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Abstract

Chlamydia are obligate intracellular bacterial pathogens that infect a wide range of
vertebrate hosts. Despite having highly conserved genomes, closely related Chla-
mydia species can exhibit distinct host and tissue tropisms. The host tropisms of
the human pathogen Chlamydia trachomatis and the closely related mouse patho-
gen Chlamydia muridarum are influenced by their ability to evade host immune
responses, particularly those mediated by interferon gamma. However, there is
evidence that tissue tropism is driven by additional poorly understood host and
Chlamydia factors. In this study, we used a forward genetic approach to investi-
gate the mechanisms that mediate C. muridarum tissue tropism. We conducted a
tropism screen using a randomly mutagenized C. muridarum library and murine

cell lines representing different tissues. We identified a mutant isolate whose

growth was restricted in murine rectal and oviduct epithelial cells in an interferon
gamma-independent manner. This phenotype was mapped to a missense mutation in
tc0237, a gene that mediates the affinity of C. muridarum for cultured human epithe-
lial cells. Our analysis of growth dynamics showed that the {0237 mutant exhibits

a developmental delay in rectal epithelial cells. Together, these results suggest that
TC0237 plays a role in C. muridarum tissue tropism.

Introduction

Eukaryotic organisms have evolved diverse repertoires of innate immune defense
mechanisms to detect and counter intracellular pathogens [1-3]. The ability of individ-
ual host cells to defend themselves, in the presence or absence of exogenous innate
and adaptive immune signals, is known as cell-autonomous immunity (CAl) [4]. Con-
versely, the ability of intracellular pathogens to evade or subvert CAl in target cells of
their definitive host(s) is essential for their survival [3].
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Chlamydia is a genus of Gram-negative, obligate intracellular bacteria. These
pathogens have a characteristic biphasic developmental cycle in which they alter-
nate between two distinct cell forms: the infectious elementary body (EB) and the
vegetative reticulate body (RB) [5,6]. Although most Chlamydia species (spp.) have
narrow tissue and host tropisms in nature, their core genome is small and highly
conserved [7]. Comparative genomic studies have revealed that the predictable
nutrient environments within vertebrate cells have driven the decay of many of the
corresponding biosynthetic pathways in Chlamydia genomes [8]. Conserved core
genes are often sufficient for Chlamydia spp. to infect and proliferate in a broad
range of vertebrate cell types in vitro, including cells from non-natural hosts [9].

In comparison, a smaller number of species- and strain-specific polymorphic and
accessory effector genes dictate Chlamydia tissue and host tropism. Key targets of
these effectors include CAl mechanisms that have diverged more than core meta-
bolic processes in vertebrates [4].

The influence of CAl on Chlamydia tissue and host tropism is best understood for
the human pathogen C. trachomatis (Ctr) and the closely related mouse pathogen
C. muridarum (Cmu) [4,9]. Both pathogens productively infect a wide array of types
of cultured mouse and human cells in the absence of interferon gamma (IFNy), a
key Th1 cytokine. However, IFNy priming activates species-specific CAl mecha-
nisms that restrict Ctr in mouse cells and Cmu in human cells [10-12]. Conserved
and species-specific chlamydial effectors help these pathogens evade relevant CAl
mechanisms in their definitive hosts. For example, Cir strains use tryptophan syn-
thase to produce tryptophan inside the chlamydial parasitophorous vacuole (inclu-
sion), thereby circumventing the IFNy-induced depletion of host cytosolic tryptophan
by indoleamine 2,3-dioxygenase [10,13,14]. In mouse cells, the Cmu inclusion
membrane protein GarD confers immunity to interferon-stimulated gene products
and downstream effectors which are absent in human cells [15]. However, additional
IFNy-mediated and independent CAl mechanisms and corresponding chlamydial
effectors contribute to tropism in cell culture and animal models [4,9].

Efforts to understand the roles of known IFNy-mediated CAl mechanisms and
cognate chlamydial effectors have been hampered by limitations of the animal
models and genetic tools available for some Chlamydia [16]. Moreover, a variety of
CAl-independent mechanisms, including differences in putative EB adhesins and
distributions of cognate host ligands, are implicated in Cir tissue tropism [13,17-24].
Collectively, prior observations highlight that chlamydial tropism is a complex pheno-
type, shaped by dynamic interplay between diverse host and pathogen factors.

Methods
Mammalian cell culture, Chlamydia infections, and Microscopy

Murine fibroblast (McCoy cells) and murine rectal carcinoma (CMT93) cell lines
were obtained from the American Type Culture Collection (ATCC) and were

maintained in high glucose Dulbecco’s Modified Eagle medium (DMEM; Cytiva
Hyclone) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals)
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non-essential amino acids, and HEPES (DMEM-10). Murine oviduct epithelial cells (C57) were a kind gift from Dr.
Wilbert Derbigny and were cultured in 1:1 DMEM and F12K media (Sigma), supplemented with 10% FBS (Atlanta
biologicals), 2mM L-alanyl-L-glutamine, (Glutamax |; Gibco/Invitrogen), 5 pg/ml of bovine insulin, and 12.5ng/ml of
recombinant human keratinocyte growth factor (Sigma) (DMEM/F12-10) as described [25]. All cell lines were main-
tained in humidified incubators at 37°C +5% CO, except when stated otherwise Cmu strain MoPn (Cmu") was a
kind gift from Harlan D. Caldwell. Cmu strains were routinely cultured in McCoy cells. EBs were purified using a 30%
MD-76R (Mallinckrodt Pharmaceuticals) cushion as described [26]. For routine infections, EBs or crude infection
lysates were suspended in a cold sucrose-phosphate-glutamic acid (SPG) buffer and were added to confluent cell
monolayers in cell-culture grade flasks or plates. Infections were performed using centrifugation-assisted or rocking
infection protocols. For centrifugation-assisted infections, host cell monolayers were overlaid with pre-warmed culture
medium, inoculated with an EB-SPG suspension, and centrifuged at 1600 RCF for 30 min at room temp. For rocking
infections, the monolayers were overlaid with cold EBs-SPG and then were rocked at 37°C for 90 min. The SPG was
aspirated and culture medium was added.

IFUs were determined at 24 hours post infection (hpi), unless stated otherwise. To fix the monolayers, the medium
from infected monolayers was aspirated and 100% ice-cold methanol was added. Seven minutes later, the methanol
was aspirated, and the monolayers were washed three times with phosphate buffered saline (PBS). Supernatant from a
mouse hybridoma that produces an anti-chlamydia LPS antibody (EVI-HI) diluted 1:10 in PBS was used to label inclu-
sions. Fixed monolayers were incubated with the supernatant for 1 h at room temp and then were washed three times
with PBS. The monolayers were then incubated in the dark with an Alexa Fluor goat anti-mouse IgG 488-conjugated
antibody (BioLegend, clone Poly4053) diluted 1:1000 in PBS. The monolayers were washed three times in PBS and
inclusions were observed and counted using a Biotek Cytation 5 imaging multimode plate reader (Agilent) at 4X
magnification. Inclusion counts, size, and cross-sectional areas were determined using onboard imaging software
(Gen5v3.04).

Mutant library construction

The temperature-sensitive Cmu strains CM™' and CM*» were previously isolated from a heavily mutagenized Cmu library
[27,28]. Here, we used CM™! to generate a new Cmu mutant library similarly as we described previously, except that the
infected McCoy cell cultures were exposed to 1.5 pg/ml ethyl methanesulfonate (EMS) for 60 min [27].

Tropism screen

McCoy, CMT93, and C57 cell lines were seeded in 96-well plates 48 h prior to screening. Twenty-four h later, the medium
was replaced with 100 pl/well fresh culture medium +/-20 units/ml of recombinant mouse IFNy (R&D Systems), an
overview of the screen is shown in supplementary Fig 1 (S1 Fig). Library isolates were thawed at room temperature for
30min and then were diluted 1:10 in SPG. EBs-SPG were used to inoculate parallel 96-well plates as technical singlets.
Cmu*, CM™' and Igs4 (a previously characterized IFNy-sensitive Cmu mutant [27]) were included on each screen plate
as controls. The cells were infected by centrifugation at 1400 RCF for 30 min at room temp. Fresh medium+/-1FNy was
added, and then the infections were incubated for 24 h. At 24 hpi, the infected cells were fixed with methanol, inclusions
were labeled with antibodies, and IFU were determined as above. The images were also manually screened to identify
abnormal inclusions that could not be accurately counted using the imaging software.

Library isolates that had IFU ratios below 2 standard deviations of CM™" were flagged as potential tropism mutants.
Library isolates that grew poorly in all conditions or grew similarly to the CM™" parent were eliminated from further analy-
sis. The secondary screen was performed identically to the primary screen, but in quadruplicate. Finally, M7 and M8 were
plaque purified twice and expanded in McCoy cells.
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Whole genome sequencing, assembly, and analysis

Crude EBs harvested from McCoy cells were pelleted by centrifugation and the pellet was treated with DNase | (Promega)
to remove residual host DNA and DNA from lysed EBs. Whole genome amplification was performed using the REPLI-g
mini kit (Qiagen) as described [29]. DNA was quantified with the Quant-It dsDNA High-Sensitivity Assay kit (Life Technol-
ogies). Sequencing libraries were prepared using the Nextera XT DNA Library Preparation Kit (lllumina) and multiplexed
as described [29]. Paired-end reads were sequenced on a NovaSeq X Plus device in the Center for Medical Genomics at
Indiana University School of Medicine.

Mutations (SNPs and nucleotide insertions/deletions [Indel]) were identified in the raw sequence data by comparison
to a Cmu reference genome (AE002160.2) as described [28]. Putative mutations were confirmed by PCR and Sanger
sequencing (Eurofins Genomics) (S1 Table).

Mapping mutant alleles

McCoy cell monolayers were co-infected with library isolates and CM®#? (MOI of 2 per mutant) using centrifugation
as described [28]. Co-infections were incubated at 37°C for 36—40 hours (two developmental cycles). The medium
was then aspirated, SPG and glass beads were added, and the infected cells were detached and lysed by bead
agitation. The lysates were used to infect fresh McCoy cells, and the infections were incubated at 40°C for 24
hours. The infection and blind passage steps were repeated two more times at 40°C to ensure elimination of the
temperature sensitive parents. Surviving temperature resistant recombinants were then plaque isolated, expanded
in McCoy cells, and phenotyped. The tco237 genotypes of the recombinants were determined by PCR and Sanger
sequencing.

Construction of pTC0237-FLAG

Purified shuttle vector p2TK2NiggSpecmCherryTetR::tc0273:3xFLAG was used as the template to PCR amplify the vec-
tor backbone (NEB Q5 Polymerase; Cat. No. #M0491) (S1 Table) [30]. PCR reactions were pooled and treated with Dpnl
(NEB, Cat. No. R0176) according to the manufacturer instructions. The linearized vector was mixed with Q5 polymerase
and a PCR amplicon of tc0237" in which ~20 base pair homologous 5’ and 3’ ends were introduced in the primers (S1°
Table) at a molar ratio of 1:5. Assembly was performed at 50°C for two hours using NEBuilder HiFi DNA assembly master
mix (Cat. No. E2621). The reaction product was transformed into E. coli, and the cells were plated on Luria-Bertani agar
plates supplemented with spectinomycin and incubated at 30°C. The final expression vector, pTC0237-FLAG was con-
firmed by whole plasmid sequencing (Eurofins Genomics). Cmu was transformed with pTC0237-FLAG as described [31].
The transformants were expanded in McCoy monolayers in DMEM-10 supplemented with 1 ug/ml cycloheximide (CHX),
100 pg/ml spectinomycin, and either 20 ng/ml anhydrotetracycline (aTc) in 100% dimethyl sulfoxide (DMSO) or an equal
volume of 100% DMSO. EBs were purified as above.

Two-step RT-qgPCR

McCoy cells were infected with EBs-SPG at an MOI of 0.5 by rocking. The infected cells were lysed at various hpi with
equal volumes of TRIzol (100 ul/cm?) and sterile glass beads. Total RNA was purified using the Direct-Zol RNA Miniprep
kit (Zymo Research, Cat. No. R2052). The purified RNA was treated twice with DNase | and was divided into aliquots.
The RNA was reverse transcribed using Maxima H minus reverse transcriptase master mix (Thermo Scientific, Cat. No.
M1661) and random hexamer primers to generate cDNA, or without RNA template to generate no-reverse-transcriptase
controls. The RT reaction products were diluted 1:5 in molecular-grade water and used as templates in quantitative PCR
(qPCR). SnapGene (v7.2.1) was used to design primers for Cmu 16s rRNA, tc0237, and tc0237:3xFLAG transcripts

(S1 Table). The gPCR reactions were performed using PowerUp SYBR Green Master Mix (Thermo Scientific, Cat. No.
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A25742) on an Azure Cielo Real-time PCR System (Azure Biosystems). Known concentrations of PCR-amplified targets
were used to generate standard curves.

Progeny assay and one-step growth curves

McCoy and CMT93 cells grown in 12 or 24-well plates were infected with EBs-SPG at an MOI of 0.1 or were
mock-infected with SPG alone using rocking or centrifugation. IFUs were determined in McCoy cells in 96-well plates
using centrifugation. EBs were harvested at various hpi using bead agitation. Progeny IFU was compared to input IFU to
calculate burst size.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism (v10.4.1). The specific tests used are indicated in the figure
legends.

Results
A forward genetic screen identifies a gene that mediates Cmu epithelial tropism

To search for Cmu mutants with IFNy-independent tropism defects, we compared the number of inclusion forming units
(IFU) that isolates from a new mutant library formed in murine fibroblast and epithelial cell lines in the presence and
absence of IFNy (+/-IFNy). We constructed the mutant library from CM™?, a temperature sensitive mutant that develops
normally at 37°C but fails to form infectious EBs at 40°C [27,28]. The rationale was that this would allow us to use lateral
gene transfer to map mutant alleles by performing co-infections with another temperature sensitive mutant, CM*? and
isolating temperature resistant recombinants, similarly as we described [29,32]. We mutagenized CM™" by supplementing
the cell culture medium of infected mouse McCoy fibroblasts with a low dose of the transition-inducing mutagen EMS [33].
We then plaque-cloned 4,932 isolates from the infection lysate and expanded the isolates in McCoy cells treated with the
eukaryotic translation inhibitor CHX.

In a primary screen performed in singlet, we compared the IFUs that equal inocula of each library isolate formed in
McCoy, oviduct epithelial C57 [25] and in CMT93 rectal epithelial cells [34] +/-IFNy, at 24 hpi (S1 Fig). Using the IFU ratio
that eight replicates of CM™' formed in McCoy verses CMT93 cells and in McCoy verses C57 cells as references, we
identified library isolates whose IFU ratios differed by less than two standard deviations. We then excluded isolates that
formed few inclusions and or grew slowly in McCoy cells +/—1FNy. Finally, we repeated the screen in quadruplicate with
the remaining isolates.

We identified two library isolates, M7 and M8, in the secondary screen that consistently exhibited reduced inclusion
formation in CMT93 and C57 cells. In the absence of IFNy priming, M7 and M8 IFUs were reduced, on average, 66% and
77% and 61% and 73% in CMT93 and C57 compared to McCoy cells, respectively (Fig 1A-B). In contrast, compared to
CMT™1, M7 and M8 had similar IFU ratios +/—1FNy in CMT93 cells and produced higher IFU ratios+/—1FNy in C57 cells
(Fig 2). These observations suggested that M7 and M8 have interferon-independent epithelial-specific growth defects.

Restricted phenotypes map to a mutant tc0237 allele

We sequenced the genomes of CM™', M7 and M8 to search for potential EMS-induced single nucleotide polymorphisms
(SNPs). The genomes of the mutants were identical, suggesting that they are sibs. The mutants only differed from CM™!
by a single SNP in tc02377¢ (position 179, tc0237™) predicted to cause an asparagine to threonine change in TC0237
(N60T). To determine if tc0237™ segregated with the mutant phenotypes, McCoy cells were co-infected with M8 and
CM*r at 37°C, the resulting lysates were used to infect McCoy cells, and then the infections were incubated at 40°C. After
two more blind passages in McCoy cells at 40°C, we plaque isolated twenty-four temperature resistant recombinants
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Fig 1. M7 and M8 IFUs are reduced in CMT93 and C57 compared to McCoy cells in the absence of IFNy. Equal inoculums of CM™", M7, or M8
were used to infect CMT93, C57, and McCoy cells, and IFU were counted at 24 hpi. The ratio of IFUs that the strains formed in (A) CMT93 versus
McCoy cells and in (B) C57 versus McCoy cells were compared. Significance was determined by ordinary one-way ANOVA with Dunnett’'s multiple com-
parisons posttest. Error bars represent standard deviation. **, P<0.01; **** P<0.0001.

https://doi.org/10.1371/journal.pone.0329637.9001
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Fig 2. M7 and M8 are as resistant to IFNy as CM™" in epithelial cells. Equal inocula of CM™', M7, or M8 were used to infect (A) CMT93 and (B) C57
cells+/-1FNy, and IFU were counted at 24 hpi. IFUs that the strains formed in the cell lines +/-IFNy were compared. Significance was determined by
ordinary one-way ANOVA with Dunnett's multiple comparison posttest. Error bars represent standard deviation. *** P<0.001; **** P <0.0001.

https://doi.org/10.1371/journal.pone.0329637.9002

from the infection lysates and determined their {c0237 genotypes using PCR amplification and Sanger sequencing. We
selected three recombinants with tc0237™ (M8R4, M8R5, M8R15) and three with tc0237* (M8R21, M8R23, M8R24) for
further characterization.

We compared IFU production of the recombinants and the parents in C57, CMT93, and McCoy cells. In CMT93 cells,
reduced IFUs perfectly segregated with tc0237™! (Fig 3A). M8 and all recombinants with tc0237™ had similarly reduced
IFU ratios in CMT93 versus McCoy cells compared to CM™' and CM**, and tc0237* recombinants The effect of tc0237™"
was more nuanced in C57 cells (Fig 3B). Additionally, while M8 tc0237* recombinants had higher IFU ratios in C57 versus
McCoy cells compared to the tc0237™ recombinants, the tc0237* recombinants had lower IFU ratios compared to CM™"
and CM®r, These observations confirmed that tc0237 plays a role in Cmu epithelial cell tropism in vitro and suggested that
this role could be more important in rectal compared to oviduct epithelial cells.

To determine if tc0237™ acts in cis or trans, we PCR amplified tc0237™ from CM™" and cloned it into the shuttle vector
p2TK2NiggSpecfmCherryTetR to generate p2TK2NiggSpecfmCherryTetR::tc0237*:3xFLAG (pTC0237-FLAG) [22]. We
then transformed this expression vector into M8R427m to create the complement strain M8R4-pTC0237-FLAG. In con-
trast, several attempts to transform M8R427mt with the empty shuttle vector failed for unknown reasons. We confirmed
that M8R4-pTC0237-FLAG expressed tc0237-FLAG transcript in both the absence and presence of aTc, and that aTc
increased the number of these transcripts, but we were unable confirm expression of TC0237-FLAG protein by West-
ern blot with anti-FLAG antibodies (Sigma Aldrich; clone M2 and rabbit polyclonal F7425), possibly due to low levels of
expression or because TC0237 is unstable (Fig S2).
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Fig 3. tc0237 mediates Cmu epithelial cell tropism. M8, various recombinants, CM™', or CM*? were used to infect McCoy, (A) CMT93, and (B) C57
cells at MOls of 1.0, and inclusions were counted at 24 hpi. Ratios of IFUs that the strains formed in CMT93 or C57 cells divided by the IFUs formed in
McCoy cells are shown on the y-axis. Significance was determined by ordinary one-way ANOVA with Tukey’s multiple comparison test. Shared letters
indicate groups with p-values greater than 0.05. Groups that do not share a letter have p-values less than 0.05. Error bars represent standard deviation.

https://doi.org/10.1371/journal.pone.0329637.9003

We used two approaches to assess if TC0237-FLAG increased IFUs of M8R4%7™ in CMT93 and C57 epithelial cells
(Fig 4). First, McCoy cells were infected with M8R4-pTC0237-FLAG and the infections were incubated in cell culture
medium +/-20ng/ml aTc, and then the infected cells were lysed at 24 hpi. These lysates or M8, M8R4237mut M8R24237#1,
CMT™' and CM®? were then used to infect CMT93, C57, and McCoy cells, and IFUs were determined at 24 hpi. M8R4-
pTC0237-FLAG +/-aTc produced more IFUs in CMT93 versus McCoy compared to M8 and M8R423m but reduced IFUs
compared to M8R24%7 CM™', and CM®*? (Fig 4A). This suggested that pTC0237-FLAG was sufficient to partially restore
infection of CMT93 cells, and that leaky expression from pTC0237-FLAG was sufficient to mediate this. M8R4-pTC0237-
FLAG +/-aTc produced a slightly higher IFU ratio in C57 versus McCoy cells compared to M8 and M8R42¥™! and a
slightly reduced IFU ratio compared to M8R2423"* but these differences were not significant (Fig 4B). M8R4-pTC0237-
FLAG +/-aTc, M8, M8R4237mut. M8R242%"" produced lower IFU ratios in C57 versus McCoy cells when compared to
CMT™" and CM®», further suggesting that tc0237* could play a more important role in rectal epithelial cells than in oviduct
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Fig 4. Expression of TC0237-FLAG in trans increases M8R4%"™ |[FU formation in epithelial. McCoy cells were infected with M8R4-pTC0237-
FLAG at an MOI of 1.0 in +/—aTc and the infected cells were lysed 24 hours later. The lysates, M8, M8R423"m M8R24%™ CMT™', and CM* were used
to infect fresh McCoy, (A) CMT93, or (B) C57 cells, and IFUs were determined at 24 hpi. (C) McCoy, CMT93, or C57 cells were infected with M8R4-
pTC0237-FLAG at MOls of 0.1, fresh medium+/—-aTc was added at 2 hpi, and IFUs were determined at 24 hpi. The number of IFUs formed in each
condition is on the y-axis and each dot represents the result of a technical replicate. Significance was determined by (A-B) ordinary one-way ANOVA
with Tukey’s multiple comparison test or (C) unpaired t-test. Shared letters indicate groups with p-values greater than 0.05. Groups that do not share a
letter have p-values less than 0.05. Error bars represent standard deviation. ns =not significant.

https://doi.org/10.1371/journal.pone.0329637.9004

epithelial cells. We additionally tested if adding aTc to the cell culture medium at 2 hpi impacted M8R4-pTC0237-FLAG
IFUs in McCoy, CMT93, and C57 cells but did not observe any differences (Fig 4C).

tc0237 mutants have altered growth dynamics in rectal epithelia cells

We performed one-step growth curves to attempt to determine why M8 formed fewer IFUs in epithelial cells. McCoy and
CMT93 cells were infected with various strains at MOls of 0.1 as in prior experiments (Fig 5). The infected host cells were
lysed at different hpi, and IFUs were determined in McCoy cells. By 18 hpi, IFU production of the wild type CM™" parent
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Fig 5. tc0237 mutants have altered growth dynamics in CMT93 cells in centrifugation-assisted conditions. McCoy (black circles) and CMT93
(white squares) cells were infected with Cmu*, M8, M8R423mt, M8R24237*, and M8R4-pTC237-FLAG +/-aTc. The number of IFUs produced by these
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sizes of infections in McCoy and CMT93 cells were compared by ordinary two-way ANOVA with Bonferroni correction. Graph shows the results from two
independent trials, in technical triplicates. Error bars represent standard deviation. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.

https://doi.org/10.1371/journal.pone.0329637.9005
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(Cmu") had nearly peaked in both cell lines. Although M8 produced similar IFUs in McCoy cells at 18 hpi compared to
Cmu*, it produced far fewer IFUs in CMT93 cells compared to Cmu*'. Consistent with the possibility that this was due

to the tc0237™, IFU production of M8R4%7™t at 18 hpi in CMT93 cells was similar to M8, whereas IFU production of
M8R24237*t was similar to Cmu*'. IFU production of M8R4-pTC0237-FLAG +/-aTc in CMT93 cells at 18 hpi was also more
similar to Cmu*'. Another group reported that attachment of a different Cmu tc0237 mutant to HeLa cells was increased

in cell culture relative to the parent [35], and since attachment of some Chlamydia spp. in cell culture is altered by centrif-
ugation [36], we repeated the one-step growth curve analysis without centrifugation (Fig 6). Relative burst sizes of all of
the strains were reduced, and there was no obvious relationship between this phenotype and tc0237 genotype. Collec-
tively, these results suggested that the tc0237™! causes a developmental delay during centrifugation-assisted infection of
CMT93 cells.

Discussion

In Cmu, tc0237 is encoded in an operon with two paralogs, tc0236 and tc0235. All three genes encode DUF 720 domain
protein-coding genes. Nucleotide BLAST identified highly conserved orthologs in other Chlamydia spp. Cmu tc0237
shares >90% homology with Ctr and C. suis orthologs and >50% homology with orthologs in more distantly related
Chlamydia spp. Ctr tc0237-235 orthologs were secreted by a Yersinia spp. surrogate type Il secretion system (T3SS),
suggesting that these genes are T3SS-secreted chlamydial effectors proteins [37,38]. TC0237 is predicted to contain a
coiled-coil structural motif (residues 81-115) nested within the DUF 720 region (residues 31-154), that may permit the
alpha helices to interact with one another [39]. Unfortunately, we have not been able to confirm this interaction using
independent approaches because our attempts to generate high affinity antibodies to TC0237 failed. We are attempting
to generate new antibodies and fusion constructs to improve TC0237 detection. Localization of TC0237 in Cmu and host
cells and identification of potential interaction partners are key future directions.

Several observations from our and prior studies suggest that TC0237 plays a role in chlamydial tropism. Chen and
colleagues identified a Cmu strain with mutations in 0237 and tc0668 using Pasteurian selection in HelLa cells and
subsequently isolated clones that segregated these mutant alleles [35,40,41]. The clones with mutant {c0237 formed
more inclusions than the parent in HelLa cells during rocking infection, similar to the infection approach they used during
Pasteurian selection, but not during centrifugation-assisted infection. This led them to conclude that TC0237 plays an
unspecified role in EB affinity for target cells. The double mutant was severely attenuated in a mouse genital tract infection
model, but the tc0237 mutant was not [35,40,42]. However, subsequent studies revealed the {c0237 was attenuated in
mouse gastrointestinal infection models [43]. Since Cmu is spread fecal-orally, and not sexually, in rodents in nature [44],
these results suggest that TC0237 is most relevant in its natural niche in its definitive host. Here, we searched for Cmu
mutants that formed fewer inclusions in more relevant mouse epithelial cells compared to less relevant mouse fibroblasts,
with the caveat that our approach still represents a limited surrogate model. In contrast to the observation of Chen and
colleagues in Hela cells, the ability of our Cmu?"™t isolates to infect relevant mouse epithelial cells was attenuated in
centrifugation-assisted compared to rocking infection [35]. Phenotyping our mutants in parallel with the mutants identified
by Chen and colleagues will be a critical next step to determine if they have similar loss of function mutations.

We think that prior observations and our findings are complementary and suggest an exciting tropism-related func-
tion for TC0237, contingent upon the hypothesis that Cmu employs redundant attachment/entry mechanisms in some
cells. We speculate that TC0237 interacts with a host ligand to regulate attachment/entry into preferred host cell types
and blocks infection of cells that lack this ligand. Presumably, TC0237 blocks infection of non-native HelLa cells during
rocking conditions because these cells do not display the ligand, but this is circumvented by alternate attachment/entry
mechanisms engaged by centrifugation. In contrast, TC0237 may be dispensable for infection during rocking infection
because the relative burst sizes of Cmu*t and Cmu?¥"™t were low and similar in the mouse cell lines we tested. In con-
trast, we speculate that loss of TC0237 is detrimental during centrifugation-assisted infection of mouse epithelial cells
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infected with Cmu*t, M8, M8R4237mut M8R2427, and M8R4-pTC237-FLAG +/-aTc without centrifugation. The number of IFUs produced was compared
to the input IFUs of the primary infection to determine the relative burst size (y-axis) at various hpi (x-axis). Relative burst sizes of infections in McCoy
and CMT93 cells were compared by ordinary two-way ANOVA with Bonferroni correction. The graphs show the results from two independent experiment

performed in technical triplicates. Error bars indicate standard deviation. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.

https://doi.org/10.1371/journal.pone.0329637.9006
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because TC0237-ligand interactions help Cmu circumvent an epithelial-cell specific CAl mechanism that is engaged by
centrifugation.

Supporting information

S$1 Fig. Schematic overview of the tropism screen. Equal inoculums of the library mutants were used to infect parallel plates
of the indicated cells in the presence or absence of IFNy and CHX as indicated and then inclusions were counted at 24 hpi.
(PNG)

S2 Fig. Detection of recombinant pTC0237-FLAG transcripts in McCoy cells. M8R4-pTC0237-FLAG infected McCoy
cells were lysed at the indicated hpi, and DNA-free RNA was isolated. TC0237-FLAG transcripts were measured using
gRT-PCR and were quantified by comparison to a standard curve of pTC0237-FLAG concentrations. The graph shows the
averages from technical triplicates, and the error bars indicate standard deviation. Significance was determined by two-
way ANOVA with Bonferroni’s posttest corrections. *, P<0.05; **, P<0.01.

(TIFF)

S1 Table. List of primers used in this study.
(DOCX)

Acknowledgments

We thank Ken Fields, Katerina Wolf, and Robert Hayman for their knowledge and guidance in performing chlamydial
transformations.

Author contributions

Conceptualization: David E Nelson, Kaylee R. Jacobs, Caleb M. Ardizzone.

Formal analysis: Kaylee R. Jacobs, Caleb M. Ardizzone, Arkaprabha Banerjee.

Funding acquisition: David E Nelson.

Investigation: David E Nelson, Kaylee R. Jacobs, Caleb M. Ardizzone, Arkaprabha Banerjee, Evelyn Toh, Xiaoli Zhang.
Writing — original draft: David E Nelson, Kaylee R. Jacobs, Caleb M. Ardizzone, Arkaprabha Banerjee.

Writing — review & editing: David E Nelson, Kaylee R. Jacobs, Caleb M. Ardizzone, Arkaprabha Banerjee, Evelyn Toh.

References

1. Pilla-Moffett D, Barber MF, Taylor GA, Coers J. Interferon-Inducible GTPases in Host Resistance, Inflammation and Disease. Journal of Molecular
Biology. 2016;428(17):3495-513. https://doi.org/10.1016/j.jmb.2016.04.032 PMID: 27181197

2. Randow F, MacMicking JD, James LC. Cellular Self-Defense: How Cell-Autonomous Immunity Protects Against Pathogens. Science.
2013;340(6133):701-6. https://doi.org/10.1126/science.1233028 PMID: 23661752

3. Roy CR, Mocarski ES. Pathogen subversion of cell-intrinsic innate immunity. Nat Immunol. 2007;8(11):1179-87. https://doi.org/10.1038/ni1528
PMID: 17952043

4. Reitano JR, Coers J. Restriction and evasion: a review of IFNy-mediated cell-autonomous defense pathways during genital Chlamydia infection.
Pathogens and Disease. 2024;82. https://doi.org/10.1093/femspd/ftae019 PMID: 39210512

5. Moulder JW. Interaction of chlamydiae and host cells in vitro. Microbiol Rev. 1991;55(1):143-90. https://doi.org/10.1128/mr.55.1.143-190.1991
PMID: 2030670

6. Elwell C, Mirrashidi K, Engel J. Chlamydia cell biology and pathogenesis. Nat Rev Microbiol. 2016;14(6):385-400. https://doi.org/10.1038/nrmi-
cro.2016.30 PMID: 27108705

7. Collingro A, Tischler P, Weinmaier T, Penz T, Heinz E, Brunham RC, et al. Unity in Variety--The Pan-Genome of the Chlamydiae. Molecular Biology
and Evolution. 2011;28(12):3253-70. https://doi.org/10.1093/molbev/msr161 PMID: 21690563

PLOS One | https://doi.org/10.1371/journal.pone.0329637  August 5, 2025 12/14



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329637.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329637.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329637.s003
https://doi.org/10.1016/j.jmb.2016.04.032
http://www.ncbi.nlm.nih.gov/pubmed/27181197
https://doi.org/10.1126/science.1233028
http://www.ncbi.nlm.nih.gov/pubmed/23661752
https://doi.org/10.1038/ni1528
http://www.ncbi.nlm.nih.gov/pubmed/17952043
https://doi.org/10.1093/femspd/ftae019
http://www.ncbi.nlm.nih.gov/pubmed/39210512
https://doi.org/10.1128/mr.55.1.143-190.1991
http://www.ncbi.nlm.nih.gov/pubmed/2030670
https://doi.org/10.1038/nrmicro.2016.30
https://doi.org/10.1038/nrmicro.2016.30
http://www.ncbi.nlm.nih.gov/pubmed/27108705
https://doi.org/10.1093/molbev/msr161
http://www.ncbi.nlm.nih.gov/pubmed/21690563

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Bachmann NL, Polkinghorne A, Timms P. Chlamydia genomics: providing novel insights into chlamydial biology. Trends in Microbiology.
2014;22(8):464—72. https://doi.org/10.1016/}.tim.2014.04.013 PMID: 24882432

McClarty G, Caldwell HD, Nelson DE. Chlamydial interferon gamma immune evasion influences infection tropism. Current Opinion in Microbiology.
2007;10(1):47-51. https://doi.org/10.1016/j.mib.2006.12.003 PMID: 17208039

Caldwell HD, Wood H, Crane D, Bailey R, Jones RB, Mabey D, et al. Polymorphisms in Chlamydia trachomatis tryptophan synthase genes differ-
entiate between genital and ocular isolates. J Clin Invest. 2003;111(11):1757-69. https://doi.org/10.1172/jci17993 PMID: 12782678

Fehlner-Gardiner C, Roshick C, Carlson JH, Hughes S, Belland RJ, Caldwell HD, et al. Molecular Basis Defining Human Chlamydia trachomatis
Tissue Tropism. Journal of Biological Chemistry. 2002;277(30):26893-903. https://doi.org/10.1074/jbc.m203937200 PMID: 12011099

Nelson DE, Virok DP, Wood H, Roshick C, Johnson RM, Whitmire WM, et al. Chlamydial IFN-y immune evasion is linked to host infection tropism.
Proc Natl Acad Sci USA. 2005;102(30):10658-63. https://doi.org/10.1073/pnas.0504198102 PMID: 16020528

Carlson JH, Porcella SF, McClarty G, Caldwell HD. Comparative Genomic Analysis ofChlamydia trachomatisOculotropic and Genitotropic Strains.
Infect Immun. 2005;73(10):6407-18. https://doi.org/10.1128/iai.73.10.6407-6418.2005 PMID: 16177312

Roshick C, Wood H, Caldwell HD, McClarty G. Comparison of Gamma Interferon-Mediated Antichlamydial Defense Mechanisms in Human and
Mouse Cells. Infect Immun. 2006;74(1):225-38. https://doi.org/10.1128/iai.74.1.225-238.2006 PMID: 16368976

Walsh SC, Reitano JR, Dickinson MS, Kutsch M, Hernandez D, Barnes AB, et al. The bacterial effector GarD shields Chlamydia trachomatis
inclusions from RNF213-mediated ubiquitylation and destruction. Cell Host & Microbe. 2022;30(12):1671-1684.e9. https://doi.org/10.1016/].
chom.2022.08.008 PMID: 36084633

Brothwell JA, Muramatsu MK, Zhong G, Nelson DE. Advances and Obstacles in the Genetic Dissection of Chlamydial Virulence. Curr Top Microbiol
Immunol. 2018;412:133-58. https://doi.org/10.1007/82_2017_76 PMID: 29090367

Moelleken K, Hegemann JH. The Chlamydia outer membrane protein OmcB is required for adhesion and exhibits biovar-specific differences in
glycosaminoglycan binding. Molecular Microbiology. 2008;67(2):403—-19. https://doi.org/10.1111/j.1365-2958.2007.06050.x PMID: 18086188

Millman KL, Tavaré S, Dean D. Recombination in theompAGene but Not theomcBGene ofChlamydiaContributes to Serovar-Specific Differ-
ences in Tissue Tropism, Immune Surveillance, and Persistence of the Organism. J Bacteriol. 2001;183(20):5997-6008. https://doi.org/10.1128/
ib.183.20.5997-6008.2001 PMID: 11567000

Fadel S, Eley A. Differential glycosaminoglycan binding of Chlamydia trachomatis OmcB protein from serovars E and LGV. Journal of Medical
Microbiology. 2008;57(9):1058—61. https://doi.org/10.1099/jmm.0.2008/001305-0 PMID: 18719173

Almeida F, Borges V, Ferreira R, Borrego MJ, Gomes JP, Mota LJ. Polymorphisms in Inc Proteins and Differential Expression ofincGenes among
Chlamydia trachomatis Strains Correlate with Invasiveness and Tropism of Lymphogranuloma Venereum Isolates. J Bacteriol. 2012;194(23):6574—
85. https://doi.org/10.1128/jb.01428-12 PMID: 23042990

Gomes JP, Nunes A, Bruno WJ, Borrego MJ, Florindo C, Dean D. Polymorphisms in the Nine Polymorphic Membrane Proteins ofChlamydia
trachomatisacross All Serovars: Evidence for Serovar Da Recombination and Correlation with Tissue Tropism. J Bacteriol. 2006;188(1):275-86.
https://doi.org/10.1128/jb.188.1.275-286.2006 PMID: 16352844

Morrison SG, Giebel AM, Toh E, Banerjee A, Nelson DE, Morrison RP. A Genital Infection-Attenuated Chlamydia muridarum Mutant Infects the
Gastrointestinal Tract and Protects against Genital Tract Challenge. mBio. 2020;11(6). https://doi.org/10.1128/mbio.02770-20 PMID: 33144378

Shao L, Zhang T, Melero J, Huang Y, Liu Y, Liu Q, et al. The Genital Tract Virulence Factor pGP3 Is Essential for Chlamydia muridarum Coloniza-
tion in the Gastrointestinal Tract. Infect Immun. 2018;86(1). https://doi.org/10.1128/iai.00429-17 PMID: 29038127

Morrison SG, Giebel AM, Toh EC, Spencer HJ Ill, Nelson DE, Morrison RP. Chlamydia muridarum Genital and Gastrointestinal Infection Tropism Is
Mediated by Distinct Chromosomal Factors. Infect Immun. 2018;86(7). https://doi.org/10.1128/iai.00141-18 PMID: 29661932

Derbigny WA, Johnson RM, Toomey KS, Ofner S, Jayarapu K. The Chlamydia muridarum-Induced IFN-3 Response Is TLR3-Dependent in Murine
Oviduct Epithelial Cells. The Journal of Immunology. 2010;185(11):6689-97. https://doi.org/10.4049/jimmunol.1001548 PMID: 20974982

Caldwell HD, Kromhout J, Schachter J. Purification and partial characterization of the major outer membrane protein of Chlamydia trachomatis.
Infect Immun. 1981;31(3):1161-76. https://doi.org/10.1128/i2i.31.3.1161-1176.1981 PMID: 7228399

Giebel AM, Hu S, Rajaram K, Finethy R, Toh E, Brothwell JA, et al. Genetic Screen in Chlamydia muridarum Reveals Role for an Interferon-Induced
Host Cell Death Program in Antimicrobial Inclusion Rupture. mBio. 2019;10(2). https://doi.org/10.1128/mbio.00385-19 PMID: 30967464

Banerjee A, Jacobs KR, Wang Y, Doud EH, Toh E, Stein BD, et al. Tail-specific protease is an essential Chlamydia virulence factor that mediates
the differentiation of elementary bodies into reticulate bodies. Infect Immun. 2024;92(12). https://doi.org/10.1128/iai.00436-24 PMID: 39535210

Muramatsu MK, Brothwell JA, Stein BD, Putman TE, Rockey DD, Nelson DE. Beyond Tryptophan Synthase: Identification of Genes That Con-
tribute to Chlamydia trachomatis Survival during Gamma Interferon-Induced Persistence and Reactivation. Infect Immun. 2016;84(10):2791-801.
https://doi.org/10.1128/iai.00356-16 PMID: 27430273

Cortina ME, Ende RJ, Bishop RC, Bayne C, Derré I. Chlamydia trachomatis and Chlamydia muridarum spectinomycin resistant vectors and a
transcriptional fluorescent reporter to monitor conversion from replicative to infectious bacteria. PLoS ONE. 2019;14(6):€0217753. https://doi.
org/10.1371/journal.pone.0217753 PMID: 31170215

Mueller KE, Wolf K, Fields KA. Gene Deletion by Fluorescence-Reported Allelic Exchange Mutagenesis in Chlamydia trachomatis. mBio.
2016;7(1). https://doi.org/10.1128/mbio.01817-15 PMID: 26787828

PLOS One | https:/doi.org/10.1371/journal.pone.0329637  August 5, 2025 13/14



https://doi.org/10.1016/j.tim.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24882432
https://doi.org/10.1016/j.mib.2006.12.003
http://www.ncbi.nlm.nih.gov/pubmed/17208039
https://doi.org/10.1172/jci17993
http://www.ncbi.nlm.nih.gov/pubmed/12782678
https://doi.org/10.1074/jbc.m203937200
http://www.ncbi.nlm.nih.gov/pubmed/12011099
https://doi.org/10.1073/pnas.0504198102
http://www.ncbi.nlm.nih.gov/pubmed/16020528
https://doi.org/10.1128/iai.73.10.6407-6418.2005
http://www.ncbi.nlm.nih.gov/pubmed/16177312
https://doi.org/10.1128/iai.74.1.225-238.2006
http://www.ncbi.nlm.nih.gov/pubmed/16368976
https://doi.org/10.1016/j.chom.2022.08.008
https://doi.org/10.1016/j.chom.2022.08.008
http://www.ncbi.nlm.nih.gov/pubmed/36084633
https://doi.org/10.1007/82_2017_76
http://www.ncbi.nlm.nih.gov/pubmed/29090367
https://doi.org/10.1111/j.1365-2958.2007.06050.x
http://www.ncbi.nlm.nih.gov/pubmed/18086188
https://doi.org/10.1128/jb.183.20.5997-6008.2001
https://doi.org/10.1128/jb.183.20.5997-6008.2001
http://www.ncbi.nlm.nih.gov/pubmed/11567000
https://doi.org/10.1099/jmm.0.2008/001305-0
http://www.ncbi.nlm.nih.gov/pubmed/18719173
https://doi.org/10.1128/jb.01428-12
http://www.ncbi.nlm.nih.gov/pubmed/23042990
https://doi.org/10.1128/jb.188.1.275-286.2006
http://www.ncbi.nlm.nih.gov/pubmed/16352844
https://doi.org/10.1128/mbio.02770-20
http://www.ncbi.nlm.nih.gov/pubmed/33144378
https://doi.org/10.1128/iai.00429-17
http://www.ncbi.nlm.nih.gov/pubmed/29038127
https://doi.org/10.1128/iai.00141-18
http://www.ncbi.nlm.nih.gov/pubmed/29661932
https://doi.org/10.4049/jimmunol.1001548
http://www.ncbi.nlm.nih.gov/pubmed/20974982
https://doi.org/10.1128/iai.31.3.1161-1176.1981
http://www.ncbi.nlm.nih.gov/pubmed/7228399
https://doi.org/10.1128/mbio.00385-19
http://www.ncbi.nlm.nih.gov/pubmed/30967464
https://doi.org/10.1128/iai.00436-24
http://www.ncbi.nlm.nih.gov/pubmed/39535210
https://doi.org/10.1128/iai.00356-16
http://www.ncbi.nlm.nih.gov/pubmed/27430273
https://doi.org/10.1371/journal.pone.0217753
https://doi.org/10.1371/journal.pone.0217753
http://www.ncbi.nlm.nih.gov/pubmed/31170215
https://doi.org/10.1128/mbio.01817-15
http://www.ncbi.nlm.nih.gov/pubmed/26787828

PLO\Sﬁ\\.- One

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Brothwell JA, Muramatsu MK, Toh E, Rockey DD, Putman TE, Barta ML, et al. Interrogating Genes That Mediate Chlamydia trachomatis Sur-
vival in Cell Culture Using Conditional Mutants and Recombination. J Bacteriol. 2016;198(15):2131-9. https://doi.org/10.1128/jb.00161-16 PMID:
27246568

Kari L, Goheen MM, Randall LB, Taylor LD, Carlson JH, Whitmire WM, et al. Generation of targeted Chlamydia trachomatis null mutants. Proc Natl
Acad Sci USA. 2011;108(17):7189-93. https://doi.org/10.1073/pnas.1102229108 PMID: 21482792

Pignatelli M, Bodmer WF. Genetics and biochemistry of collagen binding-triggered glandular differentiation in a human colon carcinoma cell line.
Proc Natl Acad Sci USA. 1988;85(15):5561-5. https://doi.org/10.1073/pnas.85.15.5561 PMID: 2840666

Chen C, Zhou Z, Conrad T, Yang Z, Dai J, Li Z, et al. In Vitro Passage Selects for Chlamydia muridarum with Enhanced Infectivity in Cultured
Cells but Attenuated Pathogenicity in Mouse Upper Genital Tract. Infect Immun. 2015;83(5):1881-92. https://doi.org/10.1128/iai.03158-14 PMID:
25712926

Ainsworth S, Allan |, Pearce JH. Differential Neutralization of Spontaneous and Centrifuge-assisted Chlamydial Infectivity. Journal of General
Microbiology. 1979;114(1):61-7. https://doi.org/10.1099/00221287-114-1-61 PMID: 521795

da Cunha M, Milho C, Almeida F, Pais SV, Borges V, Mauricio R, et al. |dentification of type Il secretion substrates of Chlamydia trachomatis using
Yersinia enterocolitica as a heterologous system. BMC Microbiol. 2014;14(1). https://doi.org/10.1186/1471-2180-14-40 PMID: 24533538

Chellas-Géry B, Linton CN, Fields KA. Human GCIP interacts with CT847, a novel Chlamydia trachomatis type Il secretion substrate, and

is degraded in a tissue-culture infection model. Cell Microbiol. 2007;9(10):2417-30. https://doi.org/10.1111/j.1462-5822.2007.00970.x PMID:
17532760

Liu J, Zheng Q, Deng Y, Cheng C-S, Kallenbach NR, Lu M. A seven-helix coiled coil. Proc Natl Acad Sci USA. 2006;103(42):15457—62. https://doi.
org/10.1073/pnas.0604871103 PMID: 17030805

Conrad TA, Gong S, Yang Z, Matulich P, Keck J, Beltrami N, et al. The Chromosome-Encoded Hypothetical Protein TC0668 Is an Upper Genital
Tract Pathogenicity Factor of Chlamydia muridarum. Infect Immun. 2016;84(2):467—79. https://doi.org/10.1128/iai.01171-15 PMID: 26597987
Zhou Z, Liu N, Wang Y, Emmanuel AW, You X, Liu J, et al. A primary study on genes with selected mutations by in vitro passage of Chlamydia
muridarum strains. Pathog Dis. 2019;77(3). https://doi.org/10.1093/femspd/ftz017 PMID: 31197357

Koprivsek JJ, Zhang T, Tian Q, He Y, Xu H, Xu Z, et al. Distinct Roles of Chromosome- versus Plasmid-Encoded Genital Tract Virulence Factors in
Promoting Chlamydia muridarum Colonization in the Gastrointestinal Tract. Infect Immun. 2019;87(8). https://doi.org/10.1128/iai.00265-19 PMID:
31160366

Shao L, Zhang T, Liu Q, Wang J, Zhong G. Chlamydia muridarum with Mutations in Chromosomal Genes tc0237 and/or tc0668 Is Deficient in
Colonizing the Mouse Gastrointestinal Tract. Infect Immun. 2017;85(8). https://doi.org/10.1128/iai.00321-17 PMID: 28584162

Ramsey KH, Sigar IM, Schripsema JH, Townsend KE, Barry RJ, Peters J, et al. Detection of Chlamydia infection in Peromyscus species rodents
from sylvatic and laboratory sources. Pathogens and Disease. 2016;74(3). https://doi.org/10.1093/femspd/ftv129 PMID: 26733499

PLOS One | https://doi.org/10.1371/journal.pone.0329637  August 5, 2025 14714



https://doi.org/10.1128/jb.00161-16
http://www.ncbi.nlm.nih.gov/pubmed/27246568
https://doi.org/10.1073/pnas.1102229108
http://www.ncbi.nlm.nih.gov/pubmed/21482792
https://doi.org/10.1073/pnas.85.15.5561
http://www.ncbi.nlm.nih.gov/pubmed/2840666
https://doi.org/10.1128/iai.03158-14
http://www.ncbi.nlm.nih.gov/pubmed/25712926
https://doi.org/10.1099/00221287-114-1-61
http://www.ncbi.nlm.nih.gov/pubmed/521795
https://doi.org/10.1186/1471-2180-14-40
http://www.ncbi.nlm.nih.gov/pubmed/24533538
https://doi.org/10.1111/j.1462-5822.2007.00970.x
http://www.ncbi.nlm.nih.gov/pubmed/17532760
https://doi.org/10.1073/pnas.0604871103
https://doi.org/10.1073/pnas.0604871103
http://www.ncbi.nlm.nih.gov/pubmed/17030805
https://doi.org/10.1128/iai.01171-15
http://www.ncbi.nlm.nih.gov/pubmed/26597987
https://doi.org/10.1093/femspd/ftz017
http://www.ncbi.nlm.nih.gov/pubmed/31197357
https://doi.org/10.1128/iai.00265-19
http://www.ncbi.nlm.nih.gov/pubmed/31160366
https://doi.org/10.1128/iai.00321-17
http://www.ncbi.nlm.nih.gov/pubmed/28584162
https://doi.org/10.1093/femspd/ftv129
http://www.ncbi.nlm.nih.gov/pubmed/26733499

