI tract tissues
correlated with attenuated pathogenicity in the upper genital tract. As a control, both
the wild-type and attenuated C. muridarum clones were recovered at similar levels from
the kidney tissues of the same mice, suggesting that reduced spreading of mutants
to the GI tract was a specific but not a random event. A further comparison of the
coefficients of correlation between C. muridarum pathogenicity (expressed as a hydro-
salpinx index, which is equal to the group’s mean hydrosalpinx score times the same
group’s hydrosalpinx incidence; pathology data from Fig. 1) and C. muridarum live-
organism loads in different tissues revealed a stronger correlation of C. muridarum
pathogenicity with live organisms recovered from the GI tract tissues than any other
tissues, including upper genital tract tissues. We further evaluated the GI tract spread-
ing of attenuated C. muridarum mutant G13.11.1 following transcervical inoculation
(Fig. 4). We found that even with enhanced ascending infection, G13.11.1 still showed
significantly reduced spreading to the GI tract. The enhanced ascending infection did
not restore the spreading of the attenuated C. muridarum to the GI tract to the level of
wild-type C. muridarum.

The correlation of C. muridarum pathogenicity in the upper genital tract with
its spreading to the GI tract is reproduced in C57BL/6J mice. The above-described
experiments done to demonstrate the correlation of C. muridarum pathogenicity in the
upper genital tract with its spreading to the GI tract were all done with C3H/HeJ mice.
We next evaluated the correlation in C57BL/6J mice (Fig. 5 and 6). Since C. muridarum
spreading from the genital to the GI tract was not affected by enhanced ascending
infection (see above), we used transcervical inoculation in the current experiment. The
purpose of using transcervical infection here was to minimize the impact of ascending

FIG 4 Abilities of C. muridarum with or without mutations in tc0668 to ascend to the oviduct and spread
to GI tract tissues following transcervical inoculation. The wild-type (G13.32.1, n � 4, panel a) or
attenuated mutant (G13.11.1, n � 4, c) C. muridarum clone was transcervically inoculated into female
C3H/HeJ mice. On day 14 after inoculation, mice were sacrificed for harvesting of genital tract tissues,
which were divided into the vagina/cervix (VC), uterine horn (UH), and oviduct/ovary (OV), and GI tract
tissues, which were divided into the stomach (ST), small intestine (SI), cecum (CE), colon (CO), and
anus-rectum (RE), as displayed on the x axis, for measurement of live organisms. Vaginal and rectal swabs
taken prior to mouse sacrifice were also monitored. Live-organism titers, expressed as log10 IFU counts
per tissue sample, are displayed on the y axis. Live organisms from vaginal swabs along with VC are
designated the lower genital tract (LGT), while those from UH and OV are designated the upper genital
tract (UGT). *, P � 0.05 (a versus b in corresponding tissues/swabs, Wilcoxon rank sum test); ns, not
significant.
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infection on chlamydial induction of hydrosalpinx (6). In this way, we can evaluate
whether, with sufficient ascending infection for all of our C. muridarum clones, the
mutant C. muridarum clones are still defective in both spreading to the GI tract and
induction of hydrosalpinx in the upper genital tract. We found that all three C.
muridarum clones developed similar courses of live-organism shedding from vaginal
swabs regardless of their genotype (Fig. 6). However, the single mutant C. muridarum
G13.11.1 showed significantly reduced shedding from rectal swabs while the double
mutant G28.51.1 completely failed to develop any significant live-organism shedding
from rectal swabs. These shedding phenotypes are consistent with those observed in
intravaginally infected C3H/HeJ mice. More importantly, the two mutants showed a
significantly reduced ability to induce hydrosalpinx (Fig. 5). Thus, we have reproduced

FIG 5 Ability of C. muridarum with or without mutations in tc0668 and/or tc0237 to induce hydrosalpinx
in C57BL/6J mice following transcervical inoculation. As shown on the left side, wild-type (G13.32.1, n �
4, panel a) or mutant (G13.11.1, n � 6, b; G28.51.1, n � 6, c) C. muridarum organisms were inoculated
into female C57BL/6J mice at 2 � 105 IFUs/mouse via transcervical inoculation. All mice were sacrificed
for evaluation of upper genital tract hydrosalpinx pathology (as described in Materials and Methods) on
day 63 after inoculation. One representative genital tract image was chosen from each group. The entire
genital tract is displayed, with the vagina on the left and the oviduct/ovaries on the right. Oviducts with
hydrosalpinges are indicated by white arrows. The magnified oviduct/ovary from each side is shown on
the right. The hydrosalpinx scores are shown in the magnified images. Hydrosalpinx severity was scored,
and mice with hydrosalpinx were counted for calculation of the incidence rate in each group. Note that
the hydrosalpinx severity and incidence produced by both mutant C. muridarum organisms were
significantly reduced (*, P � 0.05; Fisher’s exact test for incidence and Wilcoxon rank sum test for score
comparison).

FIG 6 Comparison of C. muridarum with or without mutations in tc0668 and/or tc0237 for live-organism
recovery from vaginal and rectal swabs and upper genital tract pathology following transcervical
inoculation. The same C. muridarum organisms were used to infect C57BL/6J mice via transcervical
inoculation as described in the legend to Fig. 5. (A) At various time points postinoculation, as indicated
on the x axis, both vaginal (graphs a, d, and g) and rectal (graphs b, e, and h) swabs were taken for
titration of live organisms from the genital and GI tracts, respectively, and live-organism recovery is
expressed as log10 IFU counts per swab, as displayed on the y axis. (B) The hydrosalpinx data were
obtained on day 63 as described in the legend to Fig. 5. Note that although both WT and mutant C.
muridarum organisms displayed similar courses of live-organism shedding from the genital tract, mutant
C. muridarum developed significantly delayed/reduced courses of shedding from the same mouse GI
tracts, the latter of which correlated with reduced hydrosalpinx severity and incidence. *, P � 0.05
(Wilcoxon rank sum test for IFU comparison in graph b versus graph e or h; see the legend to Fig. 5 for
a pathology comparison).
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the correlation of C. muridarum pathogenicity in the upper genital tract with its
spreading to the GI tract in C57BL/6J mice.

C. muridarum mutants are unable to colonize the GI tract. To determine whether
the inefficient spreading of C. muridarum mutants to the GI tract was due to an inability
of the mutants to colonize the GI tract, we compared C. muridarum with or without
mutations for colonization of the mouse GI tract following intragastric inoculation (Fig.
7). Wild-type C. muridarum organisms developed a robust time course of live-organism
shedding in rectal swabs but without any significant spreading to the genital tract,
which is consistent with a previous observation that GI tract C. muridarum organisms do
not autoinoculate the genital tract of the same mouse (32). Importantly, with the same
inoculation dose (2 � 105 IFUs), the two single mutants (G40.50.2 and G13.11.1)
developed significantly delayed/reduced courses of shedding from the GI tract. Fur-
thermore, the double mutant G28.51.1 completely failed to shed any detectable live
organisms. This lack of colonization of the GI tract by G28.51.1 was maintained even at
an inoculation dose of 1 � 107 IFUs per mouse. These observations have demonstrated
that C. muridarum mutants are defective in colonization of the mouse GI tract, sug-
gesting that the reduced or lack of spreading to the GI tract by the mutants is due to
a reduced or lack of ability to colonize the GI tract.

To further determine whether C. muridarum mutants developed compensatory
mutations during their replication in mouse tissues, we isolated C. muridarum G13.11.1
organisms from mouse cecum/colon tissues on day 56 after intragastric inoculation and
G28.51.1 organisms from uterine horn/oviduct tissues on day 28 after intravaginal
inoculation (no live G28.51.1 organisms can be recovered from the GI tract). Analyses
of the next-generation sequencing (NGS) reads from both the G13.11.1 and G28.51.1
mixtures revealed that four mutations in G13.11.1 and three in G28.51.1 reached �5%
of the population but all were �10% (Table S2). Since we have previously defined the
threshold of this method as 5% (15), we further analyzed the seven mutations that are
�5%. Of the four mutations accumulated in G13.11.1 genomes, three are in the
intergenic region and the remaining one is located in the coding region of hypothetical
protein TC0268. This nonsense mutation caused truncation of the protein at the 233rd
tryptophan residue. A plaque-purified clone carrying this mutation but isogenic to its
parental G13.11.1 clone was isolated and designated G13.11.1a (Table S2). Of the three
mutations accumulated in G28.51.1 genomes, one was in the intergenic region, the

FIG 7 Ability of C. muridarum with or without mutations in tc0668 and/or tc0237 to colonize the mouse
GI tract following intragastric inoculation. Wild-type (G13.32.1, n � 5, panels a and b) or mutant
(G40.50.2, n � 5, panels c and d; G13.11.1, n � 5, panels e and f; G28.51.1, n � 5, panels g and j) C.
muridarum organisms were inoculated intragastrically into female C57BL/6J mice at 2 � 105 IFUs (panels
a to h) or 1 � 107 IFUs (panels i and j) per mouse. At various time points postinoculation, as indicated
on the x axis, rectal (left panels) and vaginal (right panels) swabs were taken for titration of live C.
muridarum organisms. The recovery of live organisms is expressed as log10 IFUs per swab, as displayed
on the y axis. Note that C. muridarum organisms with single mutations in either tc0237 (G40.50.2) or
tc0668 (G13.11.1) developed significantly delayed/reduced courses of shedding from the mouse GI tract
at an inoculation dose of 1 � 105 IFUs per mouse (panels c or e; *, P � 0.05, area under the curve or
individual time points, Wilcoxon rank sum test), while the double mutant (G28.51.1) failed to shed any
detectable live organisms even at an inoculation dose of 1 � 107 IFUs per mouse (panel I; P � 0.01, area
under the curve, Wilcoxon rank sum test). No significant live organisms were detected in any of the
vaginal swabs.
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second was a silent mutation in the coding sequence for OmpA, and the third was a
missense mutation in the coding sequence for the FliI flagellum ATP synthase, resulting
in a G203V substitution mutation. A plaque-purified clone carrying this mutation but
isogenic to its parental G28.51.1 clone was isolated and designated G28.51.1a (Table
S2). The analysis results indicate that the mutations did accumulate in the genomes
during G13.11.1 and G28.51.1 replication in mouse cecum/colon and uterine/oviduct
tissues, respectively. However, these mutations might not affect the defective coloni-
zation phenotype of either G13.11.1 or G28.51.1 after a primary inoculation. This is
because the defective colonization of either the GI or genital tract by G13.11.1 or
G28.51.1 was not altered during the courses of the corresponding experiments. To
further test whether these new mutations can affect the C. muridarum phenotype when
they occurred in 100% of the population, we compared the G13.11.1a and G28.51.1a
variants with the corresponding parental clones, respectively, for colonization of both
the genital and GI tracts (Fig. 8). We found that the variants (G13.11.1a and G28.51.1a)
behaved exactly the same as their parental clones, regardless of the route used for
inoculation and the samples detected. Thus, it is unlikely that compensatory mutations
accumulated in the genomes of C. muridarum mutants after a primary inoculation.
Nevertheless, it is possible that compensatory mutations may occur and be enriched by
repeated passage through mouse tissues.

DISCUSSION

Although chlamydial organisms have been detected in the GI tracts of both human
and animal hosts (26–28, 30, 31, 33–44) and C. muridarum is known to colonize the GI
tract for long periods of time (26, 30–33), the medical significance of these phenomena
remains unclear. Here, we present the first experimental evidence of a correlation of C.
muridarum spreading to and colonization of the GI tract with its pathogenicity in the
upper genital tract. First, intravaginal inoculation with wild-type C. muridarum led to
robust courses of live-organism shedding from both vaginal and rectal swabs of female
C3H/HeJ mice and these mice all developed hydrosalpinx. However, C. muridarum
mutants, although they maintained robust live-organism shedding from mouse vaginal
swabs, showed significantly reduced live-organism shedding from rectal swabs and
induction of hydrosalpinx. This was especially obvious in the two double mutants,
which essentially failed to spread to the GI tract and were no longer able to induce any
significant hydrosalpinx. Second, since ascending infection is necessary for C. muri-

FIG 8 Abilities of mutant C. muridarum parental and variant clones isolated from mouse tissues to infect
the mouse genital tract and spread to or colonize the GI tract. Mutant clones G13.11.1 and G28.51.1 (solid
bar) and their corresponding variants isolated from C57BL/6J mouse tissues (designated G13.11.1a or
G28.51.1a, open bars) were each inoculated intravaginally (A; n � 5) or intragastrically (B; n � 5) at 2 �
105 IFUs per C57BL/6J mouse. At various time points postinoculation, as indicated on the x axis, rectal (A,
right side, B, left side) and vaginal (A, left side, B, right side) swabs were taken for titration of live C.
muridarum organisms. The recovery of live organisms is expressed as log10 IFU counts per swab, as
displayed on the y axis. Note that there was no significant difference in the number of IFUs between the
parental mutant clones and the corresponding variant clones, regardless of the samples used for
detection (rectal or vaginal swabs) or the route used for inoculation (intravaginal or intragastric).
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darum induction of hydrosalpinx (6, 45), we simultaneously compared both C. muri-
darum ascending infection along the genital tract and spreading to tissues outside the
genital tract between wild-type and mutant C. muridarum clones. All of our mutants
with attenuated pathogenicity in the upper genital tract maintained robust ascending
infection of upper genital tract tissues but decreased spreading to GI tract tissues,
indicating a correlation of C. muridarum pathogenicity with its spreading to the GI tract
but not with its ascension to the upper genital tract. Third, after transcervical inocula-
tion into female C57BL/6J mice, C. muridarum mutants still significantly reduced their
ascension to the GI tract and decreased their pathogenicity in the upper genital tract,
both validating the correlation of chlamydial genital tract pathogenicity with chlamyd-
ial spread to the GI tract in a different mouse strain and demonstrating that the
correlation is independent of ascending infection. Although transcervical inoculation
enabled all of our mutants to reach the mouse oviducts, the mutants were still
defective in induction of hydrosalpinx and spreading to the GI tract. Finally, intragastric
inoculation with wild-type C. muridarum led to robust colonization of the GI tract while
the same inoculation with the mutants failed to rescue their colonization. This obser-
vation suggests that the reduced spreading of the mutants from the genital to the GI
tract was probably due to their inability to colonize the GI tract, thus further correlating
chlamydial pathogenicity in the upper genital tract with the ability of chlamydiae to
colonize the GI tract.

It is likely that defective colonization of the GI tract is the primary phenotype of the
mutants assessed in the present study. This is because the functions of TC0668 and/or
TC0237 appear to be more important for C. muridarum colonization of the GI tract than
for its infection of the genital tract. The mechanistic question is how these “virulence”
or “colonization” factors promote C. muridarum colonization of the GI tract. TC0668 is
a 408-amino-acid hypothetical protein predicted to associate with the outer membrane
complex of chlamydiae (46). The N-terminal 70 amino acids consist of a series of
transmembrane domains, and the remaining region contains the domain-of-unknown-
function 1207 (DUF1207) motif. Phylogenetic analysis of TC0668 indicates that C.
muridarum inherited the DUF1207 motif from a distant chlamydial progenitor (15).
However, the role of TC0668 in chlamydial pathogenesis remains unclear. Tertiary
protein structure prediction and a homology search of TC0668 with the I-TASSER suite
revealed that TC0668 shows structural homology with various eukaryotic integrins,
including alpha V beta 1 (�5�1, fibronectin receptor), alpha IIb beta 3 (�IIb�3, fibrin-
ogen receptor), and alpha V beta 3 (�5�3, vitronectin receptor) (15). These integrins
engage in diverse cellular activities, which makes it difficult to predict the function of
TC0668. Our hypothesis is that TC0668 may be an essential outer membrane compo-
nent that is required for C. muridarum to colonize the GI tract. Apparently, further
structural analyses and biochemical characterizations are necessary to define the
function of TC0668.

Regardless of how TC0668 and/or TC0237 promotes C. muridarum colonization of
the GI tract, the fact that C. muridarum organisms that carry loss-of-function mutations
in tc0668 and/or tc0237 are defective in both colonization of the GI tract and the
induction of long-lasting hydrosalpinx in the genital tract but maintain robust ascend-
ing infection to the oviduct suggests that ascending infection-induced tubal inflam-
mation alone is not sufficient to induce long-term hydrosalpinx and that C. muridarum
colonization of the GI tract may contribute to genital tract pathogenicity. Although we
have previously shown that both ascending infection and tubal inflammation are
necessary for C. muridarum to induce hydrosalpinx (6), ascending-infection-induced
inflammation of the oviduct alone may not be sufficient to induce long-lasting hydro-
salpinx, which is consistent with the following observations. Although the levels of
ascending infection of both the uterine horn and oviduct tissues of G28.51.1 (with
double mutations) and G13.32.1 (wild type) after intravaginal inoculation were not
significantly different (Fig. 3D versus A), G28.51.1 failed to induce any significant
hydrosalpinx while G13.32.1 induced robust hydrosalpinx (Fig. 1). It is worth noting that
C. muridarum ascension along the genital tract and its spreading outside the genital
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tract seem to be two independent events. Not only did ascension not necessarily lead
to spreading, as described above, but also spreading was not dependent on ascension
since C. muridarum spread from the lower genital tract to the GI tract as early as day 3
(26, 31) while C. muridarum reached its peak ascension 1 week later (47). In addition, A/J
mice inoculated transcervically with wild-type C. muridarum (to promote ascending
infection) still failed to develop robust hydrosalpinx (6, 25). The failure of A/J mice to
develop hydrosalpinx was explained by the lack of complement factor C5 (48) since
mice depleted of C5 lost the ability to develop hydrosalpinx in response to C. muri-
darum infection (23). Thus, C5-mediated tubal inflammation seemed to play an essen-
tial role in the induction of hydrosalpinx by C. muridarum. The question is whether the
failure of C. muridarum mutants G13.11.1 or G28.51.1 to induce hydrosalpinx is due to
their inability to activate C5-mediated tubal inflammation, which is worth further
investigation. Alternatively, the present study has correlated C. muridarum induction of
hydrosalpinx with C. muridarum colonization of the GI tract. It will be interesting to
discern the following two aspects of the correlation. Does the correlation suggest that
the ability of C. muridarum to colonize GI tract tissues reflects its ability to induce
pathogenicity in the upper genital tract or that C. muridarum in the GI tract mecha-
nistically contributes to chlamydial pathogenicity in the upper genital tract? Finally, it
has been hypothesized that long-term chlamydial colonization of the GI tract may serve
as a reservoir for autoinoculation of the genital tract (30, 33). Although we have recently
found that C. muridarum failed to autoinoculate the genital tract after colonization of
the GI tract of the same mouse for 70 days (32), because of the complexity of human
behavior, there may be multiple pathways by which C. trachomatis can spread between
the GI and genital tracts, allowing GI tract chlamydiae to promote pathogenicity in the
upper genital tract.

Regardless of how GI tract C. muridarum may promote genital pathogenicity, the
current findings that C. muridarum with loss-of-function mutations in tc0668 and/or
tc0237 is defective in both colonization of the GI tract and the induction of long-lasting
hydrosalpinx in the genital tract but maintains robust ascending infection of the
oviduct may have provided a platform for defining the roles of GI tract C. muridarum in
genital pathogenicity and mechanisms by which GI tract C. muridarum contributes to
genital pathogenicity.

Because of the difference between the interaction of C. muridarum with mice and
that of C. trachomatis with humans, there is a big caveat against applying the knowl-
edge learned from the murine system to humans. Like other animal chlamydial species,
C. muridarum may have adapted to the mouse GI tract. However, C. trachomatis has
been forced to adapt to the human genital tract since sexual transmission may be more
efficient than oral-fecal route transmission between modern humans. Nevertheless, the
genomes of C. muridarum and C. trachomatis are still largely conserved despite some
significant differences (49, 50). For example, TC0668 shows 97% protein identity with its
C. trachomatis serovar D counterpart, CT389. After all, C. trachomatis has been fre-
quently detected in the human GI tract (51). Furthermore, like C. muridarum (27, 33), C.
trachomatis has not been associated with any significant GI tract pathologies (52). Thus,
further investigation of DUF1207-containing homologs may lead to useful information
for combating highly prevalent urogenital C. trachomatis disease in humans.

MATERIALS AND METHODS
C. muridarum organism growth. C. muridarum strain Nigg3 and its derived mutants, as well as

variants isolated from mouse tissues, were all propagated and purified with HeLa cells (human cervical
carcinoma epithelial cells, ATCC catalog number CCL2) as described previously (26, 53). C. muridarum
mutant clones were generated by multiple in vitro passages as described previously (14, 15). The
following six isogenic clones were used in the present study: G13.32.1 (retaining the wild-type Nigg3
genome sequence), G13.59.2 (carrying a substitution mutation in gene tc0668 resulting in replacement
of the amino acid glycine [G] at the 322nd position of the TC0668 protein with arginine [R], designated
TC0668G322R [TC0668R for short]), G40.50.2 (with a substitution mutation in gene tc0237 resulting in a
mutation of Q [glutamine] 117 to E [glutamic acid] in the TC0237 protein, producing TC0237Q117E
[TC0237E for short]), G13.11.1 (with a frameshift mutation in tc0668 resulting in a premature stop codon
at the 216th codon [glycine], producing TC0668G216* [TC0668*, short]), G28.54.1 (with substitution
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mutations in both tc0668 and tc0237, resulting in TC0668G322R/TC0237Q117E [TC0668R/TC0237E for
short]), and G28.51.1 (carrying both the premature stop codon in tc0668 and the substitution mutation
in tc0237, resulting in TC0668G216*/TC0237Q117E [TC0668*/TC0237E for short]). In addition, in some
experiments, new variants designated G13.11.1c and G28.51.1a isolated from tissues of mice infected
with the corresponding parental clones (as described below) were also used. All C. muridarum organisms
were purified as elementary bodies (EBs) that were stored in aliquots at �80°C until use.

Mouse infection. Six- to 7-week-old female C3H/HeJ (stock number 000659) and C57BL/6J (stock
number 000664; both from Jackson Laboratories, Inc., Bar Harbor, ME) mice were inoculated with C.
muridarum EBs at 2 � 105 to 1 � 107 IFUs per mouse via different routes as described previously (6, 32)
and as indicated for individual experiments. Briefly, 5 days prior to intravaginal and transcervical
inoculations, mice were subcutaneously injected with 2.5 mg of colloidal depot medroxyprogesterone
(Depo-Provera; Pharmacia & Upjohn Company LLC, Kalamazoo, MI) suspended in sterile phosphate-
buffered saline. For intravaginal inoculation, an EB inoculum in 10 �l of SPG buffer (220 mM sucrose, 12.5
mM phosphate, 4 mM L-glutamic acid, pH 7.5) was delivered into each mouse’s vagina with a 20-�l
micropipette tip. For transcervical inoculation, a nonsurgical embryo transfer device (catalog number
60010; ParaTechs Corp., Lexington, KY) was used and the manufacturer’s instructions were followed. After
inoculation, mice were monitored for vaginal and rectal live-organism shedding or sacrificed for titration
of live organisms in organs/tissues or for evaluation of pathology in the upper genital tract.

Animal experiments were carried out in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by
the Committee on the Ethics of Laboratory Animal Experiments of the University of Texas Health Science
Center at San Antonio.

Titration of live chlamydial organisms from mouse swabs and tissues. For monitoring of
live-organism shedding from the genital and GI tracts, vaginal and rectal swabs were taken on day 3
postinoculation and weekly thereafter. Each swab was soaked in 0.5 ml of SPG buffer and vortexed with
glass beads to release infectious EBs for quantitation. For titration of live chlamydial organisms recovered
from mouse tissues, various organs/tissues were harvested on day 14 after inoculation. Each organ or
tissue segment was transferred to a tube containing 0.5 ml (for each segment of genital tract tissue) or 2
ml (for each remaining tissue/organ) of SPG buffer. Each genital tract was cut into three segments or
portions, including the vagina-cervix (CV), left and right uterine horns (UH), and left and right oviducts/
ovaries (OV). Each GI tract was divided into five segments, including the stomach (ST), small intestine (SI),
cecum (CE), colon (CO), and anus-rectum (RE). The kidneys (KD), liver (LI), spleen (SP), lungs (LU), and
heart (HE) were also harvested. The organs and tissue segments were homogenized in cold SPG buffer.
Live C. muridarum organisms released into swab suspensions or tissue supernatants were titrated on
HeLa cells in duplicate as described previously (6, 19, 20, 26, 31, 32). The total number of IFUs per swab
or tissue sample was converted into log10 for calculation of the mean and standard deviation across mice
in the same group at each time point.

Isolation of C. muridarum from mouse tissues and whole-genome sequencing. Uterine horn and
oviduct tissues from five C57BL/6J mice were harvested on day 28 after intravaginal inoculation with
G28.51.1 (with double mutations) or cecum/colon tissues from five C57BL/6J mice intragastrically
inoculated with G13.11.1 (with single mutation) for 56 days to make homogenates in SPG buffer as
described above. After sonication, the supernatants were inoculated onto HeLa cell monolayers in
six-well plates for amplification. Both DEAE treatment and centrifugation were used to maximize the
recovery of live organisms. Twenty-four hours later, the infected HeLa cells were harvested for purifica-
tion of C. muridarum EBs as described previously (18). The purified EBs, after titration, were used for both
whole-genome NGS (MiSeq; Illumina; University of Texas Health Science Center at San Antonio Sequenc-
ing Core) as described previously (14, 15) and infection of mice as described above. In addition, a plaque
purification scheme was used to isolate individual clones from both G28.51.1 and G13.11.1 amplification
mixtures as described previously (14). The isolated clones were first screened for mutations at designated
sites by PCR amplicon sequencing, and the desired clones were then subjected to whole-genome
sequencing by a combination of NGS and primer walking to fill in gaps (15). The whole-genome
sequences were analyzed with in-house bioprofiling software as described previously (15).

Mouse genital tract gross pathology evaluation. Upon euthanasia, mouse genital tracts were
excised and the gross pathology of hydrosalpinx was documented by high-resolution digital photogra-
phy. Hydrosalpinx was further scored on an ordinal scale where 0 indicates no hydrosalpinx, 1 indicates
hydrosalpinx observable only under magnification, 2 indicates visible hydrosalpinx smaller than the
ovary, 3 indicates hydrosalpinx roughly equal in size to the ovary, and 4 indicates hydrosalpinx larger
than the ovary. Bilateral hydrosalpinx severity was calculated for each mouse as the sum of the scores
of the left and right oviducts. Hydrosalpinx incidence was calculated as the number of mice with a
bilateral score of �1 divided by the number of mice in the group.

Immunofluorescence assay. An immunofluorescence assay was used for titration of live organisms
as described previously (53, 54). Briefly, HeLa cells grown on coverslips were fixed with paraformaldehyde
(Sigma) and permeabilized with saponin (Sigma). After washing and blocking, the cell samples were
subjected to a combination of antibody and chemical staining. Hoechst dye (blue; Sigma) was used to
visualize nuclear DNA. A rabbit antichlamydial antibody (raised by immunization with C. muridarum EBs;
data not shown) and goat anti-rabbit IgG conjugated with Cy2 (green; Jackson Immuno Research
Laboratories, Inc., West Grove, PA) were used to visualize chlamydial inclusions. After immunolabeling,
the cell samples were used to count inclusions under an Olympus AX-70 fluorescence microscope
equipped with multiple filter sets (Olympus, Melville, NY).
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Statistical analyses. The numbers of live organisms in groups (expressed as IFU counts), genome
copies, and hydrosalpinx scores, were compared with the Wilcoxon rank sum test. Incidences of
hydrosalpinx in groups were evaluated with Fisher’s exact probability test (http://vassarstats.net/tab2x2
.html). Correlations of chlamydial pathogenicity in the upper genital tract with chlamydial colonization
of different tissues were analyzed by calculating Spearman rank-order correlation coefficients (http://
vassarstats.net/corr_rank.html). The significance of the difference between two correlation coefficients
was also calculated (http://vassarstats.net/rdiff.html).
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