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General Introduction

General Introduction

General introduction of Chlamydia trachomatis
History and classification of Chlamydia trachomatis
Chlamydia is one of the oldest recognized human diseases, as references to
chlamydial-like diseases of the eye (trachoma) were already described in ancient
Egyptian and Chinese texts as early as 15 BC [1,2]. Chlamydia trachomatis was first
identified in 1907 by Ludwig Halberstaedter and Stanilaus von Prowazek [3]. Using
Giemsa staining, they observed intracellular inclusions in conjunctival scrapings
from individuals infected with trachoma. Shortly after the discovery of the C.
trachomatis pathogen, the neonatal form of C. trachomatis conjunctivitis was
described and related to cervicitis in the mothers of affected infants causing it also
to be recognized as an urogenital infection [3,4].
For many years, C. trachomatis was considered a virus since the infectious agent
could only grow in living cells. In the 1960’s, C. trachomatis was confirmed to be
a bacterium as it was discovered that it possesses a complex cell wall, both DNA
and RNA, prokaryotic ribosomes, and metabolic enzymes that would permit an
independent existence [2,5-7]. However, C. trachomatis lacks the mechanisms
for the production of metabolic energy thereby restricting the bacterium to an
intracellular existence [5-7].
Epidemiology of Chlamydia trachomatis
C. trachomatis infections are a major public health problem, as it remains the
primary cause of bacterial sexually transmitted infections (STI) worldwide and the
leading cause of preventable blindness [8-10].
C. trachomatis is a Gram-negative obligate intracellular bacterium that comprises a
1.0 Mb chromosome and multiple copies of a 7.5 kb extra chromosomal plasmid
which have been found to be highly conserved between strains. Moreover, C.
trachomatis comprises three biovars associated with different disease phenotypes.
These C. trachomatis biovars are associated with distinct tissue tropisms, as strains
from each biovar infect specific cell types and tissues in the human body: the
trachoma biovar infects conjunctival epithelial cells [11,12]; the urogenital biovar
infects the epithelial layer of the genital and ano-rectal mucosa [13,14]; and the
lymphogranuloma venereum (LGV) biovar is known to infect monocytes and
macrophages which are cable of passing through the epithelial layer to invade the
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underlying connective tissue and disseminate to regional lymph nodes causing
LGV [15-17]. The epidemiology of C. trachomatis infections thus varies depending
on these different biovars.
Trachoma inducing C. trachomatis strains are still endemic in poor and remote
areas of Africa, Asia, Australia, and the Middle East affecting an estimated 21
million people [11,18]. Active infections are predominantly present among
young children and are the result of inadequate hygiene resulting in exposure to
ocular secretions. Repeat trachoma infections during childhood causes scarring,
distortion of the eyelids, and the eyelids to fold inwards (trichiasis). This eventually
causes the eyelashes to touch and damage the cornea leading to irreversible
blindness [11]. Trachoma has disappeared in most parts of the world due to
improvements in sanitation and hygiene. In 1997, WHO implemented a strategy,
called SAFE, to eradicate trachoma by 2020 [19]. This SAFE strategy focusses on:
Surgery for trichiasis, Antibiotics for infectious trachoma, Facial cleanliness to
reduce transmission and Environmental improvements such as control of diseasespreading flies and access to clean water [19,20].
C. trachomatis infection, caused by strains from the urogenital biovar, is the most
common bacterial STI worldwide with an estimated 128 million new cases annually
[10]. Risk factors associated with C. trachomatis infections include being under 25
years of age but (this is) also (dependent) on sexual behaviour, changing to a new
sexual partner and having multiple sexual partners [21-23].
In contrast to the urogenital biovar, the LGV biovar is mainly endemic in parts of
Africa, Asia, Latin America and the Caribbean. However, since 2003 LGV infections
have also emerged in high income countries [15,16]. Infections in high income
countries are predominantly found among HIV-positive men who have sex with
men (MSM), and are rarely reported in heterosexuals. LGV infections predominantly
cause ano-rectal infections [15,16].
Many efforts have been made to reduce the prevalence of urogenital C. trachomatis
infections. Control strategies for C. trachomatis transmission have mainly focused
on active testing, partner notification and treatment [24]. However, due to
the asymptomatic nature of C. trachomatis infections, many infections remain
unnoticed, constituting a large reservoir of untreated individuals which causes a
potential reservoir for on-going transmission.
12
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Pathogenesis of Chlamydia trachomatis
C. trachomatis is characterized by a unique and complex biphasic developmental
cycle that alternates between the infectious, metabolically inactive elementary
bodies (EBs) during the extracellular phase and the non-infectious metabolically
active reticulate bodies (RBs) during the intracellular phase [25,26]. The
developmental cycle takes between 48 to 72 hours (Figure 1).
C. trachomatis infection is initiated by EBs that recognize host epithelial cells
through ligand-receptor interaction [27]. After attachment, EBs are actively
endocytosed by the host cell, upon which Chlamydia-derived vesicles mature into
a specialized parasitophorous vacuole known as the inclusion [27-29]. Once this
inclusion is formed, EBs will immediately start to differentiate into RBs, which are
the replicating form of the pathogen. Replication of RBs occurs through binary
fusion after which they differentiate back into EBs, which are subsequently released
from the host cell to infect new cells and repeat this developmental cycle [25,26].
During the replication stage the bacterial developmental cycle can also reversibly
transition from their normal developmental cycle into a state of persistence [30,31].
During this persistent stage, Chlamydia inclusions present as morphologically
enlarged and non-dividing RBs. Moreover, the ability of these enlarged RBs to
differentiate into EBs is inhibited [30]. This persistent state is often induced by
exposure to antibiotics or the result of nutrient deficiency and can be reversed by
removal of the particular inducer [31].
After invasion of the mucosal lining and establishment of a productive infection,
cells of the innate immune system, such as macrophages, dendritic cells,
neutrophils and natural killer cells are attracted to the site of infection. This
subsequently leads to the production of pro-inflammatory cytokines that result
in inflammation and triggering of an adaptive immune response, predominantly
through the Th1 pathway [32-34]. Clinical manifestations probably represent the
combined effects of fibrosis and tissue damage from inflammatory responses to
chlamydial replication in infected host cells.
Clinical manifestations
C. trachomatis infections remain asymptomatic in up to an estimated 70% of
infected women and up to 50% of infected men [35,36]. Symptoms of urogenital
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Figure 1. The life cycle of Chlamydia trachomatis: EB, Elementary body; RB, Reticulate body.
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C. trachomatis infection in women, when present, include abnormal vaginal
discharge, dysuria, and intermittent intermenstrual or post-coital bleeding [13,37].
Long-term undetected and untreated infections can ascend into the upper genital
tract and cause more severe complications such as pelvic inflammatory disease,
ectopic pregnancy and tubal factor infertility [37]. In men, symptoms of urogenital
infection, when present, include urethritis, abnormal urethral discharge, dyuria,
frequency and epididymitis [38]. Compared to urogenital infections, ano-rectal and
pharyngeal infections caused by non-LGV strains are more often asymptomatic, in
up to 90-100% of cases [39,40]. Pharyngeal and ano-rectal infections often occur
asymptomatic, but pharyngeal infections can manifest as pharyngitis with a sore
throat as the most frequently reported symptom. In contrast, ano-rectal infections
can manifest as proctitis with rectal pain, discharge, and/or bleeding as most
frequently reported symptoms [15-17].
Laboratory diagnostics of C. trachomatis
Decades ago, the traditional approach to laboratory diagnostic testing for C.
trachomatis infections consisted of cell culture for the inoculation of clinical
specimens [41]. Culture was the most sensitive diagnostic test for chlamydial
infection until the introduction of NAATs [42,43]. However, culturing of C. trachomatis
is labour intensive, has a rather low sensitivity and has a long turnaround time.
Today nucleic acid amplification tests (NAATs) are the most widely used technique
for the detection of C. trachomatis infections, and have replaced culture as the
method of choice to diagnose C. trachomatis. NAATs are designed to amplify and
detect nucleic acid sequences (DNA or RNA) that are specific for C. trachomatis.
NAATs are now also the recommended diagnostic tool due to their superior
sensitivity, specificity, and speed to detect chlamydial infections [9,44]. The
sensitivity of C. trachomatis cell culture compared to RNA and DNA-based NAATs is
much lower and varies in direct comparisons from 36% in rectal infections [45] and
50 to 83% in urogenital infections [46-49]. However, the high sensitivity of NAATs
is also a disadvantage since they are not able to discriminate between DNA or
RNA from a viable or non-viable infection. As a result, nucleic acid amplification of
non-viable C. trachomatis infections may result in an overestimation of the number
of true viable C. trachomatis infections. Several studies already demonstrated the
presence of DNA and RNA after treatment for up to 51 days after treatment [50-54].
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Treatment
C. trachomatis is a curable STI and treatment is relatively simple and effective. The
recommended treatment for urogenital and pharyngeal C. trachomatis infections
consists of a single oral dose of 1000 mg azithromycin, or alternatively, doxycycline
100 mg twice daily for 7 days [9,44]. Both antibiotics have proven to be very effective
and a recent randomized controlled trial did not show inferiority of azithromycin
(97% effective) compared to doxycycline (100% effective) in urogenital chlamydia
infections [55]. For ano-rectal C. trachomatis infection by non-LGV genovars, the
recommended treatment consists of doxycycline 100 mg twice daily for 7 days
[9,44]. However, for ano-rectal C. trachomatis infections by LGV genovars (L1 to L3),
the recommended treatment consists of doxycycline 100 mg twice daily for 21
days [9,44].
Although current treatment methods are effective, there are a few documented
reports of antibiotic resistance of C. trachomatis in clinical isolates associated with
treatment failure [56-61]. All these resistant isolates were cultured, but they often
had poor growth rates and showed altered inclusion morphology suggesting
that these isolates had entered a persistent and metabolically inactive state.
Eventually these isolates could not survive long-time passage or lost their resistant
phenotype C. trachomatis [56-62]. So far, no natural and stable antibiotic resistant
C. trachomatis strain has emerged among humans. However, it could be that C.
trachomatis resistance to antibiotics occurs more frequently but is rarely recognized
since most laboratories no longer perform C. trachomatis culture, which is the only
method to asses reduced sensitivity to antibiotics [62]. Even though resistance has
been reported as early as the 1980s, the exact mechanisms of C. trachomatis for
antibiotic resistance still remain unknown [56,62].
A vaccine is expected to have better impact on the reduction of C. trachomatis
infections worldwide than screening and treatment. Moreover, a vaccine is
expected to be cheaper and more efficient then current screening programs
and antibiotic treatments [63]. Over the last decades research has resulted in the
identification of several antigens, adjuvants, and immunization routes that can
induce significant protection against chlamydia infections in animal models [63].
Unfortunately, still no vaccine is available to prevent C. trachomatis infections, but
at this moment a MOMP-based vaccine is tested in phase I clinical trials [63,64].
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Molecular epidemiology, tissue tropism and infection
models of Chlamydia trachomatis.

1

Typing of Chlamydia trachomatis
Typing of C. trachomatis is essential to improve understanding of the population
structure and to gain further insight into the transmission of C. trachomatis, which
helps to detect specific networks and populations at risk. Moreover, insight into
the transmission of C. trachomatis and the populations at risk can help to improve
screening and prevention campaigns aiming to reduce the number of infections
[65-67]
Original strain typing of C. trachomatis was based on characterizing the major outer
membrane protein (MOMP) using specific monoclonal antibodies to identify the
serovar in an indirect micro immunofluorescence method, enzyme-immunoassay
or radio-immunoassay [68-70]. With seroptyping, 15 different serovars could be
identified, serovars A to L [14,68-72]. A limitation of serotyping was that it could
only be performed by propagation of C. trachomatis using cell culture, which
is labour intensive, and that there was only a limited number of monoclonal
antibodies available, resulting in low sensitivity and discriminatory power.
The development and rise of new molecular techniques, such as polymerase chain
reaction (PCR) and restriction length polymorphism (RFLP), offered new and better
opportunities for typing of C. trachomatis strains. The main advantage of these
molecular techniques was that they could be applied on direct clinical samples
without the need for an additional cell culture step. Molecular typing, also known
as genotyping, of C. trachomatis is based on PCR amplification and subsequent
RFLP or sequence analysis of the 1.2 kb long ompA gene encoding MOMP [73-79]
. Genotyping of the ompA gene produces a genovar that is comparable with the
letter-based nomenclature of traditional serotyping and the two techniques were
demonstrated to have a high concordance [74,78,79]. Using ompA genotyping,
19 different genovars were identified which can be assigned to the C. trachomatis
biovars [14,71,72]. Genovars A to C are responsible for the ocular infections from the
trachoma biovar, genovars B and D to K are responsible for the sexually transmitted
infections from the urogenital biovar whereas genovar L1 to L3 is responsible for
the invasive LGV infections from the LGV biovar [14,71,72,80].
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Performing typing of C. trachomatis strains based on only the ompA-gene is not
recommended, as whole-genome-sequencing (WGS) data revealed that it is an
unstable and unreliable target due to extensive recombination [81]. Numerous
sets of WGS data have become available in the last couple of years for a variety of
bacterial isolates including C. trachomatis [81]. Unfortunately, due to the complex
intracellular lifecycle of C. trachomatis it remains technically challenging to perform
WGS directly on clinical specimens. Until recently, WGS could only be performed
on cultured samples that contain large and sufficient quantities of C. trachomatis
genomes. However, cultivation of C. trachomatis is not successful for all strains
resulting in potential biases. Several methods have been described to perform
WGS directly on clinical isolates but the sensitivities of these methods still have
to be improved to make them useful for large scale population studies [79,82-84].
Instead of WGS, several multilocus typing systems such as multilocus variable
tandem repeat (VNTR) analysis (MLVA) and multilocus sequence typing (MLST)
were successfully developed and validated for the genome of C. trachomatis
to gain insight into the epidemiology and transmission of Chlamydia [85-92].
The MLVA typing method is based on the difference of the number of tandem
repeats between strains and combines ompA-typing with analyses of three highly
variable genomic targets CT1291, CT1299, and CT1335 [89-92]. MLVA-typing of
C. trachomatis showed an increased discriminatory power compared to ompAtyping only [93].
In comparison to MLVA, MLST is based on the sequence variation in several genomic
loci. Until now, three MLST schemes have been described for C. trachomatis [65,8688]. Two of those are based on seven housekeeping genes which discriminate
between the Chlamydiaceae on the level of the genus and can also discriminate
between C. trachomatis strains that belong to the same genovar [86,88]. The third
method is based on five highly polymorphic genetic regions of the C. trachomatis
genome [87], which was later combined (by our group) with the ompA-gene and
converted to a nested assay to allowed for testing on direct clinical specimens
without the need for an additional cell culture step [65,85,87]. The discriminatory
power of these multilocus typing methods is much higher compared to using
ompA genotyping only [65,85-88,93].
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Although both MLVA and MLST showed an increased and comparable
discriminatory power compared to ompA-typing, MLVA is more error prone. MLVA
is based on repeats in genomic regions, and one disadvantage of repeats in DNA
is that it is often difficult to determine the actual number of repeats as a result of
DNA polymerase errors during replication. This often results in ambiguities, which,
in turn, can produce biases and errors when interpreting results. For C. trachomatis
MLVA-typing, sequences of the MLVA genomic regions were also reported to be
ambiguous, making the interpretation user dependent and error prone [85,93].
Since MLST is based on actual sequencing of genomic regions this offers a more
consistent method which produces robust data. Moreover, an advantage of using
multilocus typing schemes to type C. trachomatis strains is that it is a standardized
and portable method, which can easily be used in different laboratories on a
global basis [79,94-96].
Tissue tropism of Chlamydia trachomatis infection
Tissue tropism is associated with C. trachomatis biovars as C. trachomatis strains
from each biovar infect specific anatomical locations, as described earlier.
However, besides differences between the C. trachomatis biovars, serotyping and
genotyping of C. trachomatis strains revealed nearly identical distributions among
most populations world-wide with genovar D, E and F being most prevalent
[97-99]. However, among MSM this distribution differs, as genovars D, G and J
are predominantly observed [100-102]. Some studies also reported differences
in serovar or genovar distributions among anatomical sites and suggested that
genovar G infections were more commonly found in the ano-rectal tract because
of tissue tropism [99,101,103,104].
Both MLST and MLVA-typing confirmed the existence of distinct strain distributions
among MSM and heterosexuals [65,100,105]. However, in these population studies
samples from MSM were primarily taken from the ano-rectal tract, whereas samples
from heterosexuals were taken from the urogenital tract. Combined with previous
reports on differences in serovar and genovar distributions among anatomical
sites, this raised the hypothesis that the occurrence of these distinct distributions
among MSM and heterosexuals might also be explained by tissue tropism among
the urogenital biovar, causing different C. trachomatis strains to be preferentially
associated with either the urogenital or ano-rectal tract.
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Infection models to study Chlamydia trachomatis infections
Most of the research on host-pathogen interaction of C. trachomatis has been
conducted using traditional epithelial cell lines to culture C. trachomatis.
However, these cell culture based models do not fully reflect infections and their
pathophysiology as occuring in native human tissue, since human tissue is more
complex. Therefore, over the years several alternative infection models have been
developed to mimic the infectious process as it occurs in the human host.
The most commonly used models to study host-interaction of C. trachomatis
are animal models. Over the last decades, various animal models have been
developed, including mouse [106-108], guinea pig [108-110], nonhuman primate
[108,111,112], pig [108,113], rat [108,114], and rabbit [108,115] models. Besides
studying host-pathogen interactions, these animal models also harbour a
functional immune system making them essential for development and evaluation
of potential vaccines.
The main disadvantage of animal models is that they do not fully represent the
human host. Therefore, to gain more insight in to host-pathogen interactions, also
some more advanced in vitro culture systems have been developed to mimic the
human host. While these models do not harbour a functional immune system,
they offer the possibility to study the effect of pathogens on the human tissue. One
example of a more advanced in vitro culture system is the use of a microcarrier bead
suspension culture system to grow polarized cell lines under three-dimensional
(3D) conditions representing a more simplified human urogenital epithelial layer
[116,117]. Besides only using cell lines, tissue engineering provides opportunities
to culture 3D organotypic tissue models from human tissue. So far, various models
have been constructed representing some of the anatomical locations that can
be infected by C. trachomatis, including fallopian tubes [118-120], oral mucosa
[121-124], and urethral tissue [125-127]. However, urethral models are mostly
constructed of urothelium or oral mucosal cells instead of actual urethral mucosal
cells which line the majority of the urethra [125]. Another model that recently has
been developed is a 3D organoid culture from single epithelial stem cells which are
stimulated to differentiate in organoids containing ciliated and secretory cells that
mimic the polarization and folding of mucosal epithelium [128]. These organoids
make fallopian tubes accessible to study host-pathogen interactions. Despite the
fact that multiple advanced 3D in vitro organoids and organotypic models have
become available, studies on C. trachomatis infections in these models are lacking.
20
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Aim of this thesis
Chlamydia trachomatis is the commonest cause of bacterial STI worldwide [10].
Unfortunately, huge public health efforts, such as treatment, partner notification,
and counselling, have not resulted in a reduction of the prevalence of C.
trachomatis infections. These high prevalences of successful infections and their
continuous transmission, in spite of implemented control strategies, are likely a
combined result of C. trachomatis genetics, epidemiological and behavioural
factors, diagnostics and (in)effective treatment, and host-pathogen interactions. To
gain a better insight into the basics, epidemic and transmission of C. trachomatis
infections, several studies were conducted and subdivided into four parts in this
thesis.

Outline of this thesis
Part 1 of this thesis focusses on the genetics of C. trachomatis infections. Chapter 2
provides a comparison of two multilocus sequence typing (MLST) schemes that
were used to compare the clustering of C. trachomatis strains derived from men
who have sex with men (MSM) and heterosexuals. Chapter 3 provides an overall
analysis of all C. trachomatis MLST sequence types (STs) that were deposited in the
global hr-MLST database to examine STs with a global spread, and an evaluation
of the phylogenetic capability of the MLST targets. Chapter 4 reports on the use
of an in silico plasmid MLST scheme to investigate the clustering of C. trachomatis
isolates in association with previously defined ompA biovars.
Part 2 of this thesis focusses on the molecular epidemiology of Chlamydia
trachomatis infections. Chapter 5 describes the relationship of C. trachomatis strain
types, defined by high-resolution MLST, with ethnicity and self-reported urogenital
symptoms in a selected young urban screening population. Chapter 6 compares
the distribution of C. trachomatis strains, defined by high-resolution MLST, found
among women from a South African rural community, the Mopani district, and
women from Amsterdam, the Netherlands.
Part 3 of this thesis focusses on diagnostics and effective treatment of Chlamydia
trachomatis infections. Chapter 7 reports on the use of C. trachomatis cell culture
to determine if a positive RNA- or DNA-based NAAT after treatment indicates the
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presence of viable C. trachomatis bacteria. Chapter 8 reports on the positivity
rate of urethral LGV among MSM and whether it indicates a contribution to the
ongoing LGV epidemic.
Part 4 of this thesis focusses on Chlamydia trachomatis host-pathogen interaction.
Chapter 9 describes whether the differences in strain distribution between
MSM and heterosexuals are due to tissue tropism, which would cause different
C. trachomatis sequence types, high-resolution MLST, to be preferentially
associated with either the urogenital or ano-rectal tract. Chapter 10 reports on
the development of a 3D in vitro reconstructed human urethra that can be used
to study C. trachomatis infections in host tissue.
Finally, chapter 11 provides a general discussion in which the findings presented
in this thesis, as well as future research possibilities are discussed with respect to
recent literature.
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Abstract
Background
Chlamydia trachomatis infections remain the most common bacterial sexually
transmitted infection worldwide. To gain more insight into the epidemiology and
transmission of C. trachomatis, several schemes of multilocus sequence typing
(MLST) have been developed. We investigated the clustering of C. trachomatis
strains derived from men who have sex with men (MSM) and heterosexuals using
the MLST scheme based on 7 housekeeping genes (MLST-7) adapted for clinical
specimens and a high-resolution MLST scheme based on 6 polymorphic genes,
including ompA (hr-MLST-6).
Methods
Specimens from 100 C. trachomatis infected men who have sex with men (MSM)
and 100 heterosexual women were randomly selected from previous studies
and sequenced. We adapted the MLST-7 scheme to a nested assay to be suitable
for direct typing of clinical specimens. All selected specimens were typed using
both the adapted MLST-7 scheme and the hr-MLST-6 scheme. Clustering of C.
trachomatis strains derived from MSM and heterosexuals was assessed using
minimum spanning tree analysis.
Results
Sufficient chlamydial DNA was present in 188 of the 200 (94%) selected samples.
Using the adapted MLST-7 scheme, full MLST profiles were obtained for 187 of
188 tested specimens resulting in a high success rate of 99.5%. Of these 187
specimens, 91 (48.7%) were from MSM and 96 (51.3%) from heterosexuals. We
detected 21 sequence types (STs) using the adapted MLST-7 and 79 STs using the
hr-MLST-6 scheme. Minimum spanning tree analyses was used to examine the
clustering of MLST-7 data, which showed no reflection of separate transmission
in MSM and heterosexual hosts. Moreover, typing using the hr-MLST-6 scheme
identified genetically related clusters within each of clusters that were identified
by using the MLST-7 scheme.
Conclusion
No distinct transmission of C. trachomatis could be observed in MSM and
heterosexuals using the adapted MLST-7 scheme in contrast to using the hr-MLST-6.
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C. trachomatis MLST comparison

In addition, we compared clustering of both MLST schemes and demonstrated
that typing using the hr-MLST-6 scheme is able to identify genetically related
clusters of C. trachomatis strains within each of the clusters that were identified by
using the MLST-7 scheme.
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Background
Despite intensive efforts to reduce the spread of chlamydial infections, Chlamydia
trachomatis remains the primary cause of bacterial sexually transmitted diseases
worldwide [1]. These C. trachomatis infections can result in serious sequelae
including epididymitis and pelvic inflammatory disease, leading to infertility in
women and possibly also in men [2-4].
Molecular epidemiological studies are essential to understand the genetic
population structure and to gain insight into the transmission of C. trachomatis
[5,6]. Until recently, the epidemiology of C. trachomatis was based on serotyping of
the major outer membrane protein (MOMP) or sequence analysis of its encoding
gene ompA. However, typing based on the ompA-gene only is not recommended
as typing method for C. trachomatis, as whole-genome-sequencing (WGS) data
revealed that it is an unstable and unreliable target due to extensive recombination
[7]. Numerous sets of WGS data have become available for a variety of bacterial
isolates including C. trachomatis [7]. Unfortunately, due to the complex intracellular
lifecycle of C. trachomatis it remains technically challenging to perform WGS directly
on clinical specimens. Instead, several multilocus sequence typing (MLST) schemes
were successfully developed and validated to gain insight into the epidemiology
and transmission of C. trachomatis [8-11]. An advantage of using MLST schemes
to type C. trachomatis strains, is that it is a standardized and portable method to
index variation among strains, which can easily be used in different laboratories on
a global basis since it yields robust data [12-14].
In previous studies a clear separation of C. trachomatis strain types was seen for
specimens derived from men who have sex with men (MSM) and from heterosexuals
as defined by a high-resolution MLST scheme based on 6 polymorphic genes,
including ompA (herein referred to as hr-MLST-6) [11,15-17]. The hr-MLST-6 scheme
was specifically designed for short-term epidemiology and outbreak investigations
and was intended to be highly discriminating. In contrast, another MLST scheme
was designed based on 7 housekeeping genes (herein referred to as MLST-7) [9].
The slow rate of molecular evolution within these housekeeping genes makes
the MLST-7 scheme useful to answer evolutionary questions and to investigate
the epidemiology of C. trachomatis over a longer time-frame. A limitation of the
published MLST-7 scheme is that it consists of single PCRs, which has a decreased
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sensitivity making it less suitable for typing of C. trachomatis strains from direct
clinical specimens and is therefore not applicable for large population studies.
Typing of C. trachomatis using the MLST-7 scheme is therefore often dependent on
an additional culture step possibly leading to biased study outcomes. Moreover,
it is unknown whether the clear separation in transmission of C. trachomatis strain
types for specimens derived from MSM and from heterosexuals can also be seen
using the MLST-7 scheme.
The objective of this study was therefore to: (1) adapt the MLST-7 scheme to a
nested assay to be suitable for direct typing of clinical specimens without the need
for an additional cell culture step, (2) determine whether separate C. trachomatis
transmission in MSM and from heterosexual hosts could also be seen using the
MLST-7 scheme and (3) compare clustering of the C. trachomatis strain types
according to both MLST schemes.

Methods
Clinical specimen selection
For this retrospective analysis, C. trachomatis-positive specimens and data were
selected from a previous study [17]. All specimens and data were matched on
sexgroup and a random selection was made using SPSS 21 (SPSS Inc., Chicago,
IL, USA). In total, 100 specimens from MSM and 100 specimens from heterosexual
women were selected. Rectal swab specimens from MSM were collected between
July 2008 and August 2009. C. trachomatis-positive urogenital swab specimens
from heterosexual women were collected between December 2011 and
December 2012.
Ethics
The STI outpatient clinic of the Public Health Service of Amsterdam, the
Netherlands uses an opting-out approach to recruit clients for scientific research.
All clients of the STI clinic are notified that remainders of samples may be used
for scientific research, after anonymisation and de-identification of client clinical
data and samples. If clients objected, data and samples are discarded. Therefore,
no additional informed consent was obtained for this study. This procedure was
approved by the Medical Ethical Committee of the Academic Medical Center
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of the University of Amsterdam, the Netherlands (reference number W14-200 #
14.17.0247).
DNA Extraction and amplification
For DNA extraction 200 µl swab-containing transport medium of specimens
that tested positive in a screening assay (Aptima combo TMA test, Hologic/GenProbe, San Diego, California, USA) was added to 500 µl lysis buffer (bioMérieux,
Boxtel, the Netherlands), 1 µg glycogen (10 mg/ml; Roche Diagnostics, Almere,
the Netherlands). DNA was subsequently precipitated by adding 700 µl of icecold isopropanol. The DNA precipitate was washed twice with 70% ethanol and
dissolved in 50 µl 10 mM Tris-buffer (pH 8.0). These DNA isolates were stored at
-20°C until further use.
Extracted DNA was tested to indicate the load of chlamydial DNA using an in-house
pmpH real time PCR [11,16,17]. For DNA specimens that tested pmpH negative,
DNA was re-extracted from the original Aptima C. trachomatis positive specimens
and retested. All specimens that repeatedly tested negative for the pmpH target
were excluded.
Primer selection for adaptation of MLST-7
Primers were designed and a nested PCR assay was developed to enable direct
testing of clinical samples. MLST-7 regions were analyzed in silico using the
Chlamydiales MLST database (http://pubmlst.org/chlamydiales/) Comparison of
all available C. trachomatis sequences from the MLST database demonstrated that
shortening of the original amplicons for 5 out of the 7 genes (gatA, oppA_3, hflX,
gidA and fumC) to perform nested PCR would not result in loss of resolution as no
known polymorphic sites for C. trachomatis were found in these ‘deleted’ regions.
Therefore, new ‘inner’ PCR primers were designed for these 5 genes (Table 1). For
two other genes (hemN and enoA) the original amplicon was extended to prevent
loss of resolution and known polymorphic sites. Therefore, new ‘outer’ PCR primers
were designed, thus the same inner PCR product was obtained as published
previously (Table 1) [9].
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Table 1: Primers used for the MLST-7 scheme for Chlamydia trachomatisa
Region

Locus
tagb

Format

Direction Sequence (5’ to 3’)

gatA

CT0003

Outer
Outer
Inner + Seq
Inner + Seq

Forward
Reverse
Forward
Reverse

GCTTTAGAATTARSARAWGCT
GATCCTCCGGTATCYGATCC
ATGACGAACAGATTGGAGC
GGATTATTGGTAGGATGAA

oppA_3

CT0198

Outer
Outer
Inner + Seq
Inner + Seq

Forward
Reverse
Forward
Reverse

hflX

CT0379

Outer
Outer
Inner + Seq
Inner + Seq

gidA

CT0498

enoA

5’
Fragment
positionc length
(bp)d
2123
2615
2186
2532

325

ATGCGCAAGATATCAGTGGG
AAAGCTCCRSTWGMTATMGGWAG
TCCTAGCATTAGCAACTTCT
TCTTTCCGTATCTGATGCTGCG

222438
223002
222469
222970

480

Forward
Reverse
Forward
Reverse

GCTTCTARAGTACTTTTAAATG
TATTTRGAAATYTTTKCSAGYCG
AAGTATGCGGAAGTTTGCG
AATCAGGAGGTAGTGGTGGAGG

432737
432758
432768
433106

359

Outer
Outer
Inner + Seq
Inner + Seq

Forward
Reverse
Forward
Reverse

GGAGTCWCTACWAAAGAAGG
TCGTAYTGYACATCRAAAGG
ACTTCTCTGGGGGACGATT
GACCGTTCACATAAACTTCTTG

577352
577892
577449
577856

389

CT0587

Outer
Outer
Inner + Seq
Inner + Seq

Forward
Reverse
Forward
Reverse

GCAAATACTTTACAGAGACCTT
CGTCACAAATAGGTCGTCTC
CCTATGATGAATCTKATCAATGG
TCTTCTTCGGCTAGCCCATCT

662222
662775
662288
662698

388

hemN

CT0746

Outer
Outer
Inner + Seq
Inner + Seq

Forward
Reverse
Forward
Reverse

GAATCTTGCCTTTCACAGTTGC
ACTTCCACATCCCATTCTGC
AGATCTTCTTCWGGRGGWAGAGA
TTCYTTCAKAACSTAGGTTTT

867674
868584
867799
868269

448

fumC

CT0855

Outer
Outer
Inner + Seq
Inner + Seq

Forward
Reverse
Forward
Reverse

ATTAAAAAATGTGCTGCT
CCTTCAGGAACATTYAACCC
ATTAAAAAATGTGCTGCT
CCGCTCTAAACAATTATGCAACTG

1004691
1005242
1004691
1005159

451

2

a

The primers given in boldface were the original MLST primers taken from Pannekoek et al [9]. All other
primers were newly designed. Nested PCRs were performed for each region. The primers used for the outer
PCRs are indicated with Outer, those used for the inner PCRs are indicated with Inner, and those used for
sequencing are indicated with Seq.
b
Locus tags are given relative to the sequence of reference strain D/UW-3/CX (GenBank accession no.
AE001273).
c
Positions are given in base pairs relative to the sequence of reference strain D/UW-3/CX (GenBank accession
no. AE001273).
d
Fragment length is the number of base pairs sequenced with the primers excluded.
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Nested PCR of MLST regions
For MLST-7, DNA extracts were amplified by nested PCR for all regions using
the oligonucleotide primers shown in Table 1. Full hr-MLST-6 data was already
available for all specimens from previous studies [17] . Also for this typing method
a nested PCR was used to amplify the regions ompA, CT046 (hctB), CT058, CT144,
CT172, and CT682 (pbpB). For both MLST schemes the inner PCR was performed
with M13-tagged primers, identical to the standard inner primers. This allowed
sequencing using universal M13 primers for high throughput purposes [11,16,17].
Sequencing analysis
The obtained sequences were analysed, assembled and trimmed using BioNumerics
7.5 (Applied Maths, Sint-Martens-Latem, Belgium). For MLST-7, cleaned primer-toprimer sequences were checked against the Chlamydiales MLST database (http://
pubmlst.org/chlamydiales/). For hr-MLST-6, analysis was performed as described
previously [17]. In brief, cleaned primer-to-primer sequences were checked against
the Chlamydia trachomatis hr-MLST database (http://mlstdb.bmc.uu.se/).
Minimum spanning tree analysis
BioNumerics software (version 7.5, Applied Maths, Sint-Martens-Latem, Belgium)
was used to construct a minimum spanning tree of fully typed specimens using
STs of each of the MLST schemes. As algorithm we used the predefined template
‘Minimum spanning tree for categorical data’ plugin to generate an minimum
spanning tree under the categorical coefficient of similarity and the priority rule
of the highest number of single-locus variants (SLV), which calculates a standard
minimum spanning tree. A large cluster was defined as a group of genetically
related STs differing by not more than 1 locus from another ST within that group
(SLV) and it had to include at least 5% of the total number of specimens. Clusters
containing less then 5% of the total number of specimens were defined as small
clusters.
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Results
C. trachomatis typing using the MLST-7 scheme
Although in 188 of 200 C. trachomatis-positive specimens (94.0%), sufficient
chlamydial DNA was present, as assessed by qPCR, no amplicons were obtained
using the MLST scheme, primers and cycle conditions as were previously described
[9], indicating relative low sensitivity of the method. We therefore adapted the
MLST-7 scheme to a nested assay and, using this adapted MLST-7 scheme, for
187 (93.5%) specimens full MLST-7 profiles were obtained. Of these 187 typed
specimens, 91 (48.7%) specimens were from MSM and 96 (51.3%) specimens were
from heterosexuals (Table S1). For the 187 fully typed specimens, we found 7 novel
allele sequences: 3 for oppA_3, 1 for gidA, 1 for enoA, and 2 for hemN.
Among the 187 typed specimens, 21 unique MLST-7 STs could be assigned of
which 18 (85.7%) were novel to the Chlamydiales MLST database (http://pubmlst.
org/chlamydiales/). Novel STs were found in 125 of 187 specimens (66.8%). Of
all identified STs, 8 (38.1%) had multiple representatives (2 to 52 isolates) while
13 (61.9%) were found in only a single isolate each (Table 2). Moreover, 4 STs
(ST97, ST132, ST133, ST134; 19.0%) were found in specimens from both MSM
and heterosexuals and 6 STs (ST44, ST97 ST132, ST133, ST137, ST142; 28.6%) were
associated with multiple (2 to 5) ompA genovars (Table 2).
C. trachomatis typing using hr-MLST-6 scheme
Full hr-MLST-6 profiles were available for the 187 C. trachomatis-positive specimens
that were also successfully typed using the adapted MLST-7 scheme (Table
S2). The hr-MLST-6 data from the 187 C. trachomatis-positive specimens have
been described before in more detail [11,15-17]. In brief, among the 187 typed
specimens, 79 unique hr-MLST-6 STs could be assigned of which 22 (27.8%) had
multiple representatives (2 to 18 isolates) while 57 (72.2%) were found in only a
single isolate each (Table 3). Of all identified STs, 3 (ST12d, ST56a, ST90; 3.8%) were
found in specimens from both MSM and heterosexuals (Table 3).
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a

1
18
42
1
1
52
26
2
19
11
1
1
1
1
4
1
1
1
1
1
1

8
44
97
106
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

2
1
33
2
33
33
33
33
33
33
33
33
33
33
33
33
33
33
33
2
33

gatA
1
3
1
3
27
3
1
1
4
3
3
29
1
3
3
4
3
3
3
4
28

oppA_3

hflX
1
3
2
2
2
2
1
1
1
2
2
1
1
2
2
1
2
2
2
1
2

Hetero, heterosexual; MSM , men who have sex with men

Number
of strains

Sequence
type
2
3
2
5
4
4
2
2
2
5
40
2
2
4
5
32
5
5
4
2
4

gidA
4
2
4
3
3
3
4
3
4
3
3
4
32
3
3
4
3
3
24
4
3

enoA
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
2
25
24
2
2
2

hemN
3
19
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

fumC
B
C
B
A
A
A
B
B
B
A
A
B
B
A
A
B
A
A
A
B
A

Cluster
F (1)
L2 (1), L2b (17)
D (24), E (1), F (17)
J (1)
G (1)
G (26), H (1), I (10), J (13), K (2)
D (3), E (21), F (2)
F (2)
E (19)
B (1), D (2), G (4), J (4)
G (1)
E (1)
E (1)
G (1)
D (3), I (1)
E (1)
K (1)
G (1)
H (1)
F (1)
J (1)

ompA genovar
(Number of strains)

Table 2: Results of C. trachomatis using the MLST-7 scheme based on seven housekeeping genes in comparison with ompA-typing and sexgroup.

Hetero (1)
MSM (18)
Hetero (17), MSM (25)
Hetero (1)
MSM (1)
Hetero (13), MSM (39)
Hetero (20), MSM (6)
Hetero (1), MSM (1)
Hetero (19)
Hetero (11)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (4)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
MSM (1)

Sexgroupa
(number of strains)
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Number
of strains

10
3
1
1
1
1
6
3
17
1
1
1
2
1
18
1
1
1
2
1
2
1
3
2
1
1

Sequence
type

3
11
16
27
30
32
33
35
52
59
69
74
90
101
109
110
137
143
153
165
171
172
194
232
240
265

6
1
6
9
12
12
8
2
8
6
6
30
24
36
1
24
8
28
6
35
6
6
1
20
24
10

ompA
1
5
7
10
10
10
10
10
20
7
5
8
5
38
5
1
10
44
35
12
49
1
5
5
5
10

CT046
2
19
19
6
7
7
8
8
8
19
19
8
19
5
20
2
8
13
19
5
19
2
6
19
19
4

CT058
6
7
14
10
1
1
5
1
5
7
6
1
1
12
5
7
22
17
7
1
7
7
5
1
12
1

CT144
2
2
2
1
3
4
3
4
3
2
2
7
1
7
2
2
4
13
2
9
2
2
2
4
1
3

CT172
2
10
1
6
8
8
6
17
6
1
2
18
4
18
34
4
6
28
1
8
1
2
34
18
4
7

CT682

IV

VI
VII
V

VIII
VI

IV
III
V
IV

II
VI

II

VI

VII

Cluster
E (10)
D (3)
E (1)
G (1)
K (1)
K (1)
G (6)
D (3)
G (17)
E (1)
E (1)
B (1)
F (2)
I (1)
D (18)
F (1)
G (1)
L2b (1)
E (2)
H (1)
E (2)
E (1)
D (3)
J (2)
F (1)
G (1)

ompA genovar
(number of strains)

Hetero (10)
MSM (3)
Hetero (1)
Hetero (1)
MSM (1)
Hetero (1)
MSM (6)
Hetero (3)
MSM (17)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1), MSM (1)
Hetero (1)
MSM (18)
Hetero (1)
Hetero (1)
MSM (1)
Hetero (2)
Hetero (1)
Hetero (2)
Hetero (1)
MSM (3)
Hetero (2)
Hetero (1)
Hetero (1)

Sexgroupa
(number of strains)

Table 3: Results of C. trachomatis typing using the hr-MLST-6 scheme based on six polymorphic genes in comparison with ompA-typing and sexgroup.
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44

Number
of strains

1
1
1
1
1
1
1
2
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1

Sequence
type

270
272
288
301
303
304
305
307
318
324
338
341
345
353
395
435
448
449
450
453
459
462
465
466
482
484

Table 3: continued

8
36
8
8
8
8
6
53
1
1
6
6
53
8
2
9
6
6
24
6
6
6
6
24
9
37

ompA
10
10
10
20
20
20
25
29
45
55
67
70
74
81
83
8
1
1
1
1
5
5
5
5
10
10

CT046
5
5
8
8
8
8
2
8
20
20
2
57
8
8
4
6
2
19
19
19
19
19
19
19
6
7

CT058
12
12
22
5
5
5
6
5
5
5
7
7
5
5
1
10
11
1
7
7
6
7
7
7
10
1

CT144
3
24
7
1
3
4
2
3
2
2
2
2
3
3
3
1
2
1
2
21
21
2
14
21
1
3

CT172
8
18
57
6
34
6
2
58
34
34
60
1
6
6
17
6
2
1
4
1
2
56
2
4
8
5

CT682

IV

IV
VI

VII

I
II

II
II
II
VII
I
V
V

III

Cluster
G (1)
I (1)
G (1)
G (1)
G (1)
G (1)
E (1)
J (2)
D (1)
D (1)
E (1)
E (1)
J (2)
G (1)
D (1)
G (1)
E (1)
E (1)
F (1)
E (1)
E (1)
E (1)
E (1)
F (1)
G (1)
I (1)

ompA genovar
(number of strains)
Hetero (1)
Hetero (1)
Hetero (1)
MSM (1)
MSM (1)
MSM (1)
Hetero (1)
MSM (2)
MSM (1)
MSM (1)
Hetero (1)
Hetero (1)
MSM (2)
MSM (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)

Sexgroupa
(number of strains)
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1
1
1
1
1
2
1
2
3
1
9
13
1
2
1
2
1
1
1
1
1
9
1
16
1
1
1

498
502
504
509
510
513
516
517
100b
100c
108c
12d
135a
135b
13b
148a
205b
20a
220a
281a
281b
56a
58a
58b
77b
91a
97b

6
6
6
6
6
6
6
36
36
37
53
24
20
36
24
24
20
2
12
20
63
6
22
28
31
24
35

ompA
24
45
47
71
71
71
5
38
10
10
29
5
10
10
5
5
10
10
10
10
10
1
27
27
5
5
12

CT046
19
19
19
2
2
19
19
5
5
5
8
19
5
5
19
19
6
4
4
8
8
19
13
13
19
19
5

CT058

Hetero, heterosexual; MSM , men who have sex with men

Number
of strains

Sequence
type

Table 3: continued

14
6
7
1
6
7
5
12
12
12
5
7
12
12
15
7
22
1
1
1
1
7
17
17
7
5
11

CT144
2
1
2
2
2
2
2
3
7
7
3
1
4
4
1
2
4
4
3
4
4
2
13
13
2
2
9

CT172
1
2
1
2
2
1
2
18
18
18
6
4
18
18
4
4
8
17
8
18
18
1
28
28
37
4
8

CT682

IV

VI
VIII
VIII

III
III
III
I
IV
III
III
IV
IV

VI
VII
VII
VI

VI

Cluster
E (1)
E (1)
E (1)
E (1)
E (1)
E (2)
E (1)
I (2)
I (3)
I (1)
J (9)
F (13)
J (1)
I (2)
F (1)
F (2)
J (1)
D (1)
K (1)
J (1)
J (1)
E (9)
L2 (1)
L2b (16)
D (1)
F (1)
H (1)

ompA genovar
(number of strains)

Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (2)
Hetero (1)
Hetero (2)
Hetero (3)
Hetero (1)
MSM (9)
Hetero (12), MSM (1)
Hetero (1)
Hetero (2)
Hetero (1)
Hetero (1), MSM (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (1)
Hetero (7), MSM (2)
MSM (1)
MSM (16)
Hetero (1)
MSM (1)
Hetero (1)

Sexgroupa
(number of strains)
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Minimum spanning tree analysis of the MLST-7 scheme and the hr-MLST-6
scheme
A minimum spanning tree was generated based on the MLST-7 STs and 3 large
clusters (A-C) could be identified (Figure 1A). The number of specimens in these
clusters ranged from 18 to 94 and included all typed specimens so no single
isolates (singletons) or small clusters were identified. The minimum spanning tree
showed mixed clusters of specimens from MSM and heterosexual individuals and
a low genetic diversity among the C. trachomatis population. Cluster A contained
41 specimens from MSM (54.7%) that were associated with 3 STs (Table 2). Two
of those STs (ST131, ST148) were found in one MSM specimen each, whereas the
remaining ST (ST132) was found in specimens from 52 individuals of whom 39
(75.0%) where MSM. Cluster B contained 32 specimens from MSM (34.0%) that
were associated with 3 STs (ST97, ST133, ST134). Of those, ST97 was found in 42
specimens from individuals of whom 25 (59.5%) were MSM, ST133 was found in
specimens from 26 individuals of whom 6 were MSM and ST134 was found in
specimens from 2 individuals of whom 1 was MSM. Cluster C solely consisted of
specimens from MSM which were all associated with the same ST (ST44).
A minimum spanning tree was also generated basted on the hr-MLST-6 STs and 8
large clusters (I-VIII) were identified (Figure 1B). These clusters ranged from 13 to 27
specimens comprising 80.2% of all specimens. The remaining 37 specimens were
distributed over 20 singletons and 6 small clusters, ranging from 2 to 4 specimens.
The minimum spanning tree showed a clear distinction between specimens
from MSM and heterosexual individuals and high genetic diversity among the
C. trachomatis population especially for strains from heterosexuals, as was also
previously described by us [11,15-17]. Of the 8 large clusters, 4 (III, IV, VI and VII)
consisted predominantly of specimens from heterosexuals (82.6% to 100%) whereas
the other 4 large clusters (I, II, V and VIII) solely consisted of specimens from MSM
(Table 3). Of the 4 clusters (III, IV, VI and VII) consisting predominantly of specimens
from heterosexuals, only 2 clusters (IV and VI) contained MSM specimens. Cluster IV
contained 4 specimens from MSM (17.4%) that were associated with 4 STs (ST12d,
ST90, ST91a). Of those 4 STs, ST12d was found in specimens from 13 individuals of
whom 1 was MSM, ST90 was found in specimens from 2 individuals of whom 1
was MSM and ST91a was found in only one MSM specimen. Cluster VI contained 2
specimens from MSM which were associated with 1 ST (ST56a). This ST was found
in specimens from 9 individuals of whom 2 were MSM.
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Figure 1: Minimum spanning tree showing the clustering of 187 Chlamydia trachomatis-positive specimens
from MSM and heterosexuals. Each circle represents one ST. Size of the circles is proportional to the number
of identical ST profiles. Bold lines connect types that differ for one single locus. Halos indicate the distinct
clusters. (A) Minimum spanning tree showing the clustering of the C. trachomatis-positive specimens
according to the MLST-7 scheme; (B) Minimum spanning tree showing the clustering of the C. trachomatispositive specimens according to the hr-MLST-6 scheme. The colour coding is: red, men who have sex with
men (n=91); green, heterosexuals (n=96).

Comparison of the two minimum spanning trees in Figure 1 shows that the hrMLST-6 scheme further diversified each of the clusters generated by using the
adapted MLST-7 scheme. For example cluster A (11 STs; Figure 1A) is subdivided
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into clusters I, II, and III, using the hr-MLST-6 scheme, and also the majority of the
singletons and small clusters (Figure 2) comprising 37 STs. Cluster B (9 STs; Figure
1A) is further subdivided into clusters IV, V, VI, VII and some remaining singletons
and small clusters (Figure 2) comprising 39 STs. Cluster C (1 ST; Figure 1A) is identical
to cluster VIII (Figures 1B and 2) but included 3 STs.

Figure 2: Minimum spanning tree showing the diversification by hr-MLST-6 of the clusters that were
generated using the MLST-7 scheme. Each circle represents one ST. Size of the circles is proportional to the
number of identical ST profiles. Bold lines connect types that differ for one single locus. Halos indicate the
distinct clusters. Colours indicate the MLST-7 clusters from Figure 1A: blue, cluster A (n=75); orange, cluster B
(n=94); fuchsia, cluster C (n=18).

Discussion
In this study, we successfully adapted the MLST-7 scheme to a nested assay and
applied it to direct clinical specimens. Moreover, we demonstrated that using this
adapted MLST-7 scheme no reflection of separate transmission between MSM and
heterosexual hosts was seen. In addition, we compared clustering of both typing
methods and demonstrated that typing using the hr-MLST-6 scheme is able to
identify small genetically related clusters of C. trachomatis strains within each of
the clusters that were identified by using the modified MLST-7 scheme (Figure 2).
These clusters seem to represent biovars.
We successfully modified the MLST-7 scheme that was previously published by
us [9]. The sensitivity of the MLST-7 method was increased by modification into
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a nested PCR format. This nested PCR format allowed detection of many novel
sequence types because we were now able to test direct clinical specimens
without the need for an additional cell culture step. In total, 187 of 188 samples
could be fully typed using the modified MLST-7 scheme resulting in a high success
rate of 99.5%. Failure to generate an MLST-7 profile for one out of 188 samples after
repeated testing is most likely the result of an insufficient amount of chlamydial
DNA in this sample as it produced the highest cycling threshold value in the pmpH
real time PCR.
The discriminatory capacity of the original MLST-7 scheme was maintained as no
known polymorphic sites for C. trachomatis were lost due to shortening of some
of the amplicons. Moreover, for two genes (hemN and enoA) the amplicon was
extended because new ‘outer’ PCR primers were designed which ensured that the
same inner PCR product was obtained as published previously [9]. Designing ‘inner’
PCR primers for these two genes would have resulted in very short amplicons
and loss of resolution as known polymorphic sites would have been lost. The
maximum target length in our assay format was 480 bp, which allowed easy
sequence analysis from single PCR fragments. It is unlikely that polymorphisms
were missed by our adapted MLST-7 scheme. Even if there were so far unknown
missed polymorphisms, we think that these would not dramatically increase the
genetic diversity using the adapted MLST-7 scheme.
The MLST-7 scheme was developed according to the original MLST principle
[13,18,19], which aims to index the diversity of nucleotide sequences of fragments
of housekeeping genes. Housekeeping genes are presumed to be under neutral
or nearly neutral selection pressure making them stable over time, which makes
this method useful to answer evolutionary questions and to investigate the
epidemiology of C. trachomatis over a longer period in time [18]. In comparison, the
hr-MLST-6 scheme uses non-housekeeping genes that are under immune pressure
or have variable repeat regions and are thus more polymorphic [11,16]. This enabled
us to demonstrate detailed genetic differences between C. trachomatis strains that
were involved in transmission chains in human hosts in a short time-frame of only
a few years [11,15-17]. However, using the adapted MLST-7 scheme no reflection of
separate transmission networks between MSM and heterosexual hosts was seen.
Minimum spanning tree analysis of the MLST-7 scheme showed mixed clusters
of specimens from MSM and heterosexual individuals with the exception of one
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cluster (Figure 1A; cluster C) which solely included specimens from MSM. All these
cluster C C. trachomatis specimens belonged to the lymphogranuloma venereum
(LGV) biovar, which is known to show major genetic differences compared to the
urogenital biovar types [20-23]. These results suggest that separate transmission
chains in human hosts can only be observed over a small time-frame using highly
discriminating genetic typing methods. Transmission chains between MSM and
heterosexuals were not totally separated in our previous studies with larger trees,
including randomly chosen samples [15-17]. This overlap was expected since there
will also be individuals who identify themselves as MSM, but have had contact
with heterosexual women (Figure 1B).
Comparison of the clustering of both MLST schemes showed that both MLST
schemes were able to resolve the C. trachomatis specimens in a number of STs
and clusters. Minimum spanning tree analysis using data from the adapted MLST7 scheme revealed 3 main groups of circulating C. trachomatis strains (Figure 1),
as was also previously described by us using the original MLST-7 scheme [9]. One
group is composed solely of the LGV genovars. Another is composed of the clinically
prevalent urogenital genovars, whereas the third contains the less frequently
occurring urogenital genovars. Similar groupings are reported in previous studies
using WGS analysis or MLST analysis based on housekeeping genes [7,9,10]. In
comparison to MLST-7, minimum spanning tree analysis of the hr-MLST-6 scheme
was able to further diversify each of these 3 main groups and clusters of circulating
C. trachomatis strains in smaller genetically related clusters and thus allowed for
more detailed analysis within these groups (Figure 2). Using maximum likelihood
analysis, we previously demonstrated that the hr-MLST-6 targets provided a tree
similar to trees based on WGS, but with lower bootstrap support values [12]. Since
we already observed clear differences in the diversification of strains between the
MLST-7 and hr-MLST-6 scheme (Figure 1), a similar tree based on the MLST-7 targets
is expected to differ from a tree based on WGS by showing less genetic diversity.

Conclusions
We successfully adapted and applied the MLST-7 scheme to direct clinical
specimens from MSM and heterosexuals. However, using this adapted MLST7 scheme no distinct transmission of C. trachomatis could be observed in MSM
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and heterosexuals in comparison to the hr-MLST-6 scheme. In addition, we also
compared clustering of both MLST schemes and demonstrated that typing
using the hr-MLST-6 scheme is able to identify genetically related clusters of C.
trachomatis strains within each of the clusters that were identified by using the
MLST-7 scheme. Hr-MLST-6 may therefore also be a useful tool to for more detailed
analysis of C. trachomatis strains within identified MLST-7 clusters.
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Supplementary Files
Supplementary Table 1. MLST-7 data of the 187 successfully typed samples.
Coding is according to the MLST-7 database (http://pubMLST.org/chlamydiales/).
The samples are sorted by cluster and sequence type.
Supplementary Table 1 can be viewed and downloaded from https://doi.
org/10.1186/s12879-016-1486-2

Supplementary Table 2. Hr-MLST-6 data of the 187 successfully typed samples.
Coding is according to the hr-MLST-6 database (http:// mlstdb.bmc.uu.se/). The
samples are sorted by cluster and sequence type.
Supplementary Table 2 can be viewed and downloaded from https://doi.
org/10.1186/s12879-016-1486-2
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Abstract
The Uppsala University Chlamydia trachomatis multilocus sequence type database
(http://mlstdb.bmc.uu.se) is based on five target regions (non-housekeeping
genes) and the ompA gene. Each target has varying numbers of alleles - hctB, 89;
CT058, 51; CT144, 30; CT172, 38; and pbpB, 35 - derived from 13 studies. Our aims
were to perform an overall analysis of all C. trachomatis MLST sequence types (STs)
in the database, examine STs with global spread, and evaluate the phylogenetic
capability by using the five targets.
A total of 415 STs were recognized from 2,089 specimens. The addition of 49
ompA gene variants created 459 profiles. ST variation and their geographical
distribution was characterized using eBURST and minimum spanning trees
analyses. There were 609 samples from men having sex with men (MSM) with 4
predominating STs detected in this group, comprising 63% of MSM cases. Four
other STs predominated among 1,383 heterosexual cases comprising, 31% of this
group. The diversity index in ocular trachoma cases was significantly lower than
in sexually transmitted chlamydia infections. Predominating STs were identified
in 12 available C. trachomatis whole genomes which were compared to 22 C.
trachomatis full genomes without predominating STs. No specific gene in the 12
genomes with predominating STs could be linked to successful spread of certain
STs. Phylogenetic analysis showed that MLST targets provide a tree similar to
trees based on whole genome analysis. The presented MLST scheme identified
C. trachomatis strains with global spread. It provides a tool for epidemiological
investigations, and is useful for phylogenetic analyses.
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Introduction
Chlamydia trachomatis is one of the most common sexually transmitted
infections (STIs) world-wide [1], and besides urogenital infections it also causes
lymphogranuloma venereum (LGV), which is a rare but more invasive sexually
transmitted disease. In addition, C. trachomatis causes the eye infection trachoma,
which is the major infectious cause of preventable blindness worldwide. Severe
sequelae from urogenital chlamydia infections include ectopic pregnancy and
infertility [2]. In spite of testing, treatment, partner notification, and counseling,
huge public health efforts have not been able to control urogenital chlamydia
infections. Current knowledge about the role of repeated infections and
transmission in sexual networks is still limited and needs to be extended to achieve
a reduction in the rate of infections.
In this context, it is important to have adequate tools for genotyping to understand
the epidemiology of chlamydia infections. Traditional typing of C. trachomatis was
based on serotyping of the major outer membrane protein (MOMP) and, later on,
genotyping of the ompA gene, which encodes MOMP. However, neither MOMP
nor ompA provides sufficient discriminatory power for epidemiological purposes
[3]. In most countries, almost half of all urogenital chlamydia infections are of
serotype E, and within this serotype the ompA E/Bour genotype is predominating
[4-8]. Therefore, other typing methods were developed such as multilocus variable
number tandem repeats analysis (MLVA) [8,9] and multilocus sequence typing
(MLST) [10-12].
MLST relies on PCR amplification and DNA sequencing of several genomic loci.
There are three such schemes described for C. trachomatis. Two of them are based
on housekeeping genes, have a resolution similar to ompA sequencing, and are
suitable for evolutionary studies [11,12]. The third scheme was developed by
Klint et al. [10]; it is intended for short-term clinical epidemiology and outbreak
investigations and is based on five highly variable genomic loci (hctB [CT046], CT058,
CT144, CT172 and pbpB [CT682]). The MLST scheme has been slightly modified to
facilitate rational processing with only one percent loss of discriminatory capacity
[13], and the current set up can be found at the Uppsala University C. trachomatis
online MLST database (http://mlstdb.bmc.uu.se).
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Since its development in 2007, the scheme has been applied to a variety of clinical
specimens, including urogenital chlamydia [7,13-21], LGV [22,23] and trachoma
[24]. It has been useful for different purposes: (i) identification of clonal spread of
LGV [22] and the new variant of C. trachomatis [16,17]; (ii) differentiation of strains
within the predominating serotype E [7,17]; (iii) differentiation of strains infecting
men who have sex with men (MSM) and heterosexuals [15,19]; (iv) investigation of
the role of tissue tropism [21]; (v) molecular epidemiology and antibiotic treatment
of trachoma [24]. At present our database comprises 415 unique STs derived from
2089 C. trachomatis specimens.
The aims of the current study were to (i) perform an overall analysis of all C.
trachomatis MLST sequence types (STs) in the current database, (ii) identify and
examine STs with global spread, and (iii) evaluate the use of the MLST targets for
phylogenetic analysis.

Methods
Specimens
2,089 entries were obtained from 13 studies with different objectives and are
available at the Uppsala University C. trachomatis MLST database (http://mlstdb.
bmc.uu.se).
Study populations
Samples from studies with specific objectives to investigate chlamydia infections in
MSM are here designated as the compiled MSM population [15,19,22,23]. Samples
from studies including clinics for STI, gynecology, and family planning [10,13-21] and
screening among high school students [7] are here designated as heterosexuals.
However, a minor proportion of samples from heterosexuals may originate from
MSM. In addition one study comprised samples from trachoma patients [24].
PCR amplification, sequencing, and genotyping
The currently used protocol for PCR amplification, sequencing and genotyping of
the five highly variable target regions included in this MLST scheme is available
at the database above. Study sites could also use their own amplification and
sequencing protocols as long as the trimmed sequences of the loci were complete
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from primer to primer. In addition to the five MLST targets, ompA sequence data
were also included.
Diversity index
The diversity index (D) of a typing method refers to the probability that two
unrelated strains sampled from the test population will be placed into different
typing groups. D was determined for entries in the MLST database using Hunter
and Gaston’s modification of Simpson’s diversity index [25]. A cluster was defined
as a group of STs differing by not more than one locus from another ST.
eBURST analysis
eBURST v.3 (http://eburst.mlst.net/; Department of Infectious Disease
Epidemiology, Imperial College London, United Kingdom) software was used to
identify founders among the sequence types. A founder was defined as the ST
with the largest number of single locus variants in a group. An ST that appears
to have diversified to produce multiple single locus variants is called a subgroup
founder. A list of all STs was inserted into the single dataset function at the eBURST
website, and the number of loci was set to 5 (ompA not included). The analysis was
computed generating groups and predicted founders, and for each larger group
a diagram was drawn.
Minimum spanning tree (MST) analysis
BioNumerics software (version 7.0; Applied Maths, Sint-Martens-Latem, Belgium)
was used to construct a minimum spanning tree of all entries in the database.
The sequence data for all 2,089 samples (ompA not included) was entered into a
database within the BioNumerics software. As algorithm, we used the predefined
template “MST for categorical data” plug-in which uses the categorical coefficient
to calculate the similarity matrix. This will calculate a standard MST with single- and
double-locus variants.
Whole-genome analysis
C. trachomatis genomes were downloaded from GenBank (6 draft genomes
and 122 complete genomes and plasmids) and from the Ribosomal Multilocus
Sequence Typing (rMLST) database (http://pubmlst.org/rmlst/, containing 397
genomes). MLST was performed on all genomes using the approach by Larsen
et al. [26], with source code kindly provided by the authors and using our own
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MLST scheme. We selected a subset of genomes for further investigation. One
to three representative full genomes were chosen for each of 5 founder STs (see
results), for a total of 12 genomes. The number of genomes for each ST depended
on the number of genomes including this particular ST. Complete genomes were
selected preferably instead of draft genomes. We also selected 22 genomes with
other STs, in order to have a large number of profiles represented for comparative
analyses. See Table S1 in the supplemental material for a list of genomes in the
subset. For the genomes lacking annotations, coding sequences were predicted
using Prodigal version 2.6 [27].
Identifying clusters of genes
The program OrthoMCL version 2.0 [28] was used to cluster genes based on allagainst-all blastp searches. As the genomes of C. trachomatis are highly conserved
between strains, a high level of similarity is expected within groups. The blast
comparison was performed without filtering for sequences with low information
content, to avoid artificially short matches of nearly identical sequences. We
required at least 90% sequence identity within groups, and used an inflation index
of 1.5 for the clustering. Members of the groups containing only sequences from
genomes with founder STs were searched against the NCBI nucleotide database
using blastp and standard settings. Typical best matches for each group, with
100% sequence identity in the aligned area when not otherwise stated, are listed
in Table S2 in the supplemental material.
Phylogenetic analyses
Two datasets based on the MLST genes were analyzed and compared with the
phylogenomic analysis in Harris et al. [29]. The first dataset consisted of the MLST
genes from the same strains as in the work of Harris et al. (referred to here as the
Harris et al. data set). The second dataset also included all unique STs in the MLST
database (http.mlstdb.bmc.uu.se; referred to here as the high resolution [hr]CT-MLST dataset). For both datasets the individual genes were aligned by eye
using Seaview [30]. Potential recombinations between strains within genes were
detected using RDP4 at default settings. To reduce the number of ambiguously
aligned regions and number of gap positions, the poly(G) and intron regions of
CT172, and the repetitive elements of hctB were removed. CT144 was removed
from further analysis since it included a large amount of potential recombinations
in both datasets. A phylogenetic tree was constructed for each gene separately
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using RAxML [31] with the GTR plus gamma model. Support values were
estimated with 100 rapid bootstraps. The trees were rooted using the L strains as
outgroup. Sequences in clades separated from the rest by long branches (>0.05)
were excluded to reduce long-branch attraction and the phylogenetic analysis
was redone. For the Harris et al. dataset, conflicts between gene trees that had
bootstrap support (BS) above 70 (in both gene trees) were identified and resolved
by removing the least number of gene sequences. The same was done for the
hr-CT-MLST dataset, but using cutoff 65 to include apparent conflicts that were
not identified using cutoff 70. The gene alignments were then concatenated and
analyzed with RAxML. The GTR model and gamma distribution was used with
parameters estimated separately for each gene. Support values were estimated
using 10,000 rapid bootstraps. For the hr-CT-MLST dataset this analysis will be
referred to as “no conflict”.
Ethics
Ethic permissions were obtained for each individual study. The present study
includes no information that could identify individual patients.

Results
The 2,089 entries in our database comprised 13 studies from 16 countries: the
Netherlands (39%), Sweden (16%), Norway (12%), Suriname (8%), Tunisia (5%),
China (4%), USA (4%), Argentina (4%), Gambia/Senegal (4%) and France, Chile,
Denmark, Spain, Australia and Germany (all ≤1%). The collection of clinical
specimens spanned more than 19 years (1992 to 2011), and reference strains
were isolated from 1958 and onwards. Overall 609 (29%) of the database samples
originated from MSM (75% of samples from rectum), 1383 (66%) urogenital samples
were assumed to be from heterosexuals, and 75 (4%) ocular samples were from
trachoma patients. In addition, 22 C. trachomatis reference strains representing 15
genovars were included.
The database comprised 415 unique STs derived from 2,089 C. trachomatis
specimens. Polymorphism of target regions was reflected in varying numbers of
alleles: hctB, 89; CT058, 51; CT144, 30; CT172, 38; and pbpB, 35. With the addition of
49 ompA gene variants, a total of 459 STs existed in December 2013.
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High genetic variation, but few STs predominating
The frequency distribution of STs ranged from 1 to 140. Most STs were represented
by only a few samples; thus, 255 STs were found in a single sample (singletons) and
122 STs in 2 to 9 samples. All these uncommon STs represented by 1 to 9 samples
comprised 33% of the total database. Thirty-one STs were medium sized with 10
to 43 samples each, and constituted 25% of the database. The distribution of STs
and ompA genovars is shown in Figure 1A.

Figure 1. Minimum spanning tree analysis of the entire database based on the five MLST target regions
visualized by ompA genovar distribution (A) and by sexual behavior (B). Sphere sizes indicate the numbers of
samples in each sphere. Solid branches show single-locus variants and dashed branches show double-locus
variants. The most common STs are indicated by number. (C) Minimum spanning tree showing the
geographical ST distribution of 1,383 heterosexual samples, 75 trachoma samples (Gambia and Senegal),
and 15 reference strains in the MLST database. Sphere size is proportional to the number of samples of each
sequence type. Solid branches show single-locus variants, dashed branches show double-locus variants and
dotted branches show triple-variants.

There were 8 STs that dominated the database, with number of samples ranging
from 83 to 140, comprising a total of 868 samples (42% of the database). These 8 STs
were widely distributed in the different countries. Analysis with eBURST identified
3 of the 8 predominating profiles as founders and another 3 as subgroup founders.
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MST analysis placed these 6 large STs centrally in the tree (Figure 1B). The two large
STs that were nonfounders were LGV2b (ST58) and the new variant C. trachomatis
(ST55), which both have shown clonal spread in Europe in the last decade.
Four of the 8 predominating STs were strongly associated with MSM (ST52 [n=98],
ST58 [n=97], ST108 [n=83] and ST109 [n=115]), with 97 to 100% of the samples
coming from MSM (Figure 1B). In the other four large clusters (ST3 [n=128], ST12
[n=140], ST55 [n=84], ST56 [n=123]), samples from mostly heterosexuals comprised
>90% of the samples. Studies including urogenital samples from heterosexuals were
performed in 8 countries (Sweden, Norway, the Netherlands, Tunisia, Suriname,
Argentina, Chile and China). Of these, ST3 (genovar E) was found in all 8 countries,
ST56 (genovar E) in 7 countries, and ST12 (genovars F, D and J) in 5 countries. The
geographic distribution of specimens from heterosexuals is illustrated in Figure 1C.
It shows that some STs are common and have a geographical spread on different
continents on the globe.
The diversity index (D) was 0.975 (95% confidence interval [CI], 0.974 to 0.976)
based on all 2,089 entries in the database. Ds for different clusters are shown in
Table 1. The D was smaller in samples from MSM than from heterosexuals; 0.893
(0.887 to 0.899) versus 0.968 (0.966 to 0.970), respectively. The three predominating
non-LGV STs in MSM (ST52, ST108, and ST109) comprised 47% of all non-LGV cases
from MSM, while the four STs predominating among heterosexuals (ST3, ST12,
ST55 and ST56) comprised 31% of all cases from this group. In Figure 1B it is also
shown that STs in MSM are predominantly confined to four clusters, while STs in
heterosexuals are less clustered.
The present work is a compilation of 13 studies with different design and sampling
strategies, and the study populations are not representative for the general sexuallyactive population in the 16 countries. To compare the ompA genotype distribution
in our study with the ompA distribution in previous studies, we performed ompA
sequencing of the 1,383 samples assumed to be from heterosexuals with the
following results: E, 45% (n=617); F, 16% (n=217); D, 13% (n=173); G, 10% (n=136);
K, 5.8% (n=80); I, 5.4% (n=75); J, 3.9% (n=54); H, 2.3% (n=32); and B, 0.01% (n=10).
Differences between C. trachomatis typing results from MSM and heterosexuals
are summarized in Table 2.
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Heterosexual associated cluster
Cluster 3
Cluster 12
1,383
180
247
0.968 (0.966-0.970) 0.49 (0.44-0.54)
0.66 (0.63-0.69)

All heterosexuals
Cluster 56
247
0.72 (0.69-0.75)

2,089
0.975 (0.974-0.976)

Complete database

Heterosexual population
D (12%, n=170)
E (45%, n=617)
G (10%, n=134)
F (16%, n=215)
J (4%, n=53)
Multiple clusters of various size
A small proportion
Ethnicityd
Yese

p<0.001 for the five serotypes

b

ompA data missing for 4 MSM
See Figure 1B.
c
Clusters in MST-analysis with specimens from MSM (red in Figure 1B) have almost no specimens from the suggested heterosexuals, while in clusters predominated by
heterosexuals (blue) a smaller proportion of specimens come from MSM.
d
Examplified by studies (18, 20)
e
See Figure 1C.

a

No. clustersb
Overlap with clusters in the other risk groupc
Subpopulations within clusters
Geographic variation within clusters

Most predominant ompA genovars

MSM populationa
D (26%, n=160)
E (5%, n=29)
G (29%, n=179)
F (4%, n=22)
J (14%, n=85)
A few large clusters
Almost absent
No
No

Table 2. Differences between MSM and heterosexuals in C. trachomatis genotypes and population structures.

b

A cluster was defined as a group of STs allowing single-locus variance of one step from the founder
Cluster 52/108 is a composite of two predominating STs since they differ only in the hctB locus (Figure1B), where ST108 is 60 bp shorter than ST52 and has three point
mutations.

a

Diversity index (95% CI)
All MSM
MSM-associated cluster
Cluster 52/108b Cluster 109
609
247
140
0.893 (0.887-0.899) 0.70 (0.69-0.72)
0.32 (0.27-0.38)

Table 1. Diversity indices for MSM, heterosexuals, five predominating clusters, a and the complete database.
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The D for 75 trachoma specimens was lower (0.772 [0.742 to 0.803]) than for
urogenital samples (0.968 [0.966 to 0.970]). The number of ompA variants was
10, and the number of STs using the five target regions in MLST was 12, while a
combination of ompA and MLST resulted in 19 STs.
Whole-genome analysis of strains with predominating MLST STs
The distribution pattern of STs clearly shows that a few strains have been
successful in global spread in different populations. Concurrently, many strains are
single-locus variants to the founders and subgroup founders identified by eBURST
analysis and seem to be genetically closely related to the predominating strains.
Twelve C. trachomatis genomes containing any of the predominating STs (ST3,
ST12, ST52, ST56, and ST108), here designated founders, were compared with 22
other available C. trachomatis genomes to investigate if specific genes or proteins
could be identified in the strains with founder STs. No genome containing ST109
was yet available in GenBank.
After OrthoMCL analysis, where the proteins of the 34 selected genomes were
clustered into groups of orthologues, 17 groups of proteins were identified as
unique for strains with any of the founder STs. However, no group contained
proteins from all genomes with founder STs. There were 13 groups containing
protein sequences from more than one genome. Four of these groups consisted
of sequences that are fragments of longer proteins. Most of the groups are similar
to hypothetical proteins; only three of these are from C. trachomatis while the
others are from eukaryotic organisms (See Table S2 in the supplemental material).
The analysis could not identify any specific gene that was common for strains with
predominating STs, but missing in other strains.
Phylogenetic analysis
With regard to the Harris et al. dataset, B/TZ1A828/OT was on a long branch in pbpB
indicating highly divergent sequences, and was therefore excluded for this gene.
Three cases with conflicts between gene trees were identified. The placement of
L1 1322-p2 was inconsistent between CT058 and CT172 and was removed from
CT172. D/SotonD6 and G11222 clustered differently in CT058 and pbpB and were
removed from pbpB.
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The concatenated tree was largely in agreement with the full genome tree of Harris
et al. [29], but with less resolution and lower bootstrap support values (Figure 2).
There are, however, some differences supported by bootstrap values >70. In the
Harris et al. dataset, F(s)/70 is the sister to a clade including E, F, and D strains, while
it is nested within that clade in the MLST tree. A/HAR-13 and B/Jali20 form a clade
for the MLST genes, while they constitute the basal grade to a clade dominated
by A and B strains in the Harris et al. dataset. There are several differences in the
clade composing G, D, K, Ia, and J strains. In the clade with L strains, the MLST tree
has a clade with L1/224, L1/115, L1/440/LN, and L1/404/LN, while these are part
of a basal grade in the phylogeny of the Harris et al. [29]. The hr-CT-MLST dataset
resulted in a tree that has essentially the same topology as when using the Harris
dataset but with considerably more branches (see Figure S1 in the supplemental
material).

Discussion
This study is a unique summary of the most frequently used high resolution
genotyping scheme for C. trachomatis to date with the database including more
than 2,000 samples from 16 countries worldwide. The distribution of STs clearly
shows that a few strains have been successful in spreading in many countries
among different populations and thus appears to predominate both in space
and time. Different STs predominate among MSM and heterosexual individuals.
Currently, multiple strains are single-locus variants to the founders and subgroup
founders identified by eBURST analysis and seem to be genetically closely related
to the predominating strains. However, the traits that contribute to successful
spread may not be directly linked to the 5 MLST targets or the ompA gene, but
these targets may be biomarkers for other genes or traits in strains that are
successfully spread worldwide. Our comparison of whole genomes from strains
with and without founder STs could not identify any gene that was common for
strains with predominating STs, but missing in other strains.
The MLST scheme has been used in study populations and provides high resolution
for differentiation of C. trachomatis strains [32]. A major concern about a typing
method is its reliability. Since the 5 MLST targets are not housekeeping genes, but
were selected from the most divergent genes in the few genomes available in 2005,
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Figure 2. Comparison of phylogenetic trees obtained from 52 strains by maximum likelihood analysis after removal of recombination events. (A) MLST concatemer of five
targets; (B) whole-genome sequences (reproduced from reference (29) by permission from Macmillan Publishers Ltd.). Numbers on nodes represent percentage of bootstrap
replicates supporting each clade. Asterisks indicate 100% support. The tree in Figure A was rooted based on the previous study in Figure B.
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it has been questioned if the targets are stable. In previous studies the stability
of the included target regions has been demonstrated in laboratory experiments
[33] as well as in longitudinal studies of the new variant of C. trachomatis and
Lymphogranuloma venereum [16,17,22,34]. The longitudinal studies also indicated
that ompA was more unstable, which is in agreement with recent whole-genome
studies that have shown extensive recombination in ompA [29,35,36]. Our MLST
has therefore proved suitable for use in epidemiological studies. Identification of
founders in eBURST analysis showed that ST12 was detected in a reference strain
collected as early as 1960 (F/IC-cal3), a common and widespread genotype. This
further indicates the stability of the MLST targets.
This MLST scheme has shown up to a 5-fold higher resolution than ompA [7]. The
D was 0.975 (95% CI, 0.974 to 0.976) when calculated on all entries in the database.
In previous studies of sexually transmitted chlamydia infections D varied between
0.84 and 0.97 depending on the degree of epidemiological relatedness between
samples in the study populations [7,13,17,37]. By calculating an overall D for all
2,089 samples, epidemiological relatedness was eliminated. The obtained index
was well above 0.95, an “ideal” cutoff value for a molecular typing method [38].
The lower D for the predominating clusters in Table 1 is explained by the inclusion
of some epidemiologically relatedsamples, especially among MSM who may be
connected via extended international sexual networks [15,19].
Regarding trachoma, the MLST has only been used in a limited number of samples
where many cases were epidemiologically linked, explaining why a low D (0.77)
was obtained. The number of ompA variants was almost equal to the number of
STs based on the five MLST targets [24]. This is in contrast to sexually transmitted
chlamydia infections where up to 5-fold more STs have been found compared to
ompA variants [7].
As most of the 13 studies included STI-clinics, these samples were not
representative for samples from the general population. However, the distribution
of ompA genotypes among the 1,383 assumed heterosexual samples is similar to
that in other studies [3] and indicates that our study reflects strain distribution in
most countries where genotyping of C. trachomatis has been performed. Previous
ompA typing studies have shown that specific genotypes are frequently found
in rectal samples from MSM [39-42], and tissue tropism has been suggested as
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an explanation [35,43-46], mainly based on genetic and cell biological findings.
However, recent MLST data show that differing sexual network structures and
distributions of C. trachomatis strains in MSM versus heterosexual networks may
be an important reason for the findings of certain genotypes in rectum [21].
This also explains the findings in our dataset of mostly different STs in MSM and
heterosexuals.
Maximum likelihood analysis showed that obtained trees were similar to trees
obtained from whole-genome analysis by Harris et al. [29], but bootstrap support
values were lower. The phylogeny based on the MLST-targets is also in agreement
with the four identified lineages in whole-genome analysis by Joseph et al. [36].
Analyses of MLST targets are easier to perform than obtaining whole genome
sequences and thereafter perform analyses. Using MLST may therefore facilitate
phylogenetic studies. We also applied phylogenetic analysis on the entire hr-CTMLST dataset and confirmed the results of the limited dataset, but it also gave rise
to more clades. A limitation is the occurrence of recombinations that disturb the
phylogenetic analysis. Therefore identified recombinations were removed which
influenced the tree topology but the major structure remained intact.
The MLST target genes used in this study were originally selected because of their
sequence variation, which was thought to provide high resolution and to be well
suitable for short term investigations. Considering the conserved nature of the
C. trachomatis genomes, we expected that this MLST system would be saturated
with a limited number of STs. However, in each new study population, several new
STs have been identified. The number of detected alleles provides a theoretical
number of 8.8 x 109 STs, assuming no linkage between targets, indicating that only
a fraction of possible STs have been identified. More refined genetic analysis is
needed to elucidate why a few STs predominate in space and time. To provide
a better understanding of evolutionary changes for C. trachomatis and link it to
short-term variations, it would be rewarding to combine our MLST system with
data from a housekeeping-based MLST. Furthermore, the role of the host response
to different infecting strains is not well understood.
The strength of this study is the size of the dataset. Although the geographic
representation is patchy and the separate studies have different objectives, the
results provide an overall picture of strain distribution for C. trachomatis in time
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and space and in populations with different sexual behaviour that has not been
observed previously. In summary, the presented MLST system provides high
resolution for C. trachomatis strains, it is useful for epidemiological investigations,
has identified a few predominating strains that have spread successfully in several
countries, and it is beneficial for phylogenetic analysis.
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Abstract
Background
Chlamydia trachomatis (Ct) plasmid has been shown to encode genes essential
for infection. We evaluated the population structure of Ct using whole-genome
sequence data (WGS). In particular, the relationship between the Ct genome,
plasmid and infection pathology was investigated.
Results
WGS data from 157 Ct isolates deposited in the Chlamydiales pubMLST database
(http://pubMLST.org/chlamydiales/) were annotated with 902 genes including
the core and accessory genome. Plasmid associated genes were annotated and
a plasmid MLST scheme was defined allowing plasmid sequence types to be
determined. Plasmid allelic variation was investigated. Phylogenetic relationships
were examined using the Genome Comparator tool available in pubMLST.
Phylogenetic analyses identified four distinct Ct core genome clusters and six
plasmid clusters, with a strong association between the chromosomal genotype
and plasmid. This in turn was linked to ompA genovars and disease phenotype.
Horizontal genetic transfer of plasmids was observed for three urogenitalassociated isolates, which possessed plasmids more commonly found in isolates
resulting from ocular infections. The pgp3 gene was identified as the most
polymorphic plasmid gene and pgp4 was the most conserved.
Conclusion
A strong association between Ct chromosomal genotype and plasmid was
observed, consistent with previous studies. This suggests co-evolution of the Ct
chromosome and their plasmids, but we confirmed that plasmid transfer can
occur between isolates. These data provide a better understanding of the genetic
diversity occurring across the Ct genome in association with the plasmid content.
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Background
Chlamydia trachomatis (Ct) is responsible for the majority of bacterial sexually
transmitted infections worldwide [1]. In addition, ocular Ct infections (trachoma)
are the world’s leading cause of preventable blindness [2,3]. Although there are
few documented reports of antibiotic resistance in Ct and infections can be easily
treated, the not declining incidence of Ct infections globally, makes this infection
an important public health priority.
Ct isolates can be grouped into 15 main genovars based on sequence data of
ompA, the gene encoding the major outer membrane protein [4-6]. Specific
genovars have been strongly associated with distinct disease pathologies: genovars
A-C are associated with conjunctival epithelia; genovars D-K with urogenital,
pharyngeal and anorectal epithelia; and genovars L1-L3 with submucosal
connective tissue layers resulting in dissemination to locoregional lymph nodes
and lymphogranuloma venereum (LGV) [7]. Ct clonal groups identified through
different multilocus sequence typing (MLST) schemes based on 7 housekeeping
genes as well as phylogenetic analyses of whole-genome sequence (WGS) data
[8-11], have also shown an association between Ct strains and tissue tropism.
Ct isolates possess multiple copies of highly conserved small 7.5-kb plasmids
containing non-coding RNA of which the function is unknown and 8 open reading
frames (ORFs), designated pgp1 to pgp8 [12,13]. The plasmid of Ct has been shown
to encode genes essential for infection and transmission, consistent with the rare
occurrence of plasmid-deficient clinical isolates [14-16]. The essential role of the
plasmid in virulence and inflammatory responses was further demonstrated using
animal models, where plasmid-deficient Ct strains or those with mutated plasmids
were found to exhibit reduced pathology and decreased inflammatory responses
[17-23]. Putative functions have been assigned to the 8 plasmid genes, based on
homology to known proteins [13,24-26], with pgp1 exhibiting homology to a DnaB
like helicase, pgp5 to a partitioning protein which may regulate expression of a
set of chromosomal genes, and pgp7 and -8 identified as integrase/recombinase
homologues. In contrast, pgp2, and pgp6 are unique to the chlamydia genus
since homology to other proteins has not been identified to-date. The product
of pgp3 is secreted into the host cell cytosol and is the most studied plasmid
gene, both as a serological marker for past infection and as virulence factor, as
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it was demonstrated to play an important role in the induction of inflammatory
responses [21,27,28]. Finally, pgp4 is a transcriptional regulator of pgp3 and of
some chromosomal genes that are likely to be important for chlamydial virulence
[25]. The pgp7 gene is not essential for plasmid maintenance as it was found to
be interrupted in naturally occurring Ct strains resulting in the emergence and
rapid spread of a new Ct variant [29]. This new variant originated in Sweden in
2006 and had a 377 bp deletion in the pgp7 gene that prevented detection of
infections using plasmid based PCR diagnostics targeting the pgp7 gene [13,29].
The potential of spread and emergence of new strains due to genetic variation
indicates the need for more comprehensive studies to better understand the Ct
genetic population structure.
Although it is clear that the plasmid plays an important role in the pathogenesis of
Ct infection, limited data is available on its genetic diversity and whether distinct
plasmid types are associated with different tissue tropisms and pathologies. This
study set out to characterise the population structure of Ct in association with the
plasmid using WGS data from 157 isolates available in the Chlamydiales pubMLST
database (http://pubMLST.org/chlamydiales/). A better understanding of genetic
diversity across the Ct genome in association with plasmid content may elucidate
Ct epidemiology, ultimately reducing the burden of infection.

Methods
Ct isolate collections and WGS methods
Whole-genome sequence (WGS) data from 157 Ct isolates were analysed. WGS
data were obtained from published isolate collections for which plasmid sequence
data were also available [9,26,30-32]. Short reads were obtained from the European
Nucleotide Archive (ENA) and assembled de novo using VELVET in combination
with VELVETOPTIMISER as previously described [33]. The resulting contigs were
uploaded to the Bacterial Isolate Genome Sequence (BIGSdb) genomics platform
hosted on www.pubMLST.org/chlamydiales.
The Chlamydiales pubMLST platform consists of two types of database: i) a
sequence definition database that contains sequences of known alleles for loci
as well as allelic profiles for specific schemes such as MLST; and, ii) an isolate
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database that contains isolate provenance and other metadata along with
nucleotide sequences associated with that isolate [34]. Sequence definitions have
been established for 902 protein-encoding genes, annotated with the CHLAM
prefix, and the majority of these have been organised into schemes dependent
on function. Chromosomal genes were defined using the annotated genome
from Ct strain D/UW-3/CX (accession number NC_000117, [35]). The BIGSdb
software includes ‘autotagger’ and “autodefiner” tools which scan deposited WGS
against defined loci identifying alleles ≥98% sequence identity. This process runs
in the background and automatically updates isolate records with specific allele
numbers, marking regions on assembled contigs for any of the defined loci. Loci
with sequence identity <98% are manually checked and curated.
OmpA, which encodes the major outer membrane protein, was annotated in WGS
data as CHLAM0681. Nucleotide sequence data from CHLAM0681 was extracted
from all WGS. Bionumerics software (version 7.5, Applied Maths, Sint-MartensLatem, Belgium) was used to import all extracted ompA sequences to a local
offline reference database of ompA sequences that had been identified in previous
Ct studies [10]. Based on sequence similarity of the ompA variable domains 1 and
2, ompA genovars were assigned to all isolates. Genovars A-C were considered to
be ocular isolates, genovars D-K, urogenital isolates and genovar L, LGV isolates.
Genovar B is known to cause both urogenital and ocular infections.
Phylogenetic analyses

Relationships among isolates were established using the Genome Comparator
tool implemented within the Chlamydiales pubMLST database [34]. Genome
Comparator compares groups of shared genes among isolates with any number
of loci predefined in the Chlamydiales database or a reference genome. For
each locus, allele sequences, designated by integers, are compared and used to
generate a distance matrix that is based on the number of variable loci across the
genome generating a wgMLST profile. Genome Comparator output provides lists
of loci that are: i) identical, ii) variable, iii) missing, or incomplete between data sets,
rapidly resolving bacterial population structures and relationships, and identifying
loci that belong to the core of a particular data set [33].
Using the Genome Comparator tool, all chromosomal genes identified in the
automated annotation process were compared. The set of 888 genes shared
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between all Ct isolates was referred to as the ‘core genome’. Genome Comparator
was used to compare the core genome among all isolates and to generate a
distance matrix based on the number of variable loci. In addition, this was used
to compare previously identified plasmid genes among all isolates. The generated
distance matrix for the core genome and plasmid genes were further analysed
using the Neighbor Joining algorithm in SplitsTree version 4.14, to investigate the
phylogenetic clustering of Ct isolates according to both their core genome and
plasmid [36]. In addition, to each isolate a unique ID, the corresponding ompA
genovar and the plasmid sequence type (pST) were linked to each isolate.
Ct plasmid
Sequences from the plasmid belonging to Ct strain D/SotonD6 were retrieved
from plasmid pSotonD6 (HE603231) and designated as CHLAM0895 through to
CHLAM0902 encoding the genes pgp1 to pgp8. Using BLAST, all WGS sequence
data deposited in pubMLST were annotated for these loci as described previously
[34,37,38].
The eight Ct plasmid genes were grouped into a plasmid MLST typing scheme and
pSTs were assigned based on identified allele variants for isolates with sequence
data on all eight plasmid genes. The number of polymorphic sites per plasmid
gene, was assessed using the locus explorer tool in the database (http://pubMLST.
org/chlamydiales/). Molecular Evolutionary Genetics Analysis software, version 6
(MEGA 6; http://www.megasoftware.net) was used to calculate average pairwise
diversity between isolates [39]. For each gene the p-distance was estimated,
both on the nucleotide and amino acid level, with pairwise deletion option
selected and standard error (SE) determined with 1,000 bootstrap replications.
The average numbers of synonymous substitutions per synonymous site (dS) and
non-synonymous substitutions per non-synonymous site (dN) were calculated by
using the overall mean Kumar model [40,41]. For dN/dS>1 the Z-test of positive
selection was applied and values of P<0.05 were considered significant.
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Results
Ct core genome analyses
Ct WGS data available in the Chlamydiales pubMLST database, were filtered to
identify those which included complete plasmid sequence data, resulting in
157 isolates. Isolates dated from 1959-2011 and were from diverse geographical
locations.
A total of 31 allelic ompA variants corresponded to 13 genovars: A, 9.6% (n=15
isolates); B, 3.2% (n=5); C, 1.9% (n=3); D, 8.9% (n=14); E, 26.8% (n=42); F, 8.9% (n=14);
G, 8.3% (n=13); H, 2.5% (n=4); I, 4.5% (n=7); J, 1.9% (n=3); K, 9.6% (n=15); L1, 3.8%
(n=6), and L2b, 10.2% (n=16).
A total of 888 out of 902 loci (98.4%) were found to be shared among the 157
included isolates and represented the Ct core genome (cgMLST). Based on the
diversity, a distance matrix was calculated from which a Neighbor Joining tree
was generated (Figure 1). Four phylogenetically distinct clusters were observed,
consistent with previous studies [9]. These included: Cluster I, comprising the
ocular genovars A, B and C; Cluster II, the clinically more prevalent urogenital
genovars D, E and F; Cluster III, the LGV genovars L1 and L2b and, Cluster IV, the
rarer urogenital genovars B, D, G, H, I, J and K. WGS from two trachoma isolates (708
and 840, both genovar C), however, clustered with urogenital Ct strains in Cluster
II (Figure 1) indicative of horizontal transfer.
The number of alleles present for each core gene varied from 1 to 44. CHAM0061
(fliA) encoding a Sigma-28/WhiG family protein had the lowest number of allelic
variants (n=1), while the highest number of alleles (n=44) was observed for
CHLAM0147 encoding a hypothetical protein associated with the type III secretion
system (T3SS) [42]. Overall, the most diverse genes were ompA (CHLAM0681),
the polymorphic outer membrane proteins (CHLAM0412, CHLAM0413,
CHLAM0414, CHLAM0812, CHLAM0869, CHLAM0870, CHLAM0871, CHLAM0872,
and CHLAM0874), 11 genes associated with the T3SS and 4 genes located in
the plasticity zone (CHLAM0153, CHLAM0154, CHLAM0157 and CHLAM0166) in
accordance to what was described previously [42,43]. The more conserved genes
were found to be hypothetical proteins, RNA associated genes, genes involved in
DNA replication and nucleotide excision repair.
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Cluster II
n = 62

707 | pST121 | E
708 | pST122 | E
840 | pST122 | E
825 | pST126 | D
727 | pST126 | E
850 | pST126 | F
587 | pST86 | E
607 | pST94 | E
826 | pST94 | E
512 | pST40 | E
666 | pST112 | E
528 | pST51 | F
530 | pST53 | D
747 | pST132 | F

Cluster III
n = 22

541 | pST21 | L2b
251 | pST19 | L1
260 | pST21| L2b
259 | pST21 | L2b
258 | pST21 | L2b
250 | pST19 | L1
493 | pST19 | L1
254 | pST21 | L2b
751 | pST21 | L1
527 | pST21 | L2b
264 | pST31 | L2b

538
262
263
256
478
660
255
257
261
266
222

522 | pST2 | E
721 | pST2 | E
588 | pST2 | E
700 | pST2 | E
827 | pST2 | E
518 | pST2 | E
584 | pST2 | E
582 | pST2 | E
586 | pST2 | E
535 | pST2 | E
857 | pST2 | E
728 | pST2 | E
585 | pST2 | E
699 | pST2 | E
571 | pST2 | E
583 | pST2 | E
608 | pST2 | E
845 | pST2 | E
589 | pST2 | E
101 | pST2 | E

| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L1
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST3 | L1

474 | pST2 | E
652 | pST2 | E
237 | pST12| E
533 | pST13| E
534 | pST13| E
238 | pST13| E
733 | pST13| E
735 | pST13| E

552 | pST4 | A
651 | pST4 | A
223 | pST4 | A
853 | pST4 | A
517 | pST4 | A
548 | pST4 | A

696 | pST69 | K
618 | pST69 | K
563 | pST69 | K
820 | pST143 | K
572 | pST76 | K

Cluster IV
n = 56

645 | pST4 | A
224 | pST4 | A
639 | pST4 | A
653 | pST4 | A
553 | pST4 | A
66 | pST1 | A

Cluster I
n = 17

595 | pST90 | B
634 | pST103 | A
398 | pST33 | C
630 | pST100 | A
490 | pST36 | A

578 | pST68 | K
562 | pST68 | K
616 | pST68 | K
732 | pST69 | K
617 | pST69 | K
247 | pST16| I 570 | pST74 | J
598 | pST16 | I 564 | pST70 | G
248 | pST16 | I 614 | pST70 | G
711 | pST16 | I
573 | pST16 | I
833 | pST148 | G
776 | pST140 | H
579 | pST80 | J
697 | pST117 | H

100.0

601 | pST2 | E
856 | pST2 | E
235 | pST2 | E
523 | pST2 | E
529 | pST8 | E
848 | pST8 | E
693 | pST8 | F
782 | pST8 | F
568 | pST8 | F
241 | pST8 | F
849 | pST8 | F
519 | pST8 | F
710 | pST8 | F
231 | pST8 | D
688 | pST8 | D
508 | pST8 | F
537 | pST8 | E
525 | pST8 | F
592 | pST8 | E
742 | pST8 | F

807 | pST102 | B
632 | pST102 | B
851 | pST102 | B
702 | pST113 | K
668 | pST113 | K
502 | pST38 | G
602 | pST38 | G
516 | pST41 | J
569 | pST73 | G
758 | pST136 | D
770 | pST138 | K
757 | pST135 | I
566 | pST9 | G
249 | pST9 | K
521 | pST9 | D
230 | pST6 | D
229 | pST6 | D

658 | pST9 | D
545 | pST9 | G
520 | pST9 | D
823 | pST9 | G
555 | pST9 | H
774 | pST9 | I
232 | pST9 | D
765 | pST9 | K
662 | pST9 | G
748 | pST9 | B
246 | pST9 | G
233 | pST9 | D
574 | pST9 | K
543 | pST9 | D
532 | pST9 | I
631 | pST6 | D
544 | pST62 |

Figure 1: Neighbor Joining tree showing the core genome clustering of 157 Chlamydia trachomatis isolates.
Coloured halos indicate the distinct clusters, isolates are indicated by the Chlamydiales pubMLST ID
numbers, plasmid sequence type (pST) and ompA genovar. Isolates shown in red (in cluster II) indicate
potential recombinants.

The remaining 14 genes not included in the core genome were considered to
be accessory genes. Of these, 8 comprised the plasmid genes pgp1-pgp8 that
were considered accessory to assess the association between the core genome
and plasmid types. The remaining 6: CHLAM0165, CHLAM0166, CHLAM0167,
CHLAM0173, and CHLAM0174 encoded hypothetical proteins, while CHLAM0456
encoded the translocated actin recruiting phosphoprotein (tarp), a T3SS effector
in Chlamydia [43]. Tarp has previously been reported as a highly variable gene
correlating with ocular, urogenital and LGV disease phenotypes [42-44]. Among
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isolates included in this study, tarp alleles were present in 93/157 isolates (59.2%)
with a total of 36 unique allelic variants (Supplementary Table 1). Analysis of allelic
variation of tarp revealed that 24/36 allelic variants were associated with disease
phenotype (ocular, urogenital or LGV). Of the remaining 8 alleles 25, 33 and 36
were found in WGS data from ocular, urogenital and LGV isolates, alleles 20, 22 and
44 were shared between both ocular and urogenital isolates, allele 1 was found
in urogenital and LGV isolates while allele 13 was associated with an ocular and
LGV isolate. Overall, the majority of tarp alleles were specific to isolates belonging
to a certain disease phenotype, although some tarp alleles were also exchanged
between isolates belonging to different disease phenotypes.
Analysis of p-distance values across the core genome revealed that the DNAbinding protein CHLAM0046 (hctB, p-distance=0.451), ribulose-phosphate
3-epimerase CHLAM0121 (araD, p-distance=0.500), rRNA methylase CHLAM0133
(p-distance=0.063), the plasticity zone genes: CHLAM0155 (p-distance=0.011),
CHLAM0157 (p-distance=0.099), CHLAM0171 (p-distance=0.064) and hypothetical
protein CHLAM0326 (p-distance=0.039) were the most diverse core genome loci
(Figure 2).
Ct plasmid analyses
The gene pgp4 (CHLAM0900) was the most conserved plasmid gene with 3 alleles
containing only 2 polymorphic sites (Table 1). In contrast, pgp6 (CHLAM902) was
the most diverse with 17 allelic variants, followed by: pgp2 with 14, pgp3 and
pgp1 with 12, pgp5 and pgp7 with 13 and pgp8 with 11 unique allelic variants.
In addition, all plasmid genes had between 15 and 23 polymorphic sites except
for pgp4. Further analysis revealed that pgp3 (CHLAM0899), which has also been
described as a virulence-associated gene [21,27,28], was the most polymorphic
(p-distance=0.008; SE±0.002 and amino acid level 0.016; SE±0.004). To estimate
whether plasmid genes were subject to selection, the ratio between the rate of
non-synonymous (dN) and synonymous (dS) substitutions per (non-)synonymous
nucleotide site was determined. This ranged from 0.083 (pgp8) to 2.00 (pgp5)
indicating that plasmid genes were not subject to strong positive selection. Gene
pgp5 which is suggested to regulate the expression of some chromosomal genes,
showed a dN/dS=2, but this value was not statistically significant on the Z-test of
positive selection.
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795

744

918

993

pgp5 (ORF7)

pgp6 (ORF8)

pgp7 (ORF1)

pgp8 (ORF2)

12

11

13

17

13

3

12

14

18

23

20

15

2

23

20

18

4.346

4.523

3.003

2.720

0.363

6.133

4.420

4.965

1.223

1.227

1.020

0.934

0.262

1.488

1.125

1.402

No. polymorphic No. of differences [SE]
sites

0.004

0.005

0.004

0.003

0.001

0.008

0.004

0.004

0.001

0.001

0.001

0.001

0.001

0.002

0.001

0.001

P-distance [SE]

0.476

1.715

1.415

2.111

0.243

4.172

1.043

1.602

No. of differences

b

ORFs designation according to Thomas et al, 1997. Microbiology. 143, 1847-1854.
Relative to the sequence of the plasmid of the E/Bour strain (GenBank No. HE603212).
c
The value of dN/dS > 1 obtained for pgp5 was not statistically significant by the Z-test of positive selection.

a

795

309

pgp4 (ORF6)

pgp2 (ORF4)

pgp3 (ORF5)

1356

1065

pgp1 (ORF3)

Length No.
(bp)b
alleles

Gene (ORF)a

Nucleotide

0.428

0.739

0.648

0.872

0.239

1.122

0.553

0.682

[SE]

0.001

0.006

0.006

0.008

0.002

0.016

0.003

0.004

P-distance

Amino Acid

0.001 0.012

0.002 0.010

0.003 0.006

0.003 0.002

0.002 0.001

0.004 0.007

0.002 0.009

0.002 0.007

0.004

0.004

0.003

0.001

0.001

0.003

0.003

0.002

0.001

0.002

0.003

0.004

0.001

0.007

0.001

0.002

Mean
dN

dN/dSc

0.001 0.083

0.001 0.200

0.001 0.500

0.002 2.000

0.001 1.000

0.002 1.000

0.001 0.111

0.001 0.286

[SE]

P-distance; Non- and
Synonymous substitutions
[SE] Mean dS [SE]

Overall Mean Distance (pairwise deletion; bootstrap = 1000 replicates)

Table 1: Polymorphism analysis and allelic variance of the plasmid genes from 157 Chlamydia trachomatis isolates

Figure 2. Genomic diversity for 851 core loci of 157 Chlamydia trachomatis isolates. The most variable loci are labelled with their gene name
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A total of 47 unique pSTs were randomly assigned and (Figure 1). Sequence
comparison of plasmid genes identified six phylogenetic clusters numbered 1 to 6
(Figure 3). They were associated with core genome clusters; all isolates of plasmid
cluster 2, -4, and -6 fell into core genome clusters II, III and IV, respectively (Figure
4). All isolates except three, of plasmid cluster 1 grouped with those from core
genome cluster I. The three exceptions grouped with isolates of core genome
cluster IV, indicating horizontal plasmid transfer. In addition, plasmid clusters 3 and
6 formed sub-branches in core genome cluster IV. Overall, these results showed
a strong association between Ct core genome and plasmid, but in a minority of
isolates exchange of plasmids was observed. Overall, each core genome cluster
had one dominating pST (Figure 1 and 4).
Cluster 2
n = 62

707 | pST121 | E
708 | pST122 | E
840 | pST122 | E
825 | pST126 | D
727 | pST126 | E
850 | pST126 | F
587 | pST86 | E
607 | pST94 | E
826 | pST94 | E
512 | pST40 | E
666 | pST112 | E
528 | pST51 | F
530 | pST53 | D
747 | pST132 | F

601 | pST2 | E
856 | pST2 | E
235 | pST2 | E
523 | pST2 | E
529 | pST8 | E
848 | pST8 | E
693 | pST8 | F
782 | pST8 | F
568 | pST8 | F
241 | pST8 | F
849 | pST8 | F
519 | pST8 | F
710 | pST8 | F
231 | pST8 | D
688 | pST8 | D
508 | pST8 | F
537 | pST8 | E
525 | pST8 | F
592 | pST8 | E
742 | pST8 | F

522 | pST2 | E
721 | pST2 | E
588 | pST2 | E
700 | pST2 | E
827 | pST2 | E
518 | pST2 | E
584 | pST2 | E
582 | pST2 | E
586 | pST2 | E
535 | pST2 | E
857 | pST2 | E
728 | pST2 | E
585 | pST2 | E
699 | pST2 | E
571 | pST2 | E
583 | pST2 | E
608 | pST2 | E
845 | pST2 | E
589 | pST2 | E
101 | pST2 | E

474 | pST2 | E
652 | pST2 | E
237 | pST12 | E
533 | pST13 | E
534 | pST13 | E
238 | pST13 | E
733 | pST13 | E
735 | pST13 | E

Cluster 3
n=9
833 | pST148 | G
776 | pST140 | H
579 | pST80 | J
697 | pST117 | H

Cluster 4
n = 22

541 | pST21 | L2b
251 | pST19 | L1
260 | pST21| L2b
259 | pST21 | L2b
258 | pST21 | L2b
250 | pST19 | L1
493 | pST19 | L1
254 | pST21 | L2b
751 | pST21 | L1
527 | pST21 | L2b
264 | pST31 | L2b

538
262
263
256
478
660
255
257
261
266
222

247 | pST16| I
598 | pST16 | I
248 | pST16 | I
711 | pST16 | I
573 | pST16 | I

| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L1
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST3 | L1

552 | pST4 | A
651 | pST4 | A
223 | pST4 | A
853 | pST4 | A
517 | pST4 | A
548 | pST4 | A

398 | pST33 | C
570 | pST74 | J
578 | pST68 | K
562 | pST68 | K
616 | pST68 | K
732 | pST69 | K
617 | pST69 | K

Cluster 5
n = 10

1.0

696 | pST69 | K
618 | pST69 | K
563 | pST69 | K
820 | pST143 | K
572 | pST76 | K

807 | pST102 | B
632 | pST102 | B
851 | pST102 | B
702 | pST113 | K
668 | pST113 | K
502 | pST38 | G
602 | pST38 | G
516 | pST41 | J
569 | pST73 | G
758 | pST136 | D
770 | pST138 | K
757 | pST135 | I
566 | pST9 | G
249 | pST9 | K
521 | pST9 | D
230 | pST6 | D
229 | pST6 | D

595 | pST90 | B
634 | pST103 | A
630 | pST100 | A
490 | pST36 | A
564 | pST70 | G
614 | pST70 | G

645 | pST4 | A
224 | pST4 | A
639 | pST4 | A
653 | pST4 | A
553 | pST4 | A
66 | pST1 | A

Cluster 1
n = 20

558 | pST9 | D
545 | pST9 | G
520 | pST9 | D
823 | pST9 | G
555 | pST9 | H
774 | pST9 | I
232 | pST9 | D
765 | pST9 | K
662 | pST9 | G
748 | pST9 | B
246 | pST9 | G
233 | pST9 | D
574 | pST9 | K
543 | pST9 | D
532 | pST9 | I
631 | pST6 | D
544 | pST62 | G

Cluster 6
n = 34

Figure 3: Neighbor Joining tree showing clustering of the plasmid sequence types (pST) generated from
plasmid genes pgp1 to pgp8 of 157 Chlamydia trachomatis isolates. Coloured halos indicate the distinct
clusters, isolates are indicated by the Chlamydiales pubMLST ID numbers, pST and ompA genovar. Isolates
shown in red (cluster 1) indicate potential plasmid exchange compared to the core genome clusters.
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Cluster II
n = 62

707 | pST121 | E
708 | pST122 | E
840 | pST122 | E
825 | pST126 | D
727 | pST126 | E
850 | pST126 | F
587 | pST86 | E
607 | pST94 | E
826 | pST94 | E
512 | pST40 | E
666 | pST112 | E
528 | pST51 | F
530 | pST53 | D
747 | pST132 | F

Cluster III
n = 22

541 | pST21 | L2b
251 | pST19 | L1
260 | pST21| L2b
259 | pST21 | L2b
258 | pST21 | L2b
250 | pST19 | L1
493 | pST19 | L1
254 | pST21 | L2b
751 | pST21 | L1
527 | pST21 | L2b
264 | pST31 | L2b

538
262
263
256
478
660
255
257
261
266
222

522 | pST2 | E
721 | pST2 | E
588 | pST2 | E
700 | pST2 | E
827 | pST2 | E
518 | pST2 | E
584 | pST2 | E
582 | pST2 | E
586 | pST2 | E
535 | pST2 | E
857 | pST2 | E
728 | pST2 | E
585 | pST2 | E
699 | pST2 | E
571 | pST2 | E
583 | pST2 | E
608 | pST2 | E
845 | pST2 | E
589 | pST2 | E
101 | pST2 | E

| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L1
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST21 | L2b
| pST3 | L1

474 | pST2 | E
652 | pST2 | E
237 | pST12| E
533 | pST13| E
534 | pST13| E
238 | pST13| E
733 | pST13| E
735 | pST13| E

552 | pST4 | A
651 | pST4 | A
223 | pST4 | A
853 | pST4 | A
517 | pST4 | A
548 | pST4 | A

696 | pST69 | K
618 | pST69 | K
563 | pST69 | K
820 | pST143 | K
572 | pST76 | K

Cluster IV
n = 56

645 | pST4 | A
224 | pST4 | A
639 | pST4 | A
653 | pST4 | A
553 | pST4 | A
66 | pST1 | A

Cluster I
n = 17

595 | pST90 | B
634 | pST103 | A
398 | pST33 | C
630 | pST100 | A
490 | pST36 | A

578 | pST68 | K
562 | pST68 | K
616 | pST68 | K
732 | pST69 | K
617 | pST69 | K
247 | pST16| I 570 | pST74 | J
598 | pST16 | I 564 | pST70 | G
248 | pST16 | I 614 | pST70 | G
711 | pST16 | I
573 | pST16 | I
833 | pST148 | G
776 | pST140 | H
579 | pST80 | J
697 | pST117 | H

100.0

601 | pST2 | E
856 | pST2 | E
235 | pST2 | E
523 | pST2 | E
529 | pST8 | E
848 | pST8 | E
693 | pST8 | F
782 | pST8 | F
568 | pST8 | F
241 | pST8 | F
849 | pST8 | F
519 | pST8 | F
710 | pST8 | F
231 | pST8 | D
688 | pST8 | D
508 | pST8 | F
537 | pST8 | E
525 | pST8 | F
592 | pST8 | E
742 | pST8 | F

807 | pST102 | B
632 | pST102 | B
851 | pST102 | B
702 | pST113 | K
668 | pST113 | K
502 | pST38 | G
602 | pST38 | G
516 | pST41 | J
569 | pST73 | G
758 | pST136 | D
770 | pST138 | K
757 | pST135 | I
566 | pST9 | G
249 | pST9 | K
521 | pST9 | D
230 | pST6 | D
229 | pST6 | D

658 | pST9 | D
545 | pST9 | G
520 | pST9 | D
823 | pST9 | G
555 | pST9 | H
774 | pST9 | I
232 | pST9 | D
765 | pST9 | K
662 | pST9 | G
748 | pST9 | B
246 | pST9 | G
233 | pST9 | D
574 | pST9 | K
543 | pST9 | D
532 | pST9 | I
631 | pST6 | D
544 | pST62 |

Figure 4: Neighbor Joining tree showing the comparison between core genome and plasmid clustering of
157 Chlamydia trachomatis isolates. Coloured halos indicate the distinct clusters from Figure 1, isolates are
indicated by the Chlamydiales pubMLST ID numbers, plasmid sequence type (pST) and ompA genovar.
Isolates shown in red indicate potential plasmid exchanges compared to the plasmid clusters in Figure 2.

Analysis of the allelic variation in each single plasmid gene (pgp1-8) with respect to
the observed plasmid clusters revealed that exchange of alleles between plasmid
clusters was limited. Plasmid clusters possessed specific pgp1, -2, -3, and -5 alleles
that were unique to each cluster (Figure 5, Supplementary Table 2). For example,
plasmids in cluster 1 contained pgp1 alleles 3 and 17 which were not found in any
of the other plasmid clusters, while cluster 3 had pgp1 alleles 9 and 10. The allelic
variation of pgp6, -7 and -8 was specific for the clinically most prevalent urogenital
cluster (cluster 2), one cluster containing some of the less frequently occurring
genital genovars (cluster 3) and the LGV cluster (cluster 4), but exchange of allelic
variants was observed among clusters 1, 5 and 6. Finally, the allelic variation of
the pgp4 gene was only specific for the LGV cluster (cluster 4) and a urogenital
cluster containing the less frequently occurring genovar K isolates (cluster 5), but
exchange of pgp4 allelic variants was observed among clusters 1, 2, 3 and 6.
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Figure 5. Graph showing the allelic variants for each single plasmid gene (pgp1-8) with respect to the observed plasmid clusters (cluster 1 to 6) among 157 Chlamydia
trachomatis isolates. Each allelic variant received a unique colour as shown in the colour legend. Allelic numbers were randomly assigned to each unique allelic variant of a
single plasmid gene (pgp1-8). Specific allelic numbers can be assigned to multiple plasmid genes.
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Discussion
Advances in sequencing technologies and increasing availability of WGS data
provide unique opportunities for improving our understanding of Ct infection and
epidemiology. Pivotal to this is the ability to rapidly extract strain information from
WGS data including ompA genovar, plasmid type and MLST sequence type such
that global surveillance of Ct infections can be achieved. In this study, a catalogue
of genes both core and accessory to the Ct genome was generated on the webaccessible http://pubMLST.org/chlamydiales/ website providing tools for Ct
surveillance in an open database. Data presented here reveal that Ct core genomes
were strongly associated with distinct Ct plasmid types (Figures 1, 3 and 5). Four
core genome clusters were apparent following cgMLST analyses consistent with a
previous study [9], however, two recombinant isolates were also apparent. These
were two trachoma isolates with urogenital backbones that had been identified
by Andersson et al. [30].
A total of 888 genes were found to be core, with only 14 accessory genes consistent
with the effects of genome reduction known to have occurred in Ct [45]. All of the
accessory genes encoded hypothetical proteins with the exception of the plasmid
genes and CHLAM0456, which encodes tarp. None of the hypothetical genes
correlated with disease phenotype. However, subsequent analysis of tarp allelic
variants revealed that the majority of alleles (59.2%) were associated with distinct
disease phenotypes (ocular, urogenital, or LGV), although some alleles were also
shared between isolates from different disease phenotypes. This suggests that
although tarp contributes to tissue tropism, it is not the sole gene driving these
phenotypes. The most variable gene was CHLAM0147 encoding a T3SS effector
involved in endosomal trafficking by recruiting nutrient-rich endocytic vesicles via
a non-fusogenic pathway to the chlamydial inclusion [42]. Ct T3SS are activated
when Ct attaches to a host cell, after which T3SS are used to deliver an arsenal of
bacterial gene-encoded effector proteins into the cytosol of the host cell [42,44,46].
The exact molecular mechanisms of T3SS remains to be elucidated, however, it is
probable that these genetically diverse T3SS genes function together to favour
specific tissue tropisms [42,43].
The most conserved gene was fliA encoding sigma-28, for which the exact
function remains to be elucidated. It has been suggested that expression of

92

Genomic analyses of the C. trachomatis

sigma-28 is in response to cellular stress, such as nutrient deprivation within the
chlamydial inclusion [47,48]. Overall, the most variable core genes were ompA,
the polymorphic outer membrane proteins, genes associated with T3SS and the
plasticity zone, which all have been suggested to contribute to tissue tropism
and disease severity due to their high polymorphic variation [42,43]. The more
conserved genes encoded hypothetical proteins for which no known functions
have been described, but have been suggested to play an important role in
the complex Ct-host interactions [42,43]. The highly-conserved nature of these
genes suggests that mutations may have deleterious effects on biological fitness.
Polymorphic genes included hctB (CHLAM0046), araD (CHLAM121), CHLAM133,
CHLAM0155, CHLAM0157, CHLAM172 and CHLAM326. CHLAM0046 (hctB)
encodes a DNA-binding protein thought to mediate the chromatin compaction
[49]. This gene is described to vary among Ct genovars due to internal deletions
from a region of the hctB gene encoding lysine- and alanine-rich pentameric
repeats [50]. The genes CHLAM0155, CHLAM0157 and CHLAM0172 are all part of
a 20.3-kb highly polymorphic genomic region encoding toxin-like genes known
as the plasticity zone [43]. The chlamydia plasticity zone has also been known to
vary among genovars in accordance with known phylogenetic tissue tropism
(urogenital, ocular and LGV) [42,43]. The CHLAM0326 gene encodes a hypothetical
protein without a known function, but this gene has been associated with rectal
tropism of Ct genovar G isolates [51]. Finally, the genes araD (CHLAM0121) and
CHLAM0133 are known to encode a ribulose-phosphate 3-epimerase and rRNA
methylase, but variation has not been linked to specific Ct strains [52].
A total of 47 unique pSTs were identified (Figure 2, Table 1) which aggregated into
six distinct plasmid clusters, five of which were comparable to those of Harris et
al. [9]. The additional cluster consisted solely of genovar K isolates and was likely
the result of Ct strains that had previously not been sampled. In comparison to
the clusters observed following cgMLST analyses, plasmid analyses showed that
the rarer ompA genovars (genovars B, D, G, H, I, J, and K) formed three distinct
plasmid clusters. Moreover, three urogenital isolates with genovars G and J were
identified that contained plasmids clustering with ocular isolates (genovars A-C),
suggesting that exchange of plasmids may have occurred between urogenital and
trachoma isolates. Overall, our findings are in agreement with previous studies that
suggested co-evolution of Ct plasmids and their chromosome and demonstrated
that, although rare, exchange of a plasmid can occur [9,12]. In addition, allelic
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variation in some of the plasmid genes was specific and distinct for each cluster,
while variation in other genes was mainly specific for the LGV cluster since the
allelic variants of the remaining clusters were shared.
The observed polymorphic variation was in agreement with previous analyses that
highlighted the sequence conservation of Ct [9,13,53]. Although the plasmid was
highly conserved, much of the diversity appeared to be restricted to one plasmid
gene known to be associated with chlamydial virulence. This gene, pgp3, which
is associated with increased Ct inflammatory responses [21,27,28], was the most
polymorphic gene (p-distance=0.008) and is known to be secreted in the host
cell cytosol and its diversity is possibly a result of immune selection [12,21,27,28].
In contrast, pgp4 which functions as a transcriptional regulator of pgp3 and some
chromosomally encoded genes was identified as the most conserved gene. The
fact that this small gene (309 bp) was highly conserved suggests that pgp4 is an
indispensable factor for chlamydial virulence and infection, although previous
studies have demonstrated that pgp4 is dispensable for growth in vitro [25,54].
Finally, we observed that exchange of alleles between plasmid clusters was limited.
Some alleles were specific to each plasmid cluster, with, in particular, distinct
plasmid alleles among LGV isolates As Ct harbours multiple plasmid copies, this
knowledge may be useful to design plasmid assays which can distinguish clinically
relevant Ct strain types, for instance to detect the Swedish truncated plasmid
variant or to differentiate between LGV/non-LGV isolates. The latter is of clinical
importance since LGV infections are more invasive and need extended treatment
[9,12,55].
A limitation of our study is that it was conducted using previously sequenced
and stored isolates, which unfortunately contained limited epidemiological
or geographical data. Since these isolates were originally selected for different
objectives, the data available could not be extrapolated to all included isolates.
Previous molecular epidemiological studies on Ct using MLST showed no
association between Ct strain types and symptoms, anatomical locations, gender
or geographical location. Most strain types were also globally distributed with
similar ompA genovar distributions [10,56-58]. These studies therefore suggest that
the population structure of Ct is comparable among different human populations
and that the effect of selection bias would be minimal. However, MLST is limited
by the fact that only a small (but polymorphic) fraction of the genome is used for
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typing, so samples that are indistinguishable with respect to MLST target regions
may still have considerable variation in the rest of the genome. Future studies
should therefore include a well-defined population with known epidemiological
and clinical data to gain a better understanding of the Ct epidemiology in relation
to the population structure.
In conclusion, a strong association between Ct core genome and plasmid types
was observed, consistent with co-evolution of Ct plasmids and their chromosome.
Moreover, we confirmed that, although rare, plasmid exchange can occur
between isolates. Finally, we showed that exchange of alleles between plasmid
clusters was limited. Future research should apply the gene-by-gene approach to
a well-defined population with known epidemiological and clinical data, as this
will enhance our understanding of chlamydial transmission and disease.
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Supplementary files
Supplementary Table 1: The number of allelic variants for the CHALM0456 (Tarp) gene in respect to disease
phenotype (ocular, urogenital, LGV). The samples are sorted by allelic variant.
Gene
Tarp

Allelic variation
1
6
7
13
14
15
16
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
44
46
47
48

Ocular
1
1
3
1
2
3
1
1
1

Disease phenotype
Urogenital
LGV
7
1
1
2
7
1
1
1
1
3
1
1
1
3
18
1
1
1
4
1
1
1
1
2
1
1
1
2
1
1
1
1
2
1
2
1
1
1
-
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Supplementary Table 2: The number of allelic variants for each plasmid gene (pgp1 to -8) in respect to the
observed plasmid clusters among 157 C. trachomatis isolates. The samples are sorted by plasmid gene and allelic
variant.
Gene
pgp1

pgp2

pgp3

pgp4

100

Allelic variant
1
2
3
5
6
9
10
11
13
14
15
17
1
2
3
4
5
6
7
8
9
11
12
13
14
15
1
2
3
4
5
6
7
8
9
11
12
13
1
2
4

Cluster 1
19
1
17
2
1
20
20
-

Cluster 2
58
2
1
1
36
5
19
2
59
1
1
1
62
-

Cluster 3
8
1
8
1
9
9
-

Cluster 4
22
19
3
21
1
22
-

Cluster 5
10
1
9
10
10

Cluster 6
32
2
34
30
1
3
34
-
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Supplementary Table 2: continued
Gene
pgp5

pgp6

pgp7

Allelic variant
1
2
3
4
5
6
7
8
9
10
11
15
16
1
2
3
4
6
7
8
9
10
11
12
14
15
16
18
19
22
1
2
4
5
6
7
8
9
10
12
13
15
16

Cluster 1
19
1
17
1
1
1
14
1
3
1
1

Cluster 2
62
58
1
1
1
1
61
1
-

Cluster 3
1
5
2
1
1
8
6
3
-

Cluster 4
21
1
22
19
3
-

Cluster 5
5
5
10
10
-

Cluster 6
31
2
1
28
1
1
3
1
32
1
1
-
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Supplementary Table 2: continued
Gene
pgp8

102

Allelic variant
1
2
3
4
5
8
9
10
11
12
18

Cluster 1
17
1
1
1
-

Cluster 2
38
24
-

Cluster 3
3
5
1

Cluster 4
22
-

Cluster 5
9
1
-

Cluster 6
34
-
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Abstract
Introduction
Previous studies found conflicting results regarding associations between
urogenital Chlamydia trachomatis infections and ethnicity or urogenital symptoms
among at-risk populations using either ompA-based genotyping or high-resolution
multilocus sequence typing (MLST). This study applied high-resolution MLST on
samples of individuals from a selected young urban screening population to assess
the relationship of C. trachomatis strain types with ethnicity and self-reported
urogenital symptoms. Demographic and sexual risk behaviour characteristics of
the identified clusters were also analysed.
Methods
We selected C. trachomatis-positive samples from the Dutch Chlamydia Screening
Implementation study among young individuals in Amsterdam, the Netherlands.
All samples were typed using high-resolution MLST. Clusters were assigned using
minimum spanning tree analysis and were combined with epidemiological data
of the participants.
Results
We obtained full MLST data for C. trachomatis-positive samples from 439 participants
and detected nine ompA genovars. MLST analysis identified 175 sequence types
and six large clusters; in one cluster, participants with Surinamese/Antillean
ethnicity were over-represented (58.8%) and this cluster predominantly consisted
of genovar I. In addition, we found one cluster with an over-representation of
participants with Dutch ethnicity (90.0%) and which solely consisted of genovar
G. No association was observed between C. trachomatis clusters and urogenital
symptoms.
Conclusion
We found an association between urogenital C. trachomatis clusters and ethnicity
among young screening participants in Amsterdam, the Netherlands. However,
no association was found between C. trachomatis clusters and self-reported
urogenital symptoms.
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Introduction
Chlamydia trachomatis is the most common bacterial sexually transmitted
infection (STI) worldwide and often causes asymptomatic infections [1]. If not
properly treated, these may result in severe complications including epididymitis
in men and pelvic inflammatory disease in women leading to ectopic pregnancy
and tubal factor infertility [2-4].
Strain typing is important to understand the epidemiology of C. trachomatis.
Traditional strain typing of C. trachomatis was based on serotyping of the major
outer membrane protein or analysis of its coding gene ompA and revealed 15
main genovars [5]. Using either serotyping or ompA genotyping, variations in
ethnicity and clinical manifestations by C. trachomatis serovar types have been
studied, but results were inconclusive [6-12]. These inconclusive results may
partly be explained by extensive recombination in the ompA gene making it
an unstable target for strain typing, as was recently demonstrated by whole
genome analysis of C. trachomatis [5]. In the last decade, genetic typing methods
using multiple loci were developed, such as multilocus sequence typing (MLST)
and MLVA [13-15]. Both our and other studies reported that ompA genotyping
was far less discriminatory compared with high-resolution MLST [16-19]. Highresolution MLST may therefore provide more insight into the association between
C. trachomatis infections and urogenital symptoms. Moreover, when combined
with epidemiological data such as demographic characteristics and sexual risk
behaviour, high-resolution MLST can help to identify transmission pathways
of certain strains [17]. To date, only two studies investigated the association
between C. trachomatis infections and urogenital symptoms and neither found
a statistically significant association [18,19]. One study was performed in a small
at-risk population with limited statistical power to detect a possible association,
given the large variety in chlamydia sequence types (STs) [18]. The other study
was performed among senior high school students in Norway, but no sexual risk
behaviour was reported, and thus no insight was obtained into the transmission
pathways of certain strains [19].
In a previous study, we investigated the association between C. trachomatis
infections and ethnic groups, with a focus on sexual mixing between Surinamese
migrants and native Dutch and Surinamese residents to identify transmission
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networks between Surinam and the Netherlands [20]. However, as yet, no studies
have been performed including individuals from a general urban population to
investigate associations between C. trachomatis infections and specific ethnic
groups.
In the Netherlands, a Chlamydia Screening Implementation (CSI) programme
was conducted aiming to investigate the additional effect of annual, systematic
chlamydia screening in existing STI testing facilities [21]. Participants were
aged 16-29 years old and invited on an annual basis. Most participants lived in
Amsterdam, a city with a large diverse ethnic population. The CSI study, however,
was characterised by a low response rate and, unfortunately, data on demographic
and sexual risk behaviour of those who refused to participate are lacking. Therefore,
the CSI population may not be truly representative of the general population.
As the CSI study had samples and data of a selected young, sexually active
population living in Amsterdam, it provided a unique opportunity to: (1) investigate
the relationship of C. trachomatis clusters, defined by MLST, with ethnicity
and urogenital symptoms in a selected urban population of young screening
participants and (2) identify epidemiological characteristics of C. trachomatis MLST
clusters within this population.

Methods
Study population and data collection
Participants of the CSI programme were recruited among residents in Amsterdam,
Rotterdam, and South Limburg from 2008 to 2010, and three screening rounds
were conducted [21-23]. All individuals aged 16-29 years, identified by municipal
registries, received postal invitations. The CSI programme had a participation rate
of 16% after the first invitation, which declined to 10% after the third invitation
[21]. Chlamydia prevalence among participants was around 4.5% and did not
substantially decrease during the study period [21]. Data and samples from
the Amsterdam part of the CSI programme in the Netherlands were used and
included samples from all three screening rounds. All participants received a test
package and were requested to complete an online questionnaire on a voluntary
basis. Data collection included age, gender, ethnicity, residential district, sexual risk
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behaviour, history of STI and self-reported urogenital symptoms. Male participants
were requested to provide a urine sample for testing, whereas female participants
were requested to provide a vaginal swab or urine sample for testing. All collected
urine samples and swabs were tested for the presence of C. trachomatis RNA using
the Aptima CT-single assay (Hologic/Gen-Probe, San Diego, California, USA) at
the Public Health Laboratory in Amsterdam. Positive results were confirmed with
the Aptima combo assay. Positive C. trachomatis samples were stored at -80°C.
Participants were asked their consent to store and use their samples for further
research [21]. For this study, we only included the first provided sample from each
participant who gave informed consent. The medical ethics committee of the Free
University of Amsterdam approved the CSI study.
DNA amplification
DNA from all Aptima combo positive samples was extracted by isopropanol
precipitation and retested for the presence of chlamydial DNA using an inhouse
pmpH real time PCR [24,25]. For DNA samples that tested negative, DNA was reextracted from the original samples and retested. All samples that repeatedly
tested negative were excluded. All isolates with a cycling threshold ≤35 in the
pmpH real time PCR were regarded suitable for further typing.
Nested PCR and sequencing of MLST regions
DNA isolates were amplified by a nested PCR for the regions ompA, CT046 (hctB),
CT058, CT144, CT172 and CT682 (pbpB) as described previously [16,17]. The inner
PCR was performed with M13-tagged primers as described previously [17,20]. The
M13-tagged amplified DNA was processed at a central sequence facility using
primers that specifically target the M13-amplified region.
MLST data analysis
The obtained sequences were assembled and trimmed using BioNumerics
7 (Applied Maths, Sint-Martens-Latem, Belgium) and checked against the C.
trachomatis MLST database (http://mlstdb.bmc.uu.se). Samples in which all six loci
were successfully amplified, sequenced and identified obtained an MLST sequence
type (ST). Incomplete and low quality samples were reamplified and resequenced.
Minimum spanning trees were generated with BioNumerics 7 using the MLST STs.
A cluster was defined as a group of STs in which each ST differed by not more than
one locus from another ST. Clusters containing 10 or more samples were defined
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as large clusters, which were considered unique strain types. We combined small
clusters (n<10) and singletons into a residual group for statistical analysis.
Statistics
Ethnicity was established based on the country of birth of the participant and
that of his/her parents (from the municipal register) following definitions used
by the National Bureau of Statistics [21]. When the person and his/her parents
were born in the Netherlands, the ethnicity was Dutch. When the mother was
born in another country, the person had the ethnicity of the mother. When both
the mother and the person himself/herself were born in the Netherlands, or the
country of birth of the mother was unknown, the country of birth of the father was
decisive for the ethnicity of the participant. Because the numbers of participants
in all ethnic groups except the Dutch and Surinamese/Antillean were small, we
grouped African, Asian, Western European, Eastern European, and Central and
South American ethnicities together into one remaining group of ethnicity for
statistical analyses. For women, urogenital symptoms included: vaginal discharge,
blood loss between menses, blood loss after or during sex, dysuria, recurrent need
to urinate and lower abdominal pain. For men, urogenital symptoms included:
dysuria, recurrent need to urinate and penile discharge. Due to the low number of
people who reported urogenital symptoms, these were all considered one group.
History of STI included a history of chlamydia, gonorrhoea, syphilis or genital warts.
Due to the low number of people who reported a history of STI, these were all
combined into one group.
Differences between groups and clusters were tested using the Pearson χ2 test
for categorical data. The Fisher exact test was used when an expected cell count
was <1. For continuous variables Mann-Whitney U tests and Kruskall-Wallis tests
were used. A p-value <0.05 was considered statistically significant. Analyses were
performed with SPSS package version V.21.0 (SPSS, Chicago, Illinois, USA).
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Results
Study population
From April 2008 until November 2010, a total of 2217 participants from the
Amsterdam part of the CSI study had a positive C. trachomatis sample at enrolment,
of whom 638 (28.8%) provided informed consent. Of these, 572 samples (25.8%)
were available for typing analysis (supplementary Figure S1). In 514 of 572 samples
(89.9%), sufficient chlamydial DNA could be demonstrated using real time PCR and
for 474 (82.9%) samples full MLST profiles could be obtained. Of these, 34 samples
(7.2%) had to partly be reamplified and resequenced in order to obtain a complete
profile. We excluded 26 participants who lived outside of Amsterdam, and nine
participants for whom no information regarding ethnicity was available in the
municipal population register. Overall, no significant differences were observed for
age, gender, ethnicity Gor residential district between participants with fully typed
samples (n=439, supplementary Figure S1; Group A) and those excluded (n=133).
A subgroup of 342 (59.8%) participants also completed the online questionnaire
(supplementary Figure S1; Group B).
Genovar distribution
Since ompA is part of the MLST scheme, genovars could be assigned to all fully
typed samples (Table 1). Among the 439 participants, we found nine different
genovars: B, 0.2% (n=1); D, 12.3% (n=54); E, 40.5% (n=178); F, 20.7% (n=91); G, 9.1%
(n=40); H, 2.5% (n=11); I, 3.9% (n=17); J, 5.9% (n=26); and K, 4.8% (n=21).
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114
23

87
188
164

120
319

54
69
71

439

439

439

Age in years (categorical)
16-19
20-24
25-29

Gender
Male
Female

Residential district
Centre
West
East

439

Demographics
Age in years (continuous)
Median (IQR)

n
1
54
178
91
40
11
17
26
21

439

*

Total

ompA genovar
B
D
E
F
G
H
I
J
K

Variable

(12.3%)
(15.7%)
(16.2%)

(27.3%)
(72.7%)

(19.8%)
(42.8%)
(37.4%)

(20-26)

(0.2%)
(12.3%)
(40.5%)
(20.7%)
(9.1%)
(2.5%)
(3.9%)
(5.9%)
(4.8%)

(%)

235

235

235

235

235

*

33
41
43

61
174

35
108
92

23

1
25
99
50
27
6
5
13
9

n

Dutch

(14.0%)
(17.4%)
(18.3%)

(26.0%)
(74.0%)

(14.9%)
(46.0%)
(39.1%)

(21-26)

(0.4%)
(10.6%)
(42.1%)
(21.3%)
(11.5%)
(2.6%)
(2.1%)
(5.5%)
(3.8%)

(%)

88

88

88

88

88

*

4
11
8

23
65

38
31
19

20

0
8
30
20
3
2
11
10
4

n

(4.5%)
(12.5%)
(9.1%)

(26.1%)
(73.9%)

(43.2%)
(35.2%)
(21.6%)

(18-23)

(0.0%)
(9.1%)
(34.1%)
(22.7%)
(3.4%)
(2.3%)
(12.5%)
(11.4%)
(4.5%)

(%)

Surinamese/Antillean

116

116

116

116

116

*

17
17
20

36
80

14
49
53

24

0
21
49
21
10
3
1
3
8

n

(%)

(14.7%)
(14.7%)
(17.2%)

(31.0%)
(69.0%)

(12.1%)
(42.2%)
(45.7%)

(22-27)

(0.0%)
(18.1%)
(42.2%)
(18.1%)
(8.6%)
(2.6%)
(0.9%)
(2.6%)
(6.9%)

Other ethnicities

<0.001

0.581

<0.001

<0.001

§

p-value

Table 1. Demographic characteristics and sexual risk behaviour characteristics of CSI participants with Chlamydia trachomatis infections per ethnicity, Amsterdam, 2008-2010.
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310
10

295
47

341

Number of partners in preceding 6 months
(continuous)
Median (IQR)

Same-sex experience
No
Yes

History of STI
No
Yes

342

320

16

347

Age at first sexual intercourse (continuous)
Median (IQR)

47
49
76
73

n

199
103
45

347

*

Total

Sexual risk behaviour
Relationship status
Single
Regular partner living apart
Regular partner living together

North
New-West
South-East
South

Variable

Table 1. continued

(86.3%)
(13.7%)

(96.9%)
(3.1%)

(1-3)

(15-18)

(57.3%)
(29.7%)
(13.0%)

(10.7%)
(11.2%)
(17.3%)
(16.6%)

(%)

189

182

189

190

190

*

156
33

176
6

2

16

117
48
25

24
24
21
49

n

Dutch

(82.5%)
(17.5%)

(96.7%)
(3.3%)

(1-3)

(15-18)

(61.6%)
(25.3%)
(13.2%)

(10.2%)
(10.2%)
(8.9%)
(20.9%)

(%)

70

62

70

72

72

*

(%)
(13.6%)
(9.1%)
(47.7%)
(3.4%)

(55.6%)
(36.1%)
(8.3%)

(14-17)

(1-4)

(96.8%)
(3.2%)

(87.1%)
(12.9%)

n
12
8
42
3

40
26
6

16

2

60
2

61
9

Surinamese/Antillean

76

83

82

85

85

*

78
5

74
2

1

16

42
29
14

11
17
13
21

n

(%)

(94.0%)
(6.0%)

(97.4%)
(2.6%)

(1-3)

(15-18)

(49.4%)
(34.1%)
(16.5%)

(9.5%)
(14.7%)
(11.2%)
(18.1%)

Other ethnicities

0.040

0.960

0.504

0.047

0.172

p-value
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116
*

n

Total
(%)

*

n

Dutch
(%)

*

n
(72.9%)
(27.1%)

(%)

Surinamese/Antillean

Current symptoms of STI
342
189
70
No
258
(75.4%)
140
(74.1%)
51
Yes
84
(24.6%)
49
(25.9%)
19
Abbreviations: CSI, Chlamydia Screening Implementation; IQR, interquartile range; STI, sexually transmitted infection
Significant p-values in bold
§ p-value is not assessed as Fisher exact could not be performed due to large tables with many rows and columns.
* Number of participants with available data.

Variable

Table 1. continued

83

*
67
17

n

(%)
(80.7%)
(20.5%)

Other ethnicities

0.429

p-value
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Figure 1: Minimum spanning tree showing the multilocus sequence typing pattern of 439 Chlamydia
trachomatis-positive samples off CSI participants. Each circle represents one sequence type (ST). The size of
the circles is proportional to the number of samples with identical ST profiles. Bold lines connect types that
differ for one single locus. Halos indicate the distinct clusters. Colours indicate the ethnic groups; orange:
Dutch ethnicity (n=235); green: Surinamese/Antillean ethnicity (n=88); and brown: other ethnicities (n=116).

Comparison of demographic and sexual risk behaviour characteristics between
ethnic groups
Demographic characteristics and sexual risk behaviour characteristics of
participants are shown in Table 1. The majority of these were female participants
(72.7%) and more than half of the participants were of Dutch ethnicity (53.5%).
Furthermore, a majority of participants had no history of STI (86.3%), reported no
same-sex experience (96.9%) and had no current urogenital symptoms related to
STI infection (75.4%). Participants from Surinamese/Antillean ethnicity (median age
of 20 years (IQR 18-23)) were often younger than participants of Dutch (median 23
years (IQR 18-23)) or other ethnicities (median age 24 years (IQR 22-27)). Moreover,
many participants from Surinamese/Antillean ethnicity lived in the South-East
district of Amsterdam, whereas participants with Dutch or other ethnicities were
more equally distributed over the residential districts. In addition, we found that
participants with Dutch or Surinamese/Antillean ethnicity more often had a history
of STI compared with other ethnicities (Table 1).
117

Chapter 5

Figure 2: Minimum spanning tree showing the multilocus sequence typing pattern of Chlamydia
trachomatis-positive samples from CSI participants who provided complete questionnaire data. The total
number of participants was 439, of whom 342 reported symptoms. Each circle represents one sequence
type (ST). The size of the circles is proportional to the number of samples with identical ST profiles. Bold lines
connect types that differ for one single locus. Halos indicate the distinct clusters. Colours indicate
symptomatology; white: unknown symptomatology (n=97); pink: self-reported urogenital symptoms
(n=84); and blue: no self-reported urogenital symptoms (n=258).

MLST analysis
Data for 439 participants were available for analysis, and using their complete MLST
profile, 175 STs were identified. Of these, 67 (38.3%) had multiple representatives
ranging from 2 to 59 samples comprising 75.4% of all samples. The remaining 108
STs were found in only one isolate each (singletons). A minimum spanning tree was
generated in which six large clusters could be identified (Figure 1). These clusters
ranged from 10 to 197 samples comprising 79.5% of all samples. The remaining 90
samples were distributed over 49 singletons and nine small clusters.
Cluster analysis
Cluster analysis was performed for 439 participants with demographic data (Figure
1) of whom 342 provided complete questionnaire data on sexual risk behaviour
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(63.6%)
(12.5%)

(23.9%)

(25.0%)
(11.4%)
(14.8%)
(10.2%)
(11.4%)
(9.1%)
(18.2%)

56
11

21

Residential district (n=439)
Centre
22
West
10
East
13
North
9
New-West
10
South-East
8
South
16

Ethnic group (n=439)
Dutch
Surinamese/
Antillean
Other

16
34
37
17
23
39
31

(8.1%)
(17.3%)
(18.8%)
(8.6%)
(11.7%)
(19.8%)
(15.7%)

58 (29.4%)

97 (49.2%)
42 (21.3%)

53 (26.9%)
144 (73.1%)

(27.3%)
(72.7%)

Gender (n=439)
Male
Female

24
64

40 (20.3%)
98 (49.7%)
59 (29.9%)

Age in years (categorical) (n=439)
16-19
16 (18.2%)
20-24
33 (37.5%)
25-29
29 (44.3%)

Cluster II
n=197
(%)
E, F, D, J

23 (20-25)

Cluster I
n=88
(%)
E

ompA Genovar a
(A)
Demographics
Age in years (continuous) (n=439)
Median (IQR)
23 (20-26)

Variable

2
3
4
1
4
2
4

7

9
4

4
16

1
7
12

(10.0%)
(15.0%)
(20.0%)
(5.0%)
(20.0%)
(10.0%)
(20.0%)

(35.0%)

(45.0%)
(20.0%)

(20.0%)
(80.0%)

(5.0%)
(35.0%)
(60.0%)

25 (23-28)

Cluster III
n=20
(%)
K, H

2
3
2
3
2
3
2

4

10
3

4
13

5
8
4

(11.8%)
(17.6%)
(11.8%)
(17.6%)
(11.8%)
(17.6%)
(11.8%)

(23.5%)

(58.8%)
(17.6%)

(23.5%)
(76.5%)

(29.4%)
(47.1%)
(23.5%)

23 (18-25)

Cluster IV
n=17
(%)
D

0
4
2
2
1
7
1

1

6
10

5
12

3
4
3

2
8

9
0
1

2
2
1
1
1
2
1

(41.2%)
(35.3%)
(23.5%)

(29.4%)
(70.6%)

(35.3%)
(58.8%)
(5.9%)

(0.0%)
(23.5%)
(11.8%)
(11.8%)
(5.9%)
(41.2%)
(5.9%)

(20.0%)
(20.0%)
(10.0%)
(10.0%)
(10.0%)
(20.0%)
(10.0%)

(10.0%)

(90.0%)
(0.0%)

(20.0%)
(80.0%)

(30.0%)
(40.0%)
(30.0%)

23 (19-26)

22 (18-25)

7
6
4

Cluster VI
n=10
(%)
G

Cluster V
n=17
(%)
I, J

10
13
12
14
8
15
18

(11.1%)
(14.4%)
(13.3%)
(15.6%)
(8.9%)
(16.7%)
(20.0%)

24 (26.7%)

48 (53.3%)
18 (20.0%)

28 (31.1%)
62 (68.9%)

15 (16.7%)
32 (35.6%)
43 (47.8%)

24 (21-27)

Residual
n=90
(%)
mixed

Table 2. Demographic characteristics and sexual risk behaviour characteristics of CSI participants per Chlamydia trachomatis MLST cluster, Amsterdam, 2008-2010.

0.255

0.004

0.950

0.022

0.005

p-value
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120
130 (82.8%)
27 (17.2%)

History of STI (n=342)b
No
Yes

(91.7%)
(8.3%)

(1-4)

(14-17)

(8.3%)

(53.3%)
(33.3%)

12 (100.0%)
0
(0.0%)

11
1

147 (98.7%)
2 (1.3%)

Same-sex experience (n=320)d
No
68 (97.1%)
Yes
2
(2.9%)

(84.9%)
(15.1%)

2

Number of partners in <6 months (continuous) (n=341)c
Median (IQR)
2
(1-3)
2
(1-3)

62
11

17

7
4

Cluster III
n=20
(%)
K, H

Age at first sexual intercourse (continuous) (n=342)b
Median (IQR)
16 (15-17)
16 (15-17)

(17.8%)

13

95 (60.5%)
43 (27.4%)

Cluster II
n=197
(%)
E, F, D, J

1

(53.4%)
(28.8%)

39
21

Cluster I
n=88
(%)
E

19 (12.1%)

ompA Genovar a
(B)
Sexual risk behaviour
Relationship status
(n=342)b
Single
Regular
partner living
apart
Regular
partner living
together

Variable

Table 2. continued

(1-3)

(15-18)

(15.4%)

(46.2%)
(38.5%)

12
1

(92.3%)
(7.7%)

12 (100.0%)
0
(0.0%)

1

16

2

6
5

Cluster IV
n=17
(%)
D

(1-6)

(15-17)

(0.0%)

(66.7%)
(33.3%)

11
1

(91.7%)
(8.3%)

11 (100.0%)
0
(0.0%)

3

16

0

8
4

Cluster V
n=17
(%)
I, J

(1-4)

(15-16)

(0.0%)

(75.0%)
(25.0%)

8 (100.0%)
0
(0.0%)

8 (100.0%)
0
(0.0%)

2

16

0

6
2

Cluster VI
n=10
(%)
G

(1-3)

(15-18)

60 (89.6%)
7 (10.4%)

53 (91.4%)
5 (8.6%)

2

16

9 (13.4%)

35 (52.2%)
23 (34.3%)

Residual
n=90
(%)
mixed

0.403

§

0.680

0.726

0.840

p-value
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Cluster I
Cluster II
Cluster III
Cluster IV
Cluster V
Cluster VI
Residual
p-value
n=88
(%)
n=197
(%)
n=20
(%)
n=17
(%)
n=17
(%)
n=10
(%)
n=90
(%)
E
E, F, D, J
K, H
D
I, J
G
mixed
ompA Genovar a
Current symptoms of STI (n=342)b
No
54 (74.0%)
120 (76.4%)
9 (75.0%)
9 (69.2%)
10 (83.3%)
5 (62.5%)
51 (76.1%)
0.954
Yes
19 (26.0%)
37 (23.6%)
3 (25.0%)
4 (30.8%)
2 (16.7%)
3 (37.5%)
16 (23.9%)
Abbreviations: CSI, Chlamydia Screening Implementation; MLST, multilocus sequence typing; IQR, interquartile range; STI, sexual transmitted infection
Significant p-values in bold
§ p-value is not assessed as Fisher exact could not be performed due to large tables with many rows and columns.
a
ompA genotype presence in the clusters sorted by prevalence; all genotypes were present in the residual group, which was therefore indicated as ‘mixed’.
b
Data missing for 15 cluster I infections, 40 cluster II infections, eight cluster III infections, four cluster IV infections, five cluster V infections, two cluster VI infections and 23
residual group infections.
c
Data missing for 15 cluster I infections, 41 cluster II infections, eight cluster III infections, four cluster IV infections, five cluster V infections, two cluster VI infections and 23
residual group infections.
d
Data missing for 18 cluster I infections, 48 cluster II infections, eight cluster III infections, five cluster IV infections, six cluster V infections, two cluster VI infections and 32
residual group infections.

Variable
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(Figure 2). Among all 439 participants, no significant differences between
clusters were observed regarding gender and residential district (Table 2A). We
did, however, observe a significant difference in age between clusters (p=0.005).
Participants of cluster III were older with a median age of 25 (IQR 23-28) compared
with a median age of 22-24 years among participants of all other clusters. In
addition, significant differences were observed in the proportion of ethnic groups
between clusters (p=0.036). Cluster V consisted of genovar I and genovar J, and
contained a larger proportion of participants with Surinamese/Antillean ethnicity
(58.8%). Moreover, more cluster V participants (41.2%) lived in the South-East of
Amsterdam compared with all other clusters (varying between 9% and 20%).
In contrast, cluster VI consisted only of genovar G and had a larger proportion
of participants with Dutch ethnicity. These participants with Dutch ethnicity
were equally distributed over the residential districts of Amsterdam. Among
the subgroup of 342 participants, no significant differences between clusters
were observed regarding sexual risk behaviour (Table 2B). Also, no significant
differences were observed in the proportions of participants with current STIrelated urogenital symptoms (Figure 2).

Discussion
Using high-resolution typing, we identified an association between C. trachomatis
clusters and ethnicity in a selected young sexually active population living in
Amsterdam, the Netherlands. We observed that one C. trachomatis cluster (cluster
V, Figure 1) consisted mainly of participants of non-Dutch ethnicity, of whom
the majority were of Surinamese/Antillean ethnicity. In addition, in another C.
trachomatis cluster (cluster VI, Figure 1), participants with Dutch ethnicity were
over-represented. However, we did not observe an association between the
identified C. trachomatis clusters and urogenital symptoms.
The majority of infections among participants involved genovars D, E and F, which
are known to be the most prevalent genovars among heterosexual populations
worldwide [8,26]. Interestingly, we also found a high prevalence of genovar G,
whereas other studies among heterosexuals in the Netherlands, reported a high
prevalence of genovar I [17,20]. Considering the small number of participants
reporting same-sex experiences (3.1%), it is unlikely that the increased genovar G
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prevalence is related to the MSM culture and population in Amsterdam. This
difference in genovar prevalence may be explained by the fact that other
studies in the Netherlands recruited participants at an STI clinic, whereas the CSI
participants were recruited among the general population. However, as it cannot
be ascertained that the CSI population is representative of the general population,
it remains unknown whether the distribution of C. trachomatis genovars and STs
truly differs between the STI clinic population and the general population.
We observed differences between the identified C. trachomatis clusters and
corresponding ompA genovars among participants with Dutch ethnicity and
those with Surinamese/Antillean or other ethnicities. Participants with Dutch
ethnicity were less often infected with genovars I and J compared with participants
with Surinamese/Antillean or other ethnicities. In addition, participants of Dutch
ethnicity were more often infected with genovar G. Our results therefore support
previous studies, which reported associations between ethnicity and C. trachomatis
serogroup distributions [9,27]. Moreover, a greater proportion of cluster V participants
lived in the South-East of Amsterdam, which is known for its high number of
Surinamese and Antillean migrants and low socio-economic status. We previously
reported that sexual mixing between Surinamese migrants and native Dutch and
Surinamese residents occurs frequently. However, this sexual mixing may not be
sufficient for chlamydia transmission. Therefore, strain types may not effectively mix
between both populations and thus prevent infections from spreading to other risk
populations, allowing differences in prevalence to be sustained [20]. In this previous
study, we observed a similar cluster containing both genovars I and J that was overrepresented among Surinamese migrant and native Surinamese individuals. In
accordance, these STs coincide with the STs from cluster V predominantly consisting
of samples from Surinamese/Antillean participants. Further research is needed, as it
is unknown whether the association between ethnicity and C. trachomatis clusters
is restricted to the selected population of young screening participants or whether
this association also exists among the general population.
It is known that high-risk sexual behaviour is more common among people with
Antillean and Surinamese ethnicity; they more often have multiple partners in the
preceding 6 months, have their first sexual experience at a younger age and are
less likely to use a condom [12,20,23]. Besides higher sexual risk behaviour, a recent
study found that higher C. trachomatis prevalence among Surinamese/Antillean
people could also be explained by differences in education and neighbourhood,
123
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which are both markers for socio-economic status [28]. Therefore, it is most likely
that the association between ethnicity and the type or strain of C. trachomatis
reflects differences in socio-economic status, sexual risk behaviour and relative
scarcity of mixing of sexual partners between various ethnic groups [12,20,23,28,29].
In accordance with previous studies, no relationship was found between C.
trachomatis clusters and the presence of urogenital symptoms suggesting that no
C. trachomatis strains exist that specifically cause symptomatic or asymptomatic
urogenital infections [18,19]. MLST is limited by the fact that only a small fraction
of the genome is used for typing, and so samples that are indistinguishable with
respect to the MLST target regions may still have (considerable) variation in the
remaining DNA. Whole genome analysis may therefore provide more insight
into the possible association between C. trachomatis strain types and urogenital
symptoms. In addition, human host factors and genetics may also play an
important role in the development of symptomatic infections.
Some limitations of this study should be noted. A majority of participants were female
participants which may have introduced a bias, causing the identified relationships
to be more associated with C. trachomatis infections in woman compared with men.
The uptake for screening is generally higher among women compared to men,
which was also observed in the CSI programme [21]. Furthermore, the urogenital
symptoms were not specific for C. trachomatis infections. Infectious agents that
were not tested for could have caused these and reported symptoms may therefore
have both low sensitivity and low specificity. This may have introduced a bias and
limited our capacity to detect associations between reported urogenital symptoms
and C. trachomatis infections. Another limitation is that, due to the sample size,
various ethnicities were grouped together in one ‘other’ group, meaning that the
study could not investigate associations between clusters and other ethnic groups,
besides Surinamese/Antilleans and Dutch. New studies should therefore be carefully
designed to investigate associations between clusters and other ethnicities.
In conclusion, we found an association between C. trachomatis clusters and
ethnicity in a selected young sexually active population in Amsterdam, the
Netherlands. However, no association between C. trachomatis clusters and
urogenital symptoms could be observed. Further research, using whole genome
analysis, may provide more insight into the possible associations between C.
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trachomatis infections and urogenital symptoms. This knowledge is needed to
gain more insight into the causes of symptomatic and asymptomatic infections,
as well as improving current screening and prevention programmes aiming to
reduce C. trachomatis transmission.
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Supplementary files
C. trachomatis infected participants in the
Amsterdam part of the CSI study
n=2,217

Samples available for further typing
n=572 participants
(100.0%)

Excluded:
- 1579 participants: no signed informed consent
- 66 participants: no available sample for further typing
analysis

Sufficient Chlamydial DNA
n=514 participants
(89.9%)

Full MLST profile
n=474 participants
(82.9%)

Excluded:
- 26 participants: lived outside of Amsterdam
- 9 participants: no ethnicity registered in the muncipal
population registry

Participants with additional
questionnaire
n=342
(59.8%)

Included in the analysis
n=439 participants
(76.6%)

Excluded:
- 107 participants: no additional
questionnaire

Group A

Group B

Supplementary Figure S1: Flowchart indicating the number of participants included and excluded from the
study population, Amsterdam 2008-2010.
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Abstract
Objectives
Recently, we reported a high prevalence (16%) of urogenital Chlamydia
trachomatis infections among women in a rural setting in South Africa. Molecular
epidemiological studies on C. trachomatis infections could provide insights into
the characteristics of this epidemic, yet such data are not available. The objective
of this study was therefore to assess the distribution of C. trachomatis strains
among women from a South African rural community, the Mopani district, and to
compare it with strains from Amsterdam, the Netherlands.
Methods
High-resolution multilocus sequence typing (hr-MLST) was used to study
urogenital C. trachomatis infections in women visiting primary healthcare facilities
across rural Mopani District in Limpopo Province, South Africa. Sequence types
(STs) were compared with 100 strains from women visiting the sexually transmitted
infection clinic in Amsterdam, the Netherlands.
Results
Full hr-MLST data were obtained for C. trachomatis infection in 43 women from
Mopani district. Using the complete hr-MLST profile of all 43 women from Mopani
district, 26 STs could be identified, of which 18 (69%) were novel to the hr-MLST
database. The remaining STs clustered together with strains from Amsterdam.
Conclusion
Hr-MLST data revealed a diverse molecular epidemiology with novel STs and
a specific cluster for the Mopani district. Also C. trachomatis types that occur
worldwide were detected.
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Introduction
Chlamydia trachomatis is the most common bacterial sexually transmitted infection
(STI) worldwide. Recently, we reported a high prevalence (16%) of urogenital C.
trachomatis infections among women in a rural setting in Mopani District, South
Africa.[1] This reported prevalence was higher compared to other studies in South
Africa [2].
Molecular epidemiological studies could inform prevention campaigns and health
policy development by providing insight into the transmission of C. trachomatis
infections in South Africa, and could therefore help to detect specific populations
and networks at risk. However, molecular epidemiological data of C. trachomatis
infections are not available for South Africa. Therefore, we investigated the
molecular epidemiology of urogenital C. trachomatis infections among women in
Mopani District, South Africa, using high-resolution multilocus sequence typing
(hr-MLST) to assess the distribution of C. trachomatis strains in this population
and to compare the distribution with a sample of strains from Amsterdam, the
Netherlands.

Methods
This study is a sub-analysis of a larger cross-sectional study as described elsewhere
[1]. In brief, a cross-sectional study was conducted among 604 women visiting 25
randomly selected primary healthcare (PHC) facilities across rural Mopani District
in Limpopo Province, South Africa. Participants were recruited between November
2011 and February 2012. Women aged 18–49 years who reported at least one sex
act in the past 6 months were eligible. Data on demographics, sexual behaviour,
self-reported HIV status, and STI related symptoms were obtained through
questionnaires. STI related symptoms were defined as having abnormal vaginal
discharge, intermenstrual bleeding, blood loss during or after sexual intercourse, or
dysuria. Vaginal swabs were tested for the presence of C. trachomatis DNA using the
CE-IVD certified PrestoPlus CT-NG-TV assay (Goffin Molecular Technologies, Beek,
The Netherlands) and the cobas 4800 CT/NG test (Roche Molecular Diagnostics,
Pleasanton, CA, US). Swabs were transported to VU University Medical Center in
Amsterdam and stored at -20°C until further processing. This study was approved
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by the Human Ethics Research Committee of the University of the Witwatersrand,
South Africa (Ref: M110726).
DNA extracts were amplified by a nested PCR and sequenced for the regions
ompA, CT046 (hctB), CT058, CT144, CT172 and CT682 (pbpB) [3]. The cleaned
primer-to-primer sequences were checked against the Chlamydia trachomatis hrMLST database (http://mlstdb.bmc.uu.se). Only samples in which all six loci were
successfully amplified, sequenced and identified obtained a full hr-MLST sequence
type (ST) and were included for further analysis. Minimum spanning trees were
generated with BioNumerics 7 (Applied Maths, Sint-Martens-Latem, Belgium)
using the STs. A cluster was defined as a group of STs differing by not more than 1
locus from another ST within that group (single locus variance) and had to include
at least 5% of the total number of samples.
The identified C. trachomatis clusters were compared with Dutch samples obtained
from female visitors of the STI clinic in Amsterdam, the Netherlands. Matched C.
trachomatis-positive urogenital samples were randomly selected for 100 women
who were described in a previous study [4]. We selected at least one C. trachomatis
infected woman from Amsterdam, for each C. trachomatis infected woman from
the Mopani District in order to get a weighted minimum spanning tree.
Differences in demographic data between participants from the two countries
were tested using Pearson’s χ2 test for categorical data and Mann-Whitney U test
for continuous data. Analyses were performed with SPSS V.21 (SPSS, Chicago,
Illinois, USA).

Results
In total, 97 from 604 (16%) women from Mopani District were diagnosed with
urogenital C. trachomatis infection. Of those, 85 samples (88%) were available for
further typing analysis. In 54 of 85 samples (64%), sufficient quantity of chlamydial
DNA could be demonstrated using qPCR, and for 43 (51%) full hr-MLST profiles
were obtained. Characteristics of these 43 women are shown in Supplementary
Table S1. The median age of South African women was 26 years (IQR, 22-30). Most
of these participants reported to have had one sexual partner in the previous 6
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months. Seven women (16%) were HIV positive, 25 (58%) were HIV negative and
the remaining 11 (26%) had an unknown HIV status. More than half (n=26; 61%)
of the women experienced STI related symptoms. Significant demographical
differences were seen between women from the Mopani District and from the
randomly selected group from the Amsterdam population (Supplementary Table
S1).
Since ompA is part of the hr-MLST scheme, genovars could be assigned to all
samples. Among the women in Mopani District, we identified 8 different genovars:
D, 37% (n=16); E, 12% (n=5); F, 7% (n=3); G, 21% (n=9); H, 2% (n=1); I, 2% (n=1); J,
14% (n=6); and K, 5% (n=2). This genovar distribution differed when compared to
the distribution found among women in Amsterdam (see online Supplementary
Table S1, P<0.001). Using the complete hr-MLST profile of all 43 South African
women, 26 STs could be identified, of which 18 (69%) were novel to the publicly
available C. trachomatis hr-MLST database (http://mlstdb.bmc.uu.se).

6

Figure 1: Minimum spanning tree showing the high-resolution multilocus sequence typing (hr-MLST)
pattern of 43 Chlamydia trachomatis positive samples from Mopani District, South Africa (2011-2012) and
100 reference samples from Amsterdam, The Netherlands (2012). Each circle represents one sequence type
(ST). Size of the circles is proportional to the number of samples with identical ST profiles, the smallest circles
representing one sample. Bold lines connect types that differ for one single locus. Halos indicate the distinct
clusters. Colours indicate location of sampling; green: Mopani District, South Africa (n=43), and orange:
Amsterdam, the Netherlands (n=100).

A minimum spanning tree was generated, using 43 samples from Mopani District
and 100 reference samples from Amsterdam, in which five large clusters could
be identified (Figure 1). Cluster I (n=21) consisted exclusively of samples from
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Amsterdam, whereas cluster V (n=9) consisted exclusively of samples from Mopani
District. Cluster III (n=37) was a mixed cluster and contained nearly equal numbers
of samples from Amsterdam (51%) or Mopani District (49%). The remaining clusters
II, IV and the residual group were also mixed clusters, but consisted predominantly
of samples from Amsterdam (74%-93%). However, despite the mixed clusters only
two STs were identical for samples from Mopani District and Amsterdam.

Discussion
In this study, we identified C. trachomatis strains that are specific to Mopani District,
and we identified STs that have not been described before and are completely
novel to the international hr-MLST database (http://mlstdb.bmc.uu.se). We also
observed C. trachomatis strains that were present in both geographical locations.
In Mopani District, genovars D, G, J and E were most prevalent whereas in
Amsterdam genovars E, D, F, I and J were most prevalent. Using hr-MLST, we
observed that clusters of C. trachomatis strains associated with both countries
were mostly mixed. Only two clusters could be associated with either Mopani
District (cluster V) or Amsterdam (cluster I). The remaining clusters and the residual
group contained samples from both Mopani district and Amsterdam, indicating C.
trachomatis strains that were genetically closely related but not identical on both
locations. Only two STs were identical (ST-12d and ST-3). We recently reported
similar findings for Nanjing, China, as we observed specific strains for Nanjing, but
also others that clustered together with strains from Amsterdam.[5] Interestingly,
we now observed identical STs between Amsterdam and Mopani District that
were also shared between Nanjing and Amsterdam. A possible explanation for the
occurrence of these identical strains is sexual mixing between partners from both
geographical locations. However, this sexual mixing is highly unlikely for these
populations, given the geographical distance. In addition, the rural and traditional
population in the Mopani district is infrequently visited by tourists and foreigners.
The occurrence of identical STs in these geographically distant locations is therefore
most likely explained by the genomic stability of some C. trachomatis strains over
a long period of time and these STs may be regarded as ‘founder strains’. Another
possibility is that these strains have an intrinsic factor for successful infection in
humans all over the world.
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Besides geographical variation, we also observed demographic differences
between women from Mopani District and Amsterdam due the totally different
study populations (Supplementary Table S1). However, these differences in age,
number of sex partners, STI related symptoms and HIV status are associated
with the acquisition of a C. trachomatis infection, and not with the distribution
of different C. trachomatis types of strains.[6-9] Therefore, it is unlikely that these
demographic differences explain the observed C. trachomatis strain distribution.
Some potential limitations of this study should be noted. A large proportion of
the samples from Mopani district was excluded due to insufficient amount of
chlamydial DNA for typing after long-term storage. This resulted in a small sample
size and a potentially biased population. It is, however, unlikely that we missed
specific strains using our in house qPCR and hr-MLST method, since for qPCR
conserved nucleotide sequences of the pmpH gene are targeted, that proved
to have good diagnostic performance.[10] In addition, hr-MLST regions were
randomly missed in all partially typed samples, suggesting that no specific strains
were missed. Moreover, this study was conducted in a rural area of South Africa
and was limited to only one district. Therefore, this study cannot be considered
representative for the distribution of C. trachomatis strains in other regions of
the country or continent. Using this limited population, we nevertheless show
a diverse molecular epidemiology with novel STs and a specific cluster for the
Mopani district. A larger study with inclusion of more health care facilities in both
rural and urban areas of South Africa could therefore provide further valuable
insight into the molecular epidemiology and transmission of C. trachomatis. This
knowledge may be essential to inform prevention campaigns and health policy
design.
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Supplementary Table 1: Characteristics of 43 Chlamydia trachomatis infected woman from Mopani District
South-Africa and 100 C. trachomatis infected woman from Amsterdam, The Netherlands with high-resolution
multilocus sequence typing result available.
Variable

Total
(N=143)
n
(%)

Mopani District
(N=43)
n
(%)

Amsterdam
(N=100)
n
(%)

Age in years (continuous)
Median (IQR)

0.006
23 (21-28)

26

(22-30)

23

(21-27)

Age in years (categorical)

0.038

16-19

14

(10%)

2

(5%)

12

(12%)

20-24

67

(47%)

15

(35%)

52

(52%)

25-29

37

(26%)

14

(33%)

23

(23%)

>29

25

(17%)

12

(28%)

13

(13%)

Number of partners in <6 months (continuous)
Median (IQR)

2

<0.001
(1-3)

1

(1-1)

2

(1-4)

HIV status
Positive

P

<0.001
7

(5%)

7

(16%)

0

(0%)

Negative

122

(85%)

25

(58%)

97

(97%)

Unknown

14

(10%)

11

(26%)

3

(3%)

Experienced STI related symptoms

0.031

Yes

104

(73%)

26

(60%)

78

(78%)

No

39

(27%)

17

(40%)

22

(22%)

OmpA Genovar

<0.001

B

1

(1%)

0

(0%)

1

(1%)

D

23

(16%)

16

(37%)

7

(7%)

E

50

(35%)

5

(12%)

45

(45%)

F

22

(15%)

3

(7%)

19

(19%)

G

15

(10%)

9

(21%)

6

(6%)

H

3

(2%)

1

(2%)

2

(2%)

I

13

(9%)

1

(2%)

12

(12%)

J

12

(8%)

6

(14%)

6

(6%)

K

4

(3%)

2

(5%)

2

(2%)

Abbreviations: P, P-value; IQR, interquartile range; STI, Sexual Transmitted Infections.
Significant P-values in bold.
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Abstract
Introduction
The use of a nucleic acid amplification test (NAAT) as a test of cure after treatment
is subject to discussion, as the presence of C. trachomatis nucleic acids after
treatment may be prolonged and intermittent without presence of infectious
bacteria. We used cell culture to assess if a positive RNA- or DNA-based NAAT after
treatment indicates the presence of viable C. trachomatis.
Methods
We included women with asymptomatic urogenital C. trachomatis infection
visiting the Amsterdam STI clinic from September 2015 through June 2016.
Endocervical swabs were collected prior to treatment with azithromycin, and
during three follow-up visits 7, 21 and 49 days after treatment. Collected swabs
were subjected to C. trachomatis culture and a RNA- and DNA-based NAAT. Highresolution multilocus sequence typing (hr-MLST) was used to further differentiate
potential re-infections.
Results
We included 90 women with a positive RNA-test prior to receiving treatment of
whom 81 (90%) were also DNA-positive, and 69 (76.7%) culture-positive. Prolonged
and intermittent positive RNA and DNA results over time were observed. Three
women had culture positive results at the second visit, but all were negative at the
third visit. Five women had NAAT-positive results at the fourth visit of whom three
women were also culture-positive indicating a viable infection. All five women
reported unprotected sexual contact since the first visit. From 2, hr-MLST sequence
types were obtained. One had a different sequence type indicating a new infection
the other was identical to the previously found indicating a potentially persisting
infection.
Conclusion
Most RNA- or DNA-positive results after treatment of urogenital C. trachomatis may
be caused by non-viable molecular remnants since they cannot be confirmed by
culture. In a minority, viable C. trachomatis was found in culture at the second visit,
indicating that patients may remain infectious at least 7 days after treatment.
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Introduction
Chlamydia trachomatis infection is a major public health problem, and is the most
common bacterial sexually transmitted disease worldwide [1]. C. trachomatis
is capable of infecting various cell types and tissues in the human body with a
considerable number of infections found in the urogenital tract. C. trachomatis
primarily infects the columnar epithelial cells of the genital mucosae, with the
endocervix being the most commonly infected site in women [2]. Most of these
infections remain asymptomatic. If not properly treated, these may result in severe
complications including pelvic inflammatory disease, leading to infertility in
women and possibly also in men with epididymitis [3-5].
International guidelines recommend nucleic acid amplification tests (NAATs) to
diagnose C. trachomatis due to their superior sensitivity and specificity [2]. The
sensitivity of C. trachomatis cell culture compared to RNA and DNA-based NAATs is
low and varies in direct comparisons between 20% to 83% [6-9].
Azithromycin 1000 mg once, is currently the first treatment option for urogenital
C. trachomatis [10]. C. trachomatis azithromycin treatment is challenged by a
growing concern about its efficacy [11-13]. A recent randomized controlled trial
did not show inferiority of azithromycin compared to doxycycline in C. trachomatis
[14]. Performing a test of cure (TOC) could demonstrate success or failure of
antimicrobial treatment of C. trachomatis, but the value of using a NAAT (DNA
or RNA) based TOC after treatment is subject to discussion, as the presence of C.
trachomatis nucleic acids after treatment may be prolonged and intermittent, and
cannot differentiate between dead or viable Chlamydia bacteria [15]. A productive
infection after treatment can be proven via the detection of viable bacteria in
a positive C. trachomatis cell culture. The objective of this study was to use cell
culture to assess if a positive RNA- or DNA-based NAAT after treatment indicates
the presence of viable C. trachomatis.
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Methods
Study population
For this study, we included women visiting the STI outpatient clinic of the Public
Health Service of Amsterdam, the Netherlands from September 2015 through
June 2016. Eligible were women with NAAT-based asymptomatic urogenital
C. trachomatis, 18 years or older and receiving routine azithromycin treatment.
Excluded were women with a C. trachomatis in the three months prior to
diagnosis; who received antibiotics three weeks prior to diagnosis; and pregnant
women. Women who self-reported anal sex or symptoms were additionally tested
for ano-rectal C. trachomatis and, if positive, were also excluded. Demographic
and clinical characteristics of all participating women were obtained from the
electronic patient records from the STI outpatient clinic. This study was approved
by the Medical Ethics Committee of the Academic Medical Center Amsterdam
(NL51851.018.15). All women provided written informed consent.
Study procedure
Women diagnosed with asymptomatic urogenital C. trachomatis were asked to
return to the STI clinic approximately 7 days after their primary consultation for
treatment consisting of a single oral dose of 1000 mg azithromycin. They received
information about the study and were invited to participate. Those consenting
underwent a speculum examination at the first visit (day 0), prior to receiving
treatment, to obtain cervical swabs for C. trachomatis culture, RNA- and DNA-based
NAAT testing. The sampling procedure was repeated at three additional follow-up
visits 7, 21 and 49 days after treatment. During each visit, the first collected swab
was used for culture. The collection order of swabs for DNA- and RNA-based NAAT
testing was reversed on odd and even weeks. Women were requested to abstain
from sexual contact or use condoms instead, and refrain from vaginal douching for
the duration of the study. Additionally, all were asked to keep a diary on medication
use, sexual contact, and vaginal douching during the study period. Women who
were NAAT- and/or culture-positive at the third or fourth visit were offered routine
re-treatment.
NAAT testing for C. trachomatis
Samples for RNA-based NAAT were collected using Aptima endocervical swab
specimen kits and tested using the Aptima Combo 2 assay (Hologic Inc, San
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Diego, California), and relative light units (RLUs) were reported. The instructions of
the manufacturer were followed except that all samples with either equivocal or
positive results up to 800 RLU for C. trachomatis were regarded equivocal and were
retested using the Aptima CT single assay for confirmation. Repeated equivocal
results were considered positive for the analysis. Samples with repeated invalid
results were excluded.
Samples for DNA-based NAAT were collected using Cobas polymerase chain
reaction (PCR) female swab kits and were tested using the Cobas 4800 assay for C.
trachomatis and N. gonorrhoeae (Roche, Basel, Switzerland), and the cycle threshold
(Ct) was reported for positive samples. Women that tested NAAT-negative for C.
trachomatis at the first visit were excluded from further analysis.
C. trachomatis culture
For C. trachomatis culture, endocervical swabs were collected from women and
stored in 3 ml universal transport medium (UTM-RT, Copan Italia S.p.A., Brescia,
Italy). Collected samples were immediately stored at -80°C until further use.
C. trachomatis culture was performed on all samples at the first visit, and on all
samples from follow-up visits with a positive RNA- and/or DNA-based NAAT
result. Cell culture procedures were adapted from Isenberg [16]. In short, HeLa
229 cells were cultured in Iscoves Modified Dulbecco’s Medium (IMDM; Gibco life
technologies, Germany) supplemented with 10% fetal bovine serum (Lonza Bio
Science, Verviers, Belgium) at 37°C. Then, 300µl of swab medium was inoculated
on a HeLa 229 monolayer present on a round coverslip in a flat bottomed tube
with IMDM medium supplemented with 10% fetal bovine serum (Lonza Bio
Science, Vierviers, Belgium), 4.5 g/L glucose, 2.5 µg/ml amphotericin B and 10 µg/
ml gentamicin (Gibco life technologies, Germany). Infection was completed by
centrifugation-assisted inoculation at 3400 rpm for 1h at 34°C, and subsequently
cells were incubated at 34°C. Each sample was cultured in duplicate. One coverslip
was analysed after 72h by immunofluorescence (IF) staining to identify viable
chlamydial bacteria. Negative samples were subpassaged to a new coverslip
containing HeLa 229 cells and incubated for another 72h and examined by IF.
Immunofluorescence staining
Direct IF staining was performed on methanol fixed inoculated monolayers using
a fluorescein isothiocyanate (FITC) conjugated, mouse anti-chlamydia monoclonal
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antibody targeting the chlamydial lipopolysaccharide antigen (OXOID Limited,
Hampshire, United Kingdom), according to the manufacturer’s instructions.
The specimens were examined at a magnification of 400x with a fluorescence
microscope (Leica Microsystems GmbH, Wetzlar, Germany). Typically, specimens
displayed multiple red-fluorescent stained HeLa 229 cells. Positive appearing
samples were further examined at a magnification of 1000x. Green-fluorescent
stained Chlamydial intracytoplasmic inclusions were counted for all specimens.
Slides were scored as positive if 10 distinct fluorescein-stained intracytoplasmic
inclusions were observed.
High-resolution MLST
C. trachomatis strains in NAAT- or culture-positive results after treatment were
further analysed using high-resolution multilocus sequence typing (hr-MLST) [1719]. Sequence types (STs) of the strains determined at the first and fourth visit
were compared. In case non-identical STs were found we concluded that a reinfection had occurred. In case identical STs were found we deduced that either a
re-infection or persistent infection had occurred. For hr-MLST, DNA extracts were
amplified by a nested PCR and sequenced for the regions ompA, CT046 (hctB),
CT058, CT144, CT172, and CT682 (pbpB). The primer-to-primer sequences were
checked against the Chlamydia trachomatis hr-MLST database (http://mlstdb.bmc.
uu.se). Only samples in which all six loci were successfully amplified, sequenced,
and identified obtained a full hr-MLST sequence type.
Statistical analysis
The primary endpoint, clearance of C. trachomatis RNA, DNA or viable bacteria
(culture), was defined as a negative result for each individual assay at any
visit after treatment. Chi-square and Fisher exact tests were used to compare
categorical variables between groups; the Kruskal-Wallis test was used to compare
continuous variables between groups, and P <0.05 was considered statistically
significant. Time to clearance was analysed with Kaplan-Meier curves. Clearance
was assumed to have occurred at the day of the first negative test. All statistical
analyses were performed using SPSS version 21.0 (SPSS Inc., Chicago, IL, USA) and
STATA Intercooled V.11.0 (STATA, College Station, Texas, USA)
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Results
Study population
From September 2015 through June 2016, 1188 female were diagnosed with
asymptomatic urogenital C. trachomatis, 360 eligible women were invited to
participate, and 108 women consented to participate. One woman was diagnosed
with a concurrent ano-rectal C. trachomatis and therefore excluded, resulting in a
total of 107 women who completed the first visit and were included in baseline
analyses (Fig 1). From these, 17 women self-cleared their infection prior to the first
visit, and 12 women were lost to follow-up after the first visit. Since we could not
determine actual clearance of the infection after treatment, or determine potential
treatment-failure, re-infection or persisting infections in these women, they were
all excluded from further analyses. Follow-up visits were scheduled 7, 21 and 49
days after treatment, and were attended by all 78 remaining women (72.9%).
These visits were a median 7 (IQR 7-7), 22 days (IQR 21-25) and 49 days (IQR 49-52)
after the first visit. The longest period between the first and fourth study visit was
69 days.
Baseline characteristics of included women stratified by NAAT-testing
The median age of the 107 included women was 22 years (interquartile range
[IQR]: 21-24 years) and the median time between their primary consultation and
the first visit was 9 days (IQR: 7–12 days, Table 1). Of those, 90 (84.1%) were still RNApositive prior to treatment at the first visit, and 81(75.7%) were also DNA-positive;
all DNA-positive women were also RNA positive. The remaining 17 (15.9%) were
RNA-negative at the first visit, suggesting self-clearance of the infection. Overall,
no significant differences were observed between women who self-cleared their
initial infection compared to those who remained NAAT-positive at the first visit
(Table 1).
Baseline characteristics of C. trachomatis NAAT-positive women stratified by
culture
A positive culture result was found for 69 of the 90 (76.7%), RNA-positive, and 63
of the 81 (77.8%) DNA-positive women (Table 2). Comparison of characteristics
between women with a positive or negative C. trachomatis culture revealed that
women with a negative C. trachomatis culture had significantly lower median RLUvalues pre-treatment (median RLU-value 1100) compared to women with a positive
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1188 women with asymptomatic
urogenital Chlamydia trachomatis
September 2015-June 2016

360 eligible women were contacted by
the study team

828 women were excluded
Did not meet inclusion criteria:
1. 18 years or older
2. Willing to receive routine treatment
Met one or more exclusion criteria:
1. Use of antibiotics in three weeks prior to or at
the first study visit
2. Tested positive for ano-rectal C. trachomatis
3. Current pregnancy
4. Unable to receive routine azithromycin
treatment
5. Unwillng or unable to be contacted by the
study team

252 declined to participate
1 tested positive for ano-rectal C. trachomatis at the
primary consultation

107 women attended the first study visit
and were included in baseline analyses

17 women tested negative for C. trachomatis RNA at
the first study visit

90 positive for C. trachomatis RNA at first
study visit prior to receiving treatment.

12 women were lost to follow up after the first study
visit and were excluded from further analyses

78 included in further analyses

Fig 1. Flowchart of the study population
Flowchart indicating the number of women included and excluded from the study population. Amsterdam
2015–2016.

C. trachomatis culture (median RLU-value 1219, P=0.002). In addition, women with
a negative C. trachomatis culture had higher median Ct-values pre-treatment
(median Ct-value 34.6) compared to women with a positive C. trachomatis culture
result (median Ct-value 29.3, P <0.001). Both findings indicate that samples from
women with a negative culture had a lower chlamydial load.
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Table 1: Characteristics of 107 women according to their NAAT result at inclusion. Amsterdam STI clinic,
2015-2016.
Characteristic

Included women

Total
n
(%)
107 (100.0%)

C. trachomatis
RNA-positive
n
(%)
90 (84.1%)

C. trachomatis
P-value
RNA-negative
n
(%)
17
(15.9%)
-

Age in years (continuous)
Median (IQR)

22

(21-24)

22

(21-24)

21

(21-23)

0.416

Ethnicity
Dutch
Non-Dutch

64
43

(59.8%)
(40.2%)

54
36

(60.0%)
(40.0%)

10
7

(58.8%)
(41.2%)

0.928

Notified for STI by a sexual partner
No
100
Yes
7
Time from pre-visit to first visit in days
Median (IQR)
9
RLU-value pre-treatment a
Median (IQR)
Ct-value pre-treatment b
Median (IQR)

0.342
(93.5%)
(6.5%)

85
5

(94.4%)
(5.6%)

15
2

(88.2%)
(11.8%)
0.274

(7-12)

9

(7-12)

11

(8-14)

1204

(11301286)

1204

(11301286)

-

-

30.4

(27.432.6)

30.4

(27.432.6)

-

-

-

-

C. trachomatis culture
Negative
Positive
Failed c

36
69
2

(33.6%)
(64.5%)
(1.9%)

21
69
0

(23.3%)
(76.7%)
(0.0%)

16
0
1

(94.1%)
(0.0%)
(5.9%)

History of C. trachomatis d
No or Unknown
Yes

85
22

(79.4%)
(20.6%)

72
18

(80.0%)
(20.0%)

13
4

(76.5%)
(23.5%)

Last known sexual partner
Casual partner
Steady partner
Unknown

<0.001

0.741

0.288
57
28
22

(53.3%)
(26.2%)
(20.6%)

47
26
17

(52.2%)
(28.9%)
(18.9%)

10
2
5

(58.8%)
(11.8%)
(29.4%)

Data are presented as No. (%) unless otherwise indicated.
Abbreviations: IQR, interquartile range; STI, sexually transmitted infections; Ct, cycle threshold; RLU, relative
light unit; NAAT, nucleic acid amplification test.
a
Including samples positive for C. trachomatis RNA (n = 90).
b
Including samples positive for C. trachomatis DNA (n = 81).
c Failed due to contamination of other micro-organisms present in the sample.
d
History of C. trachomatis refers to either a self-reported or previously documented C. trachomatis infection
>3 months prior to inclusion.
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Table 2: Characteristics of 90 NAAT-positive women according to their C. trachomatis culture result.
Amsterdam STI clinic, 2015-2016
Characteristic

Included women

Total
n
90

(%)
(100.0%)

Age in years (continuous)
Median (IQR)
22
Ethnicity
Dutch
Non-Dutch

C. trachomatis
culture negative
n
(%)
21
(23.3%)

P-value

0.143

(21-24)

22

(20-24)

23

(21-27)
0.161

55
35

Notified for STI by a sexual partner
No
85
Yes
5

(61.1%)
(38.9%)

45
24

(65.2%)
(34.8%)

10
11

(47.6%)
(52.4%)

(94.4%)
(5.6%)

68
1

(98.6%)
(1.4%)

17
4

(81.0%)
(19.0%)

0.063

Time from pre-visit to first visit in days
Median (IQR)
9
(7-12)
RLU-value pre-treatment a
Median (IQR)
1200
C. trachomatis DNA
Positive
Negative

C. trachomatis
culture positive
n
(%)
69
(76.7%)

0.155
9

(7-13)

8

(7-12)
0.002

(1129-1285)

1219

(1148-1301)

1100

(770-1224)
0.046

80
9

Ct-value pre-treatment b
Median (IQR)
30.4

(88.9%)
(10.0%)

63
6

(91.3%)
(8.7%)

17
4

(81.0%)
(19.0%)
<0.001

(27.4-32.7)

29.3

(26.5-31.1)

34.6

(31.7-36.7)

History of C. trachomatis c
Yes
73
No or unknown 17

(81.1%)
(18.9%)

53
16

(76.8%)
(23.2%)

20
1

(95.2%)
(4.8%)

Last known sexual partner
Casual partner
47
Steady partner
26
Unknown
17

(52.2%)
(28.9%)
(18.9%)

37
18
14

(53.6%)
(26.1%)
(20.3%)

10
8
3

(47.6%)
(38.1%)
(14.3%)

0.063

0.559

Data are presented as No. (%) unless otherwise indicated.
Abbreviations: IQR, interquartile range; STI, sexually transmitted infections; Ct, cycle threshold; RLU, relative
light unit; NAAT, nucleic acid amplification test.
a
Including samples positive for C. trachomatis RNA (n = 90).
b
Including samples positive for C. trachomatis DNA (n = 81).
c
History of C. trachomatis refers to either a self-reported or previously documented C. trachomatis infection
>3 months prior to inclusion.

Clearance of C. trachomatis RNA and DNA
The number of participating women with positive RNA or DNA results at each
visit is shown in Fig 2 and 78 had complete follow-up. Of these 78 women 52.6%
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(n=41) cleared RNA at the second visit, 84.6% (n=66) at their third visit, and 97.4%
(n=76) at the fourth visit (Table 3 and Fig 3A). Of the women who had initially
cleared RNA, two became RNA-positive again during follow-up visits.
120
RNA-positive

(n=107)

100

DNA-positive

number of women

(n=90)
(n=78)

80

Culture-positive

60
40
20
0
pre-visit

visit 1
(day 0 )

visit 2
(day 7 )

visit 3
(day 14)

visit 4
(day 21)

Fig 2. The number of women that tested positive for Chlamydia trachomatis per test visit. Graph showing
the total number of women that tested positive for C. trachomatis RNA, DNA or culture. Lines indicate the
total number of women included at each visit.

A.

B.
1.0

95% CI
RNA

0.8

Proportion not cleared

Proportion not cleared

1.0

0.6
0.4
0.2
0.0

95% CI
DNA

0.8
0.6
0.4
0.2
0.0

0

5

10

15

20

25 30 35 40 45 50
Time since treatment (days)

55

60

65

70

0

5

10

15

20

25 30 35 40 45 50
Time since treatment (days)

55

60

65

70

C.

Proportion not cleared

1.0

95% CI
Culture

0.8
0.6
0.4
0.2
0.0
0

5

10

15

20

25 30 35 40 45 50
Time since treatment (days)

55

60

65

70

Fig 3. Time to clearance of Chlamydia trachomatis RNA, DNA and culture. (A) Time to clearance of
Chlamydia trachomatis RNA (n=78), (B) time to clearance of Chlamydia trachomatis DNA (n=70) and (C) time
to clearance of Chlamydia trachomatis culture (n=58) with 95% confidence interval (CI).
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Of 70 (92.9%) women with a DNA-positive NAAT, 68 cleared DNA after treatment
at some visit before their fourth visit (Table 3 and Fig 3B); 60% (n=42) cleared
DNA at the second visit and 87.1% (n=61) at the third visit. Three women (2.9%)
remained DNA-positive after treatment of whom 2 also remained RNA-positive
(Fig 4, patients 1 and 3). Of the 68 women who cleared, two tested DNA-positive
again during follow-up visits.
In total, five women were NAAT-positive at their fourth visit; 4 both DNA- and
RNA-positive and one only DNA-positive (Fig 4). All 5 reported unprotected sexual
contact after treatment.
Table 3: Behaviour of women after inclusion and clearance of Chlamydia trachomatis infection based on
testing by RNA, DNA and Culture.
RNA-positive
n=78 women
n
(%)

DNA-positive
n=70 women
n
(%)

Culture-positive
n=58 women
n
(%)

9
59
41

(11.5%)
(75.6%)
(52.6%)

9
54
37

(12.9%)
(77.1%)
(52.9%)

8
43
32

(13.8%)
(74.1%)
(55.2%)

7

(7-7)

7

(7-7)

7

(7-7)

37

(47.4%)

28

(40.0%)

3

(5.2%)

41

(52.6%)

42

(60.0%)

55

(94.8%)

Time since visit 1 in days (median,
IQR)
Remained C. trachomatis positive
since treatment
Cleared since treatment
Women tested positive again after
initial clearance

22

(21-25)

22

(21-25)

22

(21-25)

10

(12.8%)

7

(10.0%)

0

(0.0%)

66
2

(84.6%)
(2.6%)

61
2

(87.1%)
(2.9%)

58
0

(100.0%)
(0.0%)

Time since visit 1 in days (median,
IQR)
Remained C. trachomatis positive
since treatment
Cleared since treatment
Women tested positive again after
initial clearance

49

(49-52)

49

(49-52)

50

(49-53)

2

(2.6%)

3

(4.3%)

0

(0.0%)

74
2

(94.9%)
(2.6%)

65
2

(92.9%)
(2.9%)

56
2

(96.6%)
(3.4%)

Characteristic
Behaviour after inclusion
Vaginal douching
Sexual contact
Unprotected sexual contact
Visit 2
Time since visit 1 in days (median,
IQR)
Remained C. trachomatis positive
since treatment
Clearance since treatment
Visit 3

Visit 4

Data are presented as No. (%) unless otherwise indicated.
Abbreviations: IQR, Interquartile range
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Fig 4. Overview of women tested DNA, RNA or Culture positive at the fourth visit. Chlamydia trachomatis
RNA and DNA-based NAAT test results, sexual contact and culture result per visit for 5 women with positive
results at the fourth visit. Red: DNA- and RNA-positive; green: RNA-positive and DNA-negative; blue, DNApositive and RNA-negative; White: RNA- and DNA-negative; C+: culture positive; C- culture negative; S:
unprotected sexual contact reported after the previous visit.

C. trachomatis cell culture
The number of all participating women with a positive culture result is shown for
each visit in Fig 2. C. trachomatis culture was positive for 58/78 (74.4%) women
with complete follow up and that were NAAT-positive at their first visit. Of those
3 remained culture-positive at their second visit, none reported unprotected
sexual contact, 2 had returned for their second visit 7 days after azithromycin
intake. The moment of azithromycin intake of the remaining woman could not
be established. All three women cleared their infection by the third visit without
additional treatment (Table 3 and Fig 3C).
Three women were culture-positive at their fourth visit of whom two initially
cleared their positive culture (Fig 4, patient 3 and 5). The other woman (Fig 4,
patient 2) was culture negative at the first visit but became positive at the fourth
visit. All three women reported unprotected sexual contact and had detectable C.
trachomatis RNA and DNA (Fig 4).
High-resolution MLST
Hr-MLST typing was successful on 2/5 sets of samples from the first and fourth
visit of the 5 women with persistent NAAT- and/or culture-positive results. For
patient 3 (Fig 4), the sample from the first visit showed a sequence type 55 (ST55)
whereas in her sample from the fourth visit ST13b was found. This indicates a new
infection. For patient 4, both the samples from the first and fourth visit showed
ST441, indicating either a persistent infection that was too low to be detected at
interim visits or re-infection.
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Discussion
In the present study, we compared RNA- and DNA-based NAATs with conventional
cell culture to assess whether a positive NAAT-based test of cure indicates the
presence of viable C. trachomatis bacteria in urogenital C. trachomatis after routine
azithromycin treatment. Overall, we observed prolonged and intermittent positive
results over time for RNA- and DNA-based NAATs during follow-up visits for some
women. In 76.7% (69/90) RNA-positive and 77.8% (63/81) DNA-positive women,
a viable C. trachomatis was found at the first visit. Three women had a positive
culture at the second visit, but all became negative at the third visit.
Seventeen women (15.9%) self-cleared their infection, prior to receiving treatment,
after a median period of 9 days. This proportion is comparable to other studies
that reported approximately 20% of spontaneous self-clearance within 2 to 3
weeks [20-23]. It is hypothesized that spontaneous clearance is associated with
developing protective immunity against C. trachomatis [21]. All women with selfcleared infections had equivocal results in the Aptima combo test at primary
consultation, but were confirmed positive upon retesting using the Aptima CT
single assay.
We found intermittent positive results for DNA- and RNA-based NAATs up to 49
days in 5% of participants which is much lower compared to a previous study
where intermittent positive results for DNA- and RNA-based NAATs were found
in up to 42% of participants up to 51 days after treatment [15]. For DNA, three
women (2.9%) remained DNA-positive, of whom two also remained RNA-positive
throughout the study period up to the fourth visit. In addition, two women became
RNA-positive again and one also DNA-positive after negative RNA and/or DNAbased NAATs at a previous visit. One woman became only DNA-positive again
after negative RNA and/or DNA-based NAATs at a previous visit. Previous studies
reported 12% RNA persistence after 4 weeks in men [24], and 24% RNA positivity
in patients returning to an STI clinic after 6 months [25]. For DNA clearance other,
mostly older studies, reported contradictory results; some found clearance within
3 weeks while others reported DNA persistence in 5–25% of the patients after
3–4 weeks [15, 26-28]. In a previous study, we found that most (N. gonorrhoeae
co-infected) patients cleared C. trachomatis DNA and RNA within 14 days [29]. In
contrast to the current study, none of these previous studies used C. trachomatis
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culture to provide additional information on RNA- or DNA-based NAAT-positive
results. C. trachomatis culture may distinguish between viable C. trachomatis and
RNA or DNA remnants.
Despite lower sensitivity compared to NAATs, a positive culture is the most
specific method available to detect a viable infection and may therefore help to
interpret (remnant) positive NAAT results. The reported sensitivity of C. trachomatis
culture compared to NAAT testing varies in direct comparisons between 20%
to 83% [6-9]. In our study, we observed a sensitivity of 76.7% (69/90) for culture
in comparison to the Aptima RNA-based NAAT, and 77.8% (63/81) sensitivity for
culture in comparison to the Cobas DNA-based NAAT. In addition, we compared
characteristics of women with a culture-positive and culture-negative infection
and observed that culture-negative samples had a lower Chlamydial load as
indicated by the significantly lower RLU and higher Ct-values.
Using C. trachomatis culture, we found that three women still had a positive
culture sample at their second visit. None of these women reported unprotected
prior sexual contact, suggesting that a minority of cases may remain infectious
at least 7 days after treatment with a single azithromycin dosage. For none of the
participants included in the study the azithromycin intake was directly observed
which is in accordance to routine practice at the Amsterdam STI clinic. Two of three
women returned for their second visit at 7 days after self-reported azithromycin
intake. The moment of azithromycin intake of the remaining woman could not
be established. Delayed intake of azithromycin could have resulted in very high
initial bacterial loads that cleared more slowly. It could also be that these women
did have unprotected sexual contact but failed to report so, or that Chlamydia
bacteria persisted in mucosal cells that were cleared more slowly than expected as
C. trachomatis is known to form enlarged aberrant non-dividing reticulate bodies
in vitro in the presence of antibiotics [30]. This process is reversible after removal of
the antibiotics allowing the C. trachomatis to differentiate in infectious elementary
bodies, again causing persisting infections. However, this is unlikely since all culture
results were negative at the third visit.
Five women tested DNA and/or RNA-positive again at their last visit of whom
three tested also culture-positive, indicating a viable infection, after initially having
cleared. All three women reported unprotected prior sexual intercourse suggesting
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that these were possibly re-infections. For two of five women hr-MLST sequence
types (ST) were obtained from the first and fourth visit samples; one had different
STs indicating most likely a re-infection. The other had identical STs, likely caused
by re-infection, from the same (possibly untreated) partner. With exception of the
infection caused by different STs, it is of course possible that these infections are
persisting viable infections that were not detected since culture lacks sensitivity to
detect all viable chlamydial infections. Therefore, we might have underestimated
the number of persisting infections after treatment during the study period,
which could suggest that more participants remained infectious after treatment.
However, since most women (76/78; 97.4%) cleared both chlamydial DNA and RNA
sometime after treatment and prior to the fourth study visit, we think it unlikely
that these constitute persisting infections. Another explanation could be anorectal to urogenital autoinoculation [31, 32]. Since we did not test all participants
for rectal C. trachomatis, we cannot rule out autoinoculation from a sub-optimally
(azithromycin once) treated anorectal infection.
Potential limitations of this study should be noted. We studied high-risk patients
who may not be representative for the general C. trachomatis-infected population.
We had no data on the sexual partners of the included women and could therefore
not determine whether they received appropriate care to prevent re-infection after
treatment. In addition, we could only type 2 of 5 paired samples with possible reinfections using hr-MLST, due to low chlamydial load. Because of a limited budget
we collected swabs on four visits with weeks apart and not more frequently, so we
were not able to determine a more exact moment of clearance in these women.
We observed prolonged and intermittent positive results over time for RNA- and
DNA-based NAATs, yet the large majority did not correspond to viable infections.
Viable C. trachomatis were found at least 7 days after treatment, indicating
that potential forward transmission within this period is feasible after receiving
azithromycin once. For three women, C. trachomatis cultures were positive at the
fourth visit approximately 49 days after treatment. These were considered likely
re-infections from (untreated) partners. Overall, we observed that a positive NAAT
after treatment does not necessarily indicate treatment failure or re-infection. We
have not found a clear indication for persisting infections or treatment failure.
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Abstract
In contrast to anorectal lymphogranuloma venereum (LGV), few urogenital LGV
cases are reported in men who have sex with men. LGV was diagnosed in 0.06%
(7/12,174) urine samples, and 0.9% (109/12,174) ano-rectal samples. Genital-anal
transmission seems unlikely the only mode of transmission. Other modes like oralanal transmission should be considered.
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Introduction
Lymphogranuloma venereum (LGV) is an invasive ulcerative sexually transmitted
infection (STI) caused by the Chlamydia trachomatis (Ct) LGV biovar (ompA genovars
L1, L2 and L3) [1]. Since 2003 an LGV epidemic among men who have sex with men
(MSM) is ongoing in Europe, North America, and Australia [2]. LGV is associated
with high-risk behavior, reflected in high rates of STI co-infections like human
immunodeficiency virus (HIV) (in up tot 82.2% of the cases) and hepatitis C [3-6]. It
is still unknown whether the increased frequency of STI coinfections found in HIVinfected MSM is due to increased susceptibility associated with immunodeficiency
and/or immune restoration, or a network factor associated with risk behavior [4].
Recent reports suggest an increase of LGV diagnoses in Europe in recent years
[7-9]. Mainly anorectal infections have been diagnosed, whereas the frequency of
urogenital and pharyngeal LGV diagnoses seems rare [10-13]. Assuming that most
anorectal infections are caused by receptive genital-anal contact, the discrepancy
between the frequency of anorectal and urethral infections remains unexplained.
In a previous study, alternative transmission modes for the transmission of
anorectal infections were suggested, such as fisting and/or sharing of sex toys [2].
Yet, in a more recent systematic study, we found no evidence in support of this
4
hypothesis. Tissue tropism of L2b (the most frequently found strain among MSM)
with a predilection to infect anorectal mucosa as opposed to urogenital mucosa
was thought to be another explanation for the discrepancy in the frequency of
urethral as opposed to anorectal infections, yet we could not prove this [14].
Currently most guidelines do not recommend routine testing for urethral LGV
[15,16] , except for the European International Union against STI LGV guideline
[17]. Earlier we reported 2.1% LGV positivity rate in MSM with a concurrent anorectal LGV infection and a 6.8% urethral LGV positivity in their sexual partners [18].
This suggested that urethral LGV infections are a possible link in the ongoing
transmission of LGV in MSM. To indicate its contribution to the current LGV
epidemic, we aimed to determine the positivity rate of urethral LGV among MSM.
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Methods
Study design and setting
In the STI outpatient clinic of Amsterdam, the Netherlands, MSM are offered free
screening for Ct (urethral and pharyngeal), Neisseria gonorrhoeae (Ng) (urethral and
pharyngeal), syphilis, hepatitis B, and using an opt-out strategy for HIV [19,20]. If the
client reports receptive anal sex in the previous 6 months, additionally anorectal
Ct and Ng is tested. All clinical findings, diagnoses and subsequent treatment are
recorded in an electronic patient database along with patient characteristics and
information on sexual behaviour.
Prospectively, urine samples were collected from all MSM visiting the STI
outpatient clinic between March 2014 and July 2015 and were screened for Ct by
amplification with a very sensitive molecular screening assay (Aptima Combo test,
Hologic, USA). Positive samples were genotyped using an in-house pmpH qPCR to
differentiate between LGV and non-LGV type infections [21,22]. If the pmpH test
was non-typable (mainly due to insufficient DNA), or tested positive for a nonLGV infection the result was considered negative for an LGV-infection. The same
strategy was used for Ct-positive anorectal samples. MSM without an anorectal
test were excluded.
Statistical analysis and data collection
Statistical analyses were performed using SPSS V.19 (SPSS, Chicago, Ill). We
analysed whether determinants of MSM with an anorectal LGV infection differed
from MSM with a urethral LGV infection, using Fisher’s test. Tests were 2-sided and
considered significant at P less than 0.05. Sexual preference and number of sexual
partners referred to the period 6 months before consultation. HIV status was based
on self-reported history of HIV. Urethral symptoms were defined as discharge,
dysuria, and/or pruritus. Anorectal symptoms were defined as discharge and/or a
burning sensation. A concurrent STI diagnosis was defined as Ct (non-LGV) or LGV
at another anatomical location (eye/pharyngeal/urogenital/anorectal), Ng and/
or infectious syphilis diagnosed at the same consultation. Men with a concurrent
anorectal LGV and urogenital LGV infection were categorized in the urethral LGV
infection group.
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Results
During the inclusion period, 12,564 screening tests were performed for urethral
Ct infections (Figure 1). In 383 visits, no anorectal test was performed, and in 7 Ctpositive tests no pmpH quantitative polymerase chain reaction was executed; these
were all excluded from the analyses. In 12,174 tests, 404 (3.3%) tested positive for
urethral Ct, of which 319 (78.9%) were negative for an LGV type infection, 78 (19.3%)
were nontypable and 7 (1.7%) tested LGV-positive. In total, 1010 samples (8.0%)
tested positive for ano-rectal Ct, of which 674 (66.7%) were negative for an LGV
type infection, 227 (22.5%) were nontypable and 109 (10.8%) tested LGV-positive.
Overall, we found a urethral LGV positivity rate of 0.06% (7/12,174; 95% confidence
interval [CI], 0.02-0.12) and an anorectal positivity rate of 0.9% (109/12,174; 95%
CI, 0.74-1.08). Of those 7 with urethral LGV, 4 had urethral symptoms, 1 had a
concurrent anorectal LGV infection, 3 were HIV co-infected, and 1 was notified for
LGV. Of the 108 with anorectal LGV, 39 (36.1%) had anorectal symptoms, 91 (84.3%)
were HIV co-infected, and 9 (8.3%) were notified for LGV (Table 1). Compared with
MSM with urethral LGV, those with anorectal LGV were significantly more often HIV
co-infected (P=0.02).

8

Figure 1. Study flowchart of 12,564 visits during which C. trachomatis (Ct) tests were performed in men who
have sex with men at the STI outpatient clinic in Amsterdam, March 2014 to July 2015. * One patient with
anorectal LGV had a urethral LGV co-infection; therefore, he was included in the urethral LGV group.
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Table 1. Baseline characteristics of 115 MSM with an LGV infection visiting the STI Outpatient Clinic in
Amsterdam March 2014 to July 2015, by anatomical site.
Characteristic

Total (n=115)
No.
%

Age (years)
<30
15
13.0%
≥30
100
87.0%
Median age (IQR) 44 (16)
Ethnicity
Dutch
68
non-Dutch
47
No. of sex partners preceding 6 months
≤6
44
>6
71
Median (IQR) 10 (15)
HIV status
Positive
94
Negative
21
Notified of LGV by a sexual partner
No
105
Yes
10
b
Urethral symptoms
No
102
Yes
13
c
Ano-rectal symptoms
No
76
Yes
39
d
Concurrent bacterial STI
No
84
Yes
31

59.1%
40.9%
38.3%
61.7%

81.7%
18.3%
91.3%
8.7%
88.7%
11.3%
66.1%
33.9%
73.0%
27.0%

Rectum (n=108)a P-value*
No.
%
0.23
2
28.6%
13
12.0%
5
71.4%
95
88.0%
44 (26)
44 (15.8)
1.00
4
57.1%
64
59.3%
3
42.9%
44
40.7%
1.00
3
42.9%
41
38.0%
4
57.1%
67
62.0%
7 (9)
10 (15)
0.02
3
42.9%
91
84.3%
4
57.1%
17
15.7%
0.48
6
85.7%
99
91.7%
1
14.3%
9
8.3%
0.03
4
57.1%
98
90.7%
3
42.9%
10
9.3%
0.09
7
100.0%
69
63.9%
0
0.0%
39
36.1%
0.08
4
57.1%
81
75.0%
42.9%
27
25.0%
3e
Urethra (n=7)
No. %

*Based on Fisher’s exact test; P< 0.05 is considered significant.
One ano-rectal LGV is included in the “urethral LGV” column due to a concurrent urogenital LGV.
b
Symptoms were defined as discharge, dysuria, and/or pruritus.
c
Symptoms were defined as discharge and/or a burning sensation.
d
Non LGV Chlamydia trachomatis, LGV at another anatomical location, Neisseria gonorrhoeae or Infectious
syphilis.
e
One urogenital LGV positive MSM also had anorectal LGV.
IQR, Interquartile range.
a

Discussion
The observed positivity rate of urethral LGV infections (0.06%) is 15 times lower
compared to the positivity rate of anorectal LGV infections of 0.9% found among
MSM at the STI clinic. Therefore, it might be likely other modes of transmission
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are needed to explain the current LGV epidemic in MSM. As thought earlier,
transmission via toys is not supported based on epidemiological data [2]. Nor does
tissue tropism seem a likely explanation for the discrepancy found in the rate of
anorectal and urethral LGV infections [14].
A strength of this study is the high number and unbiased population of MSM that
was prospectively tested for both urethral and anorectal LGV as all clients were
included irrespective of symptoms, notification, or prioritization based on sexual
risk assessment.
The number of pmpH nontypable samples from the urethral and anorectal location
was high: respectively, 19.3% (78/404) and 22.5% (227/1010). We considered
nontypable samples LGV negative since it is known that these samples have a low
bacterial load and LGV types are successful growers [23]. Nevertheless, a chance
remains that we have missed LGV infections. However, in an earlier study using a
genotyping Reverse Hybridization Assay, we showed that at least one third of the
pmpH nontypable samples were non-LGV types [23]. Moreover, because there
was no significant difference in the ratio of nontypable samples from urethral
or anorectal locations, the discrepancy between anatomical locations remains
unexplained.
In a 2014 convenience sample study from Madrid, Spain, 13,585 samples, including
2420 urethral samples, were tested in 8407 clients of whom 3282 MSM. In total, 10
(2.6%) of 338 urethral Ct-positive samples were LGV positive [11]. This is slightly
higher than the 1.7% found here. In a 2013 German convenience sample study,
1883 MSM rectal and pharyngeal specimens were tested for LGV and 522 urethral
samples were obtained; 8 were Ct-positive of which none were LGV-positive [12].
In a 2009 prospective multicentre study from the United Kingdom, 4825 urethral
and 6778 rectal samples from consecutive MSM attending for sexual health
screening were screened for LGV [13]. The LGV positivity in rectal samples was
0.90% (95% CI, 0.69%-1.16%) and in urethral samples 0.04% (95%, CI 0.01%-0.16%),
very comparable to our results. None of the 3 studies tested such a number of
MSM both for anorectal and urethral LGV infections as done here. Moreover,
we compared characteristics of MSM with LGV at different anatomical locations.
As found earlier [9], men with urethral LGV were significantly less often HIV coinfected as opposed to men with anorectal LGV, respectively 42.9% and 84.3%
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(P=0,02), indicating that the latter is a population with higher risk-taking behavior.
Unfortunately, the number of urethral LGV cases is too small to look into risk
behavior in closer detail.
The low prevalence of cases found here, does not justify routine screening for
urethral LGV. Yet, clinicians should be aware of possible treatment failures as we
described earlier in a case series of MSM with advanced inguinal LGV with bubo
formation that were likely caused by missed and/or undertreated urethral LGV
infections [24]. Apart from direct consequences for individual patients, missed
urethral LGV infections likely also contribute to ongoing transmission.
As we described earlier, [9] a considerable part of LGV diagnosis found in this study
were asymptomatic: approximately 36% of the anorectal infections, and 4 of the
7 urethral LGV infections. Because LGV requires prolonged treatment and followup compared with non-LGV chlamydia infections, this finding stresses the clinical
importance to exclude LGV in high-risk groups, irrespective of complaints.
With the skewed anorectal/urethral LGV ratio of 15:1, it seems unlikely that urethral
LGV infections are responsible for all anorectal LGV transmissions. Recently we
suggested that oral infections may have a role in LGV transmission via ano-oral
sex [25]. Schachter et al. [26] demonstrated in early work that neonates with an
initial chlamydia conjunctivitis or pneumonia, subsequently shedded Ct from the
vagina and rectum. They suggested that the vagina and conjunctivae are exposed
to chlamydia at birth and that pneumonia and gastrointestinal infection occur
later via oropharyngeal transmission. This paradigm could possibly also account as
an explanation for the unanswered findings in the current LGV epidemic in MSM.
Apart from genital-anal transmission, oropharyngeal infection may occur via anooral sex (also known as rimming) [25]. Subsequently LGV organisms pass through
the gastrointestinal tract to cause anorectal LGV proctitis. Whether this paradigm
proves right remains to be seen, and its contributing factor to the LGV epidemic in
MSM needs to be addressed in future research.
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Abstract
Background
Previous studies showed that C. trachomatis strains found in MSM are different
from those in heterosexuals. This study investigates whether the differences in
strain distribution between MSM and heterosexuals are due to tissue tropism.
Methods
C. trachomatis positive samples were collected from MSM (anorectal) and women
(anorectal, cervical, vaginal, pharyngeal) visiting the STI outpatient clinic of
Amsterdam between 2008 and 2013. All samples were typed using multilocus
sequence typing (MLST). Epidemiological data were derived from electronic
patient records.
Results
We obtained full MLST data for C. trachomatis from 207 MSM and 185 women, all
with anorectal infections. Six large clusters were identified of which 3 consisted
predominantly of samples from women (89%-100%), whereas the other 3 consisted
predominantly of samples from MSM (97%-100%). Furthermore, we obtained full
MLST data from 434 samples of 206 women with concurrent infections at multiple
anatomical locations. No association was observed between C. trachomatis cluster
and the anatomical location of infection.
Conclusion
We found no indication for tissue tropism in urogenital, pharyngeal and anorectal
C. trachomatis infections. Combined with results from previously conducted
studies, we hypothesize that MSM and heterosexuals have different distributions
of C. trachomatis strains due to their separate sexual networks.
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Background
Chlamydia trachomatis infection is a major public health problem, as it remains
the primary cause of bacterial sexually transmitted diseases worldwide [1]. C.
trachomatis is capable of infecting various cell types and tissues in the human
body with a considerable number of infections found in the urogenital tract.
Infections also occur in ocular, anorectal and pharyngeal tissue. Most of these
infections remain asymptomatic. If not properly treated, these may result in severe
complications including epididymitis and pelvic inflammatory disease, leading to
infertility in women and possibly also in men [2-4].
C. trachomatis is currently divided into 15 main genovars, according to
immunotyping of the major outer membrane protein (MOMP) or analysis of the
coding ompA gene [5]. These 15 genovars can be grouped into ocular genovars
A to C, anogenital genovars D to K, and LGV genovars L1 to L3 [6]. Most of the
studies using ompA typing demonstrated that the majority of infections among
heterosexuals involved genovars D, E, and F, while the majority of infections among
MSM involved genovars D, G, and J [7-11]. In addition, they also demonstrated that
genovar prevalence varied by anatomical site: genovar G is more commonly found
in the anorectal tract, whereas other genovars are more common in the urogenital
tract [8,10,12,13].
We recently reported that genotyping of C. trachomatis using only one molecular
target, the ompA gene, was far less discriminatory compared to a recently
developed high-resolution multilocus sequence typing (MLST) system [14]. This
high-resolution MLST system has improved the characterization of strains infecting
different populations at risk. Two recent population studies using this MLST
method demonstrated distinct transmission networks in MSM and heterosexuals
[7,15]. C. trachomatis infections found among heterosexuals belonged to multiple
heterogeneous clusters of various sizes, whereas the majority of infections found
among MSM belonged to 2 large clusters of strains that circulated exclusively
among MSM. One cluster comprised genovar D samples, and the other genovars G
and J. However, samples from MSM and heterosexuals included in these population
studies were taken from different anatomic sites: samples from MSM were primarily
taken from the anorectal tract, whereas samples from heterosexuals were taken from
the urogenital tract. The occurrence of these distinct transmission networks between
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MSM and heterosexuals might therefore also be explained by tissue tropism, causing
different C. trachomatis sequence types to be preferentially associated with either
the urogenital or anorectal tract. This may also explain the previously demonstrated
variation in genovar prevalence by anatomical site [8,10,12,13].
Therefore, we investigated whether the differences in MLST identifiable strain
distributions between MSM and heterosexuals can be explained by tissue
tropism. We assessed: (1) differences in C. trachomatis sequence type distributions
of anorectal infections between MSM and women, and (2) differences in C.
trachomatis sequence type distributions by anatomical site in women with
concurrent infections at multiple anatomic locations.

Methods
Collection of Chlamydia-positive samples
For this retrospective analysis, we used routinely collected data and samples from
women diagnosed with a C. trachomatis infection from December 2011 until
December 2012 at a visit to the STI outpatient clinic of the Public Health Service of
Amsterdam, the Netherlands.
All women were tested for STI according to standard procedures, as described
previously [7,16]. In brief, swabs were taken either from the vagina, cervix, urethra,
(all considered urogenital infections), rectum, or pharynx, depending on sexual
techniques, risk behaviour, clinical signs, being notified of an STI, and symptoms
associated with chlamydial infections and other STIs. All collected swabs were
tested for the presence of C. trachomatis RNA using the Aptima Combo 2 assay
(Hologic/Gen-Probe, San Diego, CA) at the Public Health Laboratory, Amsterdam.
Positive C. trachomatis samples were stored at -20 °C. This analysis was restricted
to women who were diagnosed with either concurrent C. trachomatis infections
at multiple anatomic locations, or with solitary anorectal infections. Additional
demographic and sexual risk behaviour data were obtained from the electronic
patient records from the STI clinic, which contained data on gender, age, number
of sexual partners in the preceding 6 months, sexual techniques, being notified by
a sexual partner, STI related symptoms, HIV status, and having received money for
sex in the preceding 6 months.
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For comparison of anorectal infections among MSM and women, we selected data
from MSM with anorectal C. trachomatis infections from a previous study [7]. These
were MSM visiting the same STI clinic between July 2008 and August 2009, who
reported having had receptive anal sex with a man in the preceding 6 months.
Full MLST data and additional demographic and sexual risk behaviour data (from
electronic patient records) were available for all selected MSM [7].
The Medical Ethical Committee of Academic Medical Center of the University of
Amsterdam, The Netherlands approved this study.
DNA Amplification
DNA from all included clinical samples was extracted by isopropanol precipitation
and tested for the presence of chlamydial DNA using an in-house pmpH LGV qPCR
[11,17]. For isolates that tested negative, DNA was re-extracted from the original
samples and retested. All samples that repeatedly tested negative were excluded.
For all isolates that tested positive, samples were aggregated in two categories: (1)
samples with a cycling threshold lower than or equal to 35, and (2) isolates with
a cycling threshold higher than 35. The latter were usually unsuitable for further
typing.
Nested PCR and Sequencing of MLST regions
DNA isolates were amplified by a nested PCR for the regions ompA, CT046 (hctB),
CT058, CT144, CT172, and CT682 (pbpB) as described previously [7,14]. The inner
PCR for isolates with a qPCR cycling threshold lower than or equal to 35 were
performed with M13-tagged primers, similar to the standard inner primers. The
inner PCR for isolates with a qPCR cycling threshold higher than 35 were performed
with standard inner primers. The M13-tagged amplified DNA samples were sent to
the sequence facility of the Academical Medical Center of Amsterdam for further
processing. The non M13-tagged amplified DNA was processed at the Public
Health Laboratory as described previously [14].
MLST Data analysis
The obtained sequences were assembled and trimmed, using BioNumerics 7
(Applied Maths, Sint-Martens-Latem, Belgium). The sequences were checked
against the C. trachomatis MLST database (http://mlstdb.bmc.uu.se). Only samples
in which all six loci were successfully amplified, sequenced, and identified
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obtained a full MLST profile (Sequence type, ST) and were included in further
analysis. Incomplete and low quality samples were re-amplified and re-sequenced
at the Public Health Laboratory. Minimum spanning trees were generated with
BioNumerics 7 using the MLST profiles. A cluster was defined as a group of STs
differing by not more than one locus from another ST within that group. Clusters
containing 10 or more samples were defined as large clusters. To investigate
specific characteristics of small clusters (n<10) and singletons, we combined these
samples into a residual group.
Statistics
C. trachomatis infections were aggregated into cervical, urethral, vaginal, anorectal
or pharyngeal infections, based on the anatomical location of sampling. Paired
samples of women with concurrent infections at multiple anatomic locations
were aggregated into concordant or discordant infections based on sequence
type variation between the samples. Paired samples with sequence types that
belonged to the same cluster were considered concordant infections, whereas
paired samples with sequence types that belonged to different clusters were
considered discordant infections. All women were regarded as heterosexuals, as
female-to-female transmission of C. trachomatis is very rare [18].
Differences between groups and clusters were tested using the Pearson χ2 test
for categorical data. Fisher exact test was used when an expected cell count
was <1. For continuous variables Mann-Whitney U tests and Kruskall-Wallis tests
were used. A P value <0.05 was considered statistically significant. Generalized
estimating equations (GEE) was used to account for possible correlations among
multiple samples of women with discordant infections. Analyses were performed
with SPSS package version 21.0 (SPSS Inc., Chicago, IL, USA)

Results
Study population and specimens
From December 2011 to December 2012, a total of 17,343 women visited the
STI outpatient clinic of the Public Health Service of Amsterdam, of whom 7,143
were tested for chlamydia on multiple anatomical locations during the same
consultation. Of those, 440 (6.2%) tested positive for C. trachomatis infections on
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multiple anatomic locations, resulting in a total of 926 chlamydia positive samples
(Figure 1). Of these, 856 (92.4%) were available for typing analysis. In 713 samples
(83.3%), sufficient chlamydial DNA could be demonstrated using qPCR, and for
585 of these samples (63.1%) derived from 357 women, full MLST profiles could
be obtained. We excluded 151 women with successfully typed samples from only
one location (Figure 1; group A). The remaining 206 women provided 434 samples
comprising 149 (34.3%) cervical samples, 116 (26.7%) urethral samples, 51 (11.8%)
vaginal samples, 101 (23.3%) anorectal samples, and 17 (3.9%) pharyngeal samples.
Multiple infections among women
n=926 samples; n=440 individuals

Single rectal infections among
Women
n=98 samples

Available for further typing
n=856 samples; n=440 individuals
(93.4%);
(100%)

Available for further typing
n=97 samples
(99.0%)

Sufficient Chlamydial DNA
n=713 samples; n=396 individuals
(77.0%);
(90.0%)

Sufficient Chlamydial DNA
n=53 individuals
(54.1%)

Fully typed
n=641 samples; n=357 individuals
(69.2%);
(81.1%)

Fully typed
n=641 samples; n=357 individuals
(49.0%)

Rectal infections among MSM
n=207 samples

Excluded:
- 2 ulcus samples
- 151 individuals with <2 typed
samples

Rectal samples
n=36

Rectal samples
n=137

Total included Multiple infections
n=434 samples; n=206 individuals
(46.9%);
(46.8%)

Group A

Rectal samples
n=101

Total included rectal samples from
women
n=185 samples

Total included rectal samples from
MSM
n=207 samples

Group B

Group C

Figure 1: Flowchart indicating the number of samples and individuals included and excluded from the study
population. Amsterdam 2008-2012. The MSM samples were previously described [7].

During the same period, 98 women were diagnosed with a solitary anorectal
C. trachomatis infection. Of these, 97 (99.0%) samples were available for further
testing. In 53 of these samples (54.1%) sufficient chlamydial DNA could be
demonstrated using qPCR. For 48 of them (90.6%), full MLST profiles could be
obtained. In addition to these 48 samples, we had 137 anorectal samples with
full MLST profiles derived from group A (Figure 1). Together these 185 anorectal
samples constituted group B (Figure 1). Overall, no significant differences were
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observed between women included and excluded from the study for age,
ethnicity, number of sexual partners in the previous 6 months, vaginal intercourse,
receptive anal intercourse, active oral intercourse, being notified of an STI by a
sexual partner, STI related complaints, HIV status and having received money for
sex in the previous 6 months. For comparison, 207 anorectal samples from MSM
with a full MLST profile were included from a previous study [7] (Figure 1; group C).
Comparison of MSM and women with anorectal infections
Data of 185 anorectal samples from women (group B; Figure 1) and 207 anorectal
samples from MSM (group C, Figure 1) were available for analysis. Almost all
demographic and sexual risk behaviour characteristics differed significantly
between MSM and women (Table 1). The median age of all women with a fully
typed anorectal sample was 23 years (IQR 20-26 years) and their median number
of partners during the last 6 months was 3 (IQR 1-5). In comparison, MSM were
significantly older (P <0.001) with a median age of 38 years (IQR 31-45 years) and
reported more sexual partners during the last 6 months, with a median of 10
partners (IQR 4-20; P<0.001). In addition, MSM were more frequently HIV positive
(P<0.001), but fewer MSM reported having received money for sex in the previous
6 months (P<0.001; Table 1).
Using the complete MLST profiles of all 392 anorectal samples of MSM and
women, 119 unique STs could be identified. Of all identified STs 38 had multiple
representatives (2 to 47 isolates) while 81 were found in only a single isolate
(singletons). Using these STs, a minimum spanning tree was generated, in which
6 large clusters could be identified (Figure 2). These clusters ranged from 19 to 93
samples comprising 87.5% of all samples. The remaining 49 samples from MSM
and women had more than one locus difference compared to other samples that
are included in the large clusters, and therefore constituted the residual group.
These remaining samples were distributed over 23 singletons and 6 small clusters,
ranging from 2 to 7 samples. The minimum spanning tree shows a clear distinction
between samples from MSM and women. Of the 6 large clusters, 3 consisted
predominantly of samples from women (83.9% to 100%) whereas the other 3 large
clusters consisted predominantly of samples from MSM (96.8% to 100%). Outside
the identified large clusters, 7 samples were from MSM and 42 samples were from
women. Overall, the samples from women showed more genetic diversity than
those from MSM.
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Table 1. Demographic and sexual risk behavior characteristics of women and men who have sex with men
(MSM) with anorectal Chlamydia trachomatis infections. Amsterdam STI clinic, 2008-2012.
Variable
*
Demographics
Age in years (continuous)
Median (IQR)
Age in years (categorical)
<15
15-19
20-24
25-29
30-39
>40
Sexual behavior
Number of partners in
preceding 6 months
(continuous)
Median (IQR)

Total
n
(%)

383

Women (N=185)
*
n
(%)
185

28

(22-39)

383

198
23 (20-26)

185
1
25
107
72
84
94

(0.3%)
(6.5%)
(27.9%)
(18.8%)
(21.9%)
(24.5%)

286

183

Notified of STI by a sexual
partner
No
Yes

383

185

188

STI related symptoms
No
Yes

383

HIV status
Unknown
Negative
Positive

392

198

<0.001
1 (0.5%)
54 (27.3%)
143 (72.2%)

198
148 (80.0%)
37 (20.0%)

185
233 (60.8%)
150 (39.2%)

<0.001

10 (4-20)

22 (12.0%)
16
(8.7%)
145 (79.2%)

306 (79.9%)
77 (20.1%)

<0.001
0 (0.0%)
0 (0.0%)
12 (6.1%)
31 (15.7%)
69 (34.8%)
86 (43.4%)

3 (1-5)

Receptive anal intercourse 381
31 (8.1%)
None a
Safe
70 (18.4%)
280 (73.5%)
Unsafe b

0.961
158 (79.8%)
40 (20.2%)

198
132 (71.4%)
53 (28.6%)

185
19 (4.8%)
278 (70.9%)
95 (24.2%)

38 (31-45)

1 (0.5%)
25 (13.5%)
95 (51.4%)
41 (22.2%)
15 (8.1%)
8 (4.3%)

(2-10)

<0.001
101 (51.0%)
97 (49.0%)

207
3 (1.6%)
182 (98.4%)
0 (0.0%)

P

<0.001

198

185

4

MSM (N=207)
*
n
(%)

<0.001
16 (7.7%)
96 (46.4%)
95 (45.9%)

Received money for sex in 383
185
198
<0.001
preceding 6 months
No
354 (92.4%)
158 (85.4%)
196 (99.0%)
Yes
29 (7.6%)
27 (14.6%)
2 (1.0%)
Abbreviations: MSM, men who have sex with men; STI, sexual transmitted infection; HIV, human
immunodeficiency virus; IQR, interquartile range; P, P-value.
Significant P-values in bold.
* Number of individuals with available data.
a
Of all women reporting no receptive anal intercourse, 14 were prostitutes and were also tested for rectal C.
trachomatis infections following routine guidelines, 5 women were accidently tested, 3 women were tested
for reporting anal discharge, and 1 women was tested due to notification by a sexual partner.
b
Eight women reported receptive anal intercourse but condom use was unknown. These were all included
as having unsafe receptive anal intercourse, as this would be the most likely explanation for infection.
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Figure 2: Minimum spanning tree showing the MLST pattern of 392 Chlamydia trachomatis positive anorectal
samples from MSM and women. Each circle represents one ST. Size of the circles is proportional to the number
of identical ST profiles. Bold lines connect types that differ for one single locus. Halos indicate the distinct
clusters. The colour coding is: green, men who have sex with men (n=207); red, heterosexual women (n=185).

The clusters dominated by women consisted of genovars D, E, F, I, and J, with
genovars D, E, and F being most prominent. In comparison, the clusters dominated
by MSM consisted of genovars D, G, J, L2, and L2b, with genovars D, G, J, and L2b
being most prominent. The residual group consisting of the remaining small
clusters and singletons included a wide variety of genovars, but genovars D and G
were most common (Table 2).
Cluster analysis of MSM and women with anorectal infections
We observed significant differences for gender, age, number of partners in the
preceding 6 months, receptive anal intercourse, STI related symptoms, HIV status
and having received money for sex in the preceding 6 months between all clusters.
However, no significant differences could be observed when comparing only the
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residual group and the clusters dominated by women (cluster I-III; PI-III+R, Table 2).
These findings are fully in line with previous findings by our group in which distinct
circulating C. trachomatis strains were found among MSM and heterosexuals, as
was discussed elsewhere [7].
Comparing the MSM dominated clusters (cluster IV-VI, Table 2), significant
differences were observed in the number of sexual partners in the preceding
6 months (P=0.014; PIV-VI Table 2). MSM in the LGV cluster reported more sexual
partners (median of 10 (IQR, 10-20)) compared to MSM in the other MSM
dominated clusters (median of 5 (IQR, 3-20)). Significant differences were also
observed for STI related complaints (P=0.007; PIV-VI Table 2). A larger proportion of
MSM in the LGV cluster reported STI related complaints (66.7%) compared to MSM
in the other MSM dominated clusters (36.8 to 41.8%). Finally, significant differences
were observed for HIV status (P<0.001; PIV-VI Table 2) A larger proportion of MSM
in the LGV cluster were HIV positive (85.0%) compared to MSM in the other MSM
dominated clusters (33.3 to 39.3%). These differences were therefore mainly due
to the LGV cluster that is known to prevail among a core group of high risk MSM
[7,19,20]. When we excluded the LGV cluster (cluster VI) from the analysis, no
significant differences were observed between the remaining two MSM clusters,
as was shown previously by our group [7].
Comparison of women with concurrent infections at multiple anatomic
locations
The median age of the 206 women with concurrent infections at multiple anatomic
locations (group A, Figure 1) was 22 years (IQR 16-28 years) and their median
number of partners during the last 6 months was 3 (IQR 1-6) (Table 3). Using the
complete MLST profile of all 434 samples of these 206 women, 126 unique STs
could be identified of which 51 were novel to the C. trachomatis MLST database
(http://mlstdb.bmc.uu.se). Novel STs were numbered in order of identification
and were found in 88 (20.1%) of 434 samples. Of all identified STs 79 had multiple
representatives (2 to 50 isolates) while 47 were found in only a single isolate
(singletons). Using the STs of all of these samples, a minimum spanning tree was
generated, in which 4 large clusters could be identified (Figure 3). These clusters
ranged from 46 to 123 samples comprising 75.3% of all samples. The remaining
108 samples were distributed over 47 singletons and 10 small clusters, ranging
from 2 to 9 samples.
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188

23 (21-27)

Age in years
(continuous) a
Median (IQR)
23 (20-28)

9 (16.1%)
47 (83.9%)

(6.3%)
(93.7%)

(0.0%)
(16.1%)
(7.1%)
(76.8%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)

(%)

5
74

n=56
0
9
4
43
0
0
0
0
0
0
0

(%)

Cluster II

0
(0.0%)
0
(0.0%)
79 (100.0%)
0
(0.0%)
0
(0.0%)
0
(0.0%)
0
(0.0%)
0
(0.0%)
0
(0.0%)
0
(0.0%)
0
(0.0%)

n=79

Cluster I

ompA Genovar
B
D
E
F
G
H
I
J
K
L2
L2b
Demographics
Gender
Male
Female

Variable
(%)

22 (21-24)

0 (0.0%)
19 (100.0%)

0 (0.0%)
1 (5.3%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
15 (78.9%)
3 (15.8%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

n=19

Cluster III
(%)

37 (29-45)

90 (96.8%)
3 (3.2%)

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
64 (68.8%)
0 (0.0%)
0 (0.0%)
29 (31.2%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

n=93

Cluster IV
(%)

38 (29-45)

56 (100.0%)
0 (0.0%)

0 (0.0%)
56 (100.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

n=56

Cluster V

(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(7.5%)
(92.5%)

(%)

43 (35-46)

40 (100.0%)
0
(0.0%)

0
0
0
0
0
0
0
0
0
3
37

n=40

Cluster VI

(2.0%)
(24.5%)
(16.3%)
(4.1%)
(20.4%)
(8.2%)
(6.1%)
(12.2%)
(6.1%)
(0.0%)
(0.0%)

(%)

25 (20-29)

7 (14.3%)
42 (85.7%)

1
12
8
2
10
4
3
6
3
0
0

n=49

Residual

0.438

0.095

-

PI-III+R
-

0.112

0.207

P IV-VI

Table 2. Demographic and sexual risk behavior characteristics of women and MSM with anorectal infections by Chlamydia trachomatis MLST cluster.

-

P total
-

0.089 <0.001

0.175 <0.001

P IV+V
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7
62

69
10

Receptive anal
intercourse c
None
Safe
Unsafe d

Notified of STI by a
sexual partner a
No
Yes

(87.3%)
(12.7%)

(16.7%)
(9.0%)
(74.4%)

3 (2-6)

Sexual behavior
Number of partners
in preceding
6 months
(continuous) b
Median (IQR)

(0.0%)
(12.7%)
(50.6%)
(17.7%)
(15.2%)
(3.8%)

(%)

0
10
40
14
12
3

n=79

Cluster I

Age in years
(categorical) a
<15
15-19
20-24
25-29
30-39
>40

Variable

Table 2. continued.

1 (10.5%)
2 (10.5%)
16 (78.9%)

15 (78.9%)
4 (21.1%)

41 (74.5%)
14 (25.5%)

(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)

(%)

4 (13.0%)
7 (13.0%)
43 (74.1%)

0
3
12
2
1
1

n=19

2 (1-3)

(1.8%)
(12.7%)
(45.5%)
(23.6%)
(10.9%)
(5.5%)

(%)

Cluster III

3 (2-6)

1
7
25
13
6
3

n=56

Cluster II
(%)

66 (75.9%)
21 (24.1%)

2 (2.3%)
27 (31.0%)
58 (66.7%)

5 (3-20)

0 (0.0%)
0 (0.0%)
6 (6.9%)
16 (18.4%)
27 (31.0%)
38 (43.7%)

n=93

Cluster IV
(%)

43 (78.2%)
12 (21.8%)

0 (0.0%)
17 (30.9%)
38 (69.1%)

5 (3-10)

0 (0.0%)
0 (0.0%)
5 (9.1%)
9 (16.4%)
18 (32.7%)
23 (41.8%)

n=56

Cluster V

(0.0%)
(0.0%)
(0.0%)
(7.7%)
(38.5%)
(53.8%)

(%)

32
7

0
4
35

(82.1%)
(17.9%)

(0.0%)
(10.3%)
(89.7%)

10 (10-20)

0
0
0
3
15
21

n=40

Cluster VI

(0.0%)
(10.2%)
(38.8%)
(30.6%)
(10.2%)
(10.2%)

(%)

40 (81.6%)
9 (18.4%)

7 (14.3%)
6 (12.2%)
36 (73.5%)

3 (1-6)

0
5
19
15
5
5

n=49

Residual

0.301

0.863

0.396

0.656

PI-III+R

0.740

0.056

0.014

0.359

P IV-VI

P total

0.750

0.556

0.524 <0.001

0.463 <0.001

0.951 <0.001

P IV+V
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189

190

0
75
4

65
5

HIV status
Unknown
Negative
Positive

Received money for
sex in preceding 6
months a
No
Yes

(82.3%)
(6.3%)

(0.0%)
(94.9%)
(5.1%)

(69.6%)
(30.4%)

(%)

(%)

50 (90.9%)
5 (9.1%)

2 (3.6%)
52 (92.9%)
2 (3.6%)

34 (61.8%)
21 (38.2%)

n=56

Cluster II
(%)

17 (89.5%)
2 (10.5%)

1 (5.3%)
18 (94.7%)
0 (0.0%)

13 (68.4%)
6 (31.6%)

n=19

Cluster III
(%)

86 (98.9%)
1 (1.1%)

9 (9.7%)
53 (57.0%)
31 (33.3%)

55 (63.2%)
32 (36.8%)

n=93

Cluster IV
(%)

55 (100.0%)
0 (0.0%)

3 (5.4%)
31 (55.4%)
22 (39.3%)

32 (58.2%)
23 (41.8%)

n=56

Cluster V

(7.5%)
(7.5%)
(85.0%)

(33.3%)
(66.7%)

(%)

39 (100.0%)
0
(0.0%)

3
3
34

13
26

n=40

Cluster VI
(%)

42 (85.7%)
7 (14.3%)

1 (2.0%)
46 (93.9%)
2 (4.1%)

31 (63.3%)
18 (36.7%)

n=49

Residual
0.007

P IV-VI

0.822

0.581

0.627 <0.001

0.778

PI-III+R

0.014

P total

0.425 <0.001

0.556 <0.001

0.548

P IV+V

Abbreviations: MSM, men who have sex with men; STI, sexual transmitted infection; HIV, human immunodeficiency virus; IQR, interquartile range; P, P-value
Ptotal represents the p-value for the analysis over all clusters and the residual group; PI-III+R over clusters I to III and the residual group consisting predominantly of women; PIV-VI
over clusters VI tot VI consisting predominantly of MSM including the LGV cluster. PIV-V over clusters IV and V consisting predominantly of MSM excluding the LGV cluster.
Significant P-values in bold.
a Data is missing for 1 cluster II infection, 6 cluster IV infections, 1 cluster V infection, and 1 cluster VI infection.
b Data is missing for 3 cluster I infections, 4 cluster II infections, 45 cluster IV infections, 16 cluster VI infections, and 4 residual infections.
c Data is missing for 1 cluster I infection, 2 cluster II infections, 6 cluster IV infections 1 cluster V infection, and 1 cluster VI infection.
d Eight women reported receptive anal intercourse but condom use was unknown. These were all included as having unsafe receptive anal intercourse, as this would be the
most likely explanation for infection.

55
24

n=79

Cluster I

STI related
symptoms a
No
Yes

Variable

Table 2. continued.
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Table 3. Demographic and sexual risk behavior characteristics of women with concurrent concordant- and
discordant multiple Chlamydia trachomatis infections.
Variable
Total
Concordant
Discordant
P
(N=206)
(N=179)
(N=27)
*
n
(%)
*
n
(%)
* n
(%)
Demographics
Age in years (continuous)
206
179
27
0.321
Median (IQR)
22 (20-26)
22 (20-26)
21
(19-26)
Age in years (categorical)
<15
15-19
20-24
25-29
30-39
>40

206

Ethnicity
Dutch
Surinamese
Eastern European
Other

206

Sexual behavior
Number of partners in
preceding 6 months
(continuous)
Median (IQR)

179
0 (0.0%)
38 (18.4%)
105 (51.0%)
43 (20.9%)
13 (6.3%)
7 (3.4%)

(47.1%)
(18.4%)
(10.7%)
(23.8%)

206

Receptive anal intercourse
None
Safe
Unsafe

205

Active oral intercourse
None
Safe
Unsafe

203

Notified of STI by a sexual
partner
No
Yes

206

STI related symptoms
No
Yes

206

84
30
20
45

(2-5)

(46.9%)
(16.8%)
(11.2%)
(25.1%)

0.545

3 (1-6)
0.831
3
23

(11.5%)
(88.5%)

13
3
10

(50.0%)
(11.5%)
(38.5%)

26
97
14
68

(54.2%)
(7.8%)
(38.0%)

177

0.797

26
24 (13.6%)
7
(4.0%)
146 (82.5%)

179
143 (69.4%)
63 (30.6%)

(48.1%)
(29.6%)
(7.4%)
(14.8%)

26

179

28 (13.8%)
8 (3.9%)
167 (82.3%)

0.327
13
8
2
4

18 (10.2%)
159 (89.8%)

110 (53.7%)
17 (8.3%)
78 (38.0%)

(0.0%)
(29.6%)
(37.0%)
(29.6%)
(3.7%)
(0.0%)

27

177

0.969
4
1
21

(15.4%)
(3.8%)
(80.8%)

27
126 (70.4%)
53 (29.6%)

179
87 (42.2%)
122 (59.2%)

0
8
10
8
1
0

3 (2-5)

21 (10.3%)
182 (89.7%)

0.213

27

179

3
203

0 (0.0%)
30 (16.8%)
95 (53.1%)
35 (19.6%)
12 (6.7%)
7 (3.9%)
179

97
38
22
49

Vaginal intercourse
Safe
Unsafe

27

0.435
17
10

(63.0%)
(37.0%)

17
13

(63.0%)
(48.1%)

27
70 (39.1%)
109 (60.9%)

0.209

191
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Table 3. continued.
Variable

HIV status
Unknown
Negative
Positive
Received money for sex in
preceding 6 months
Yes
No

*
206

Total
(N=206)
n
(%)
4 (1.9%)
201 (97.6%)
1 (0.5%)

206
175 (85.0%)
31 (15.0%)

Concordant
(N=179)
*
n
(%)
179
4 (2.2%)
174 (97.2%)
1 (0.6%)

Discordant
(N=27)
* n
(%)
27
0
(0.0%)
27 (100.0%)
0
(0.0%)

0.679

179

27

0.263

154 (86.0%)
25 (14.0%)

21
6

P

(77.8%)
(22.2%)

Abbreviations: STI, sexual transmitted infection; HIV, human immunodeficiency virus; IQR, interquartile
range; P, P-value.
Significant P-values in bold.
* Number of individuals with available data

The minimum spanning tree shows a heterogeneous distribution of STs found per
anatomic location (Figure 3). The 4 large clusters contained genovars D, E, F, I, and
J, with genovars D, E, and F being most prominent. The residual group containing
the remaining small clusters and singletons included all genovars with a majority
of genovars D, E, and G. Overall, no significant differences could be observed when
comparing the proportions of cervical, urethral, vaginal, anorectal or pharyngeal
infections between all clusters and the residual group (Table 4).
Discordant infections among women with concurrent infections at multiple
anatomic locations
Analysis of STs found among all samples from 206 women with concurrent
infections at multiple anatomic locations identified 376 samples from 179 women
(86.9%; 95% CI [81.8-91.0%]), in whom all concurrent infections were caused by
the same (concordant) chlamydia strains belonging to the same clusters. For 264
samples from 153 (74.3%; 95% CI [68.0-79.9%]) of these women, concordant strains
had an identical ST, and for 54 samples from 26 (12.6%; 95% CI [8.6-17.6%]) women
the ST differed at 1 locus between concurrent samples. The remaining 58 samples
belonged to 27 women (13.1%; 95% CI [9.0-18.2%]) who had concurrent infections
caused by discordant C. trachomatis strains, belonging to different clusters. Of
those, 6 women had concurrent samples that differed at 2 loci and 21women
had concurrent samples that differed at 3 or more loci. Statistical analysis of
demographic and sexual risk behaviour characteristics revealed no significant
differences between women with concordant and discordant infections (Table 3).

192

C. trachomatis Tissue Tropism

Figure 3: Minimum spanning tree showing the MLST pattern of 434 Chlamydia trachomatis positive
samples from 206 women with concurrent infections at multiple anatomic locations. Each circle
represents one MLST type. Size of the circles is proportional to the number of identical STs. Bold lines
connect types that differ for one single locus. Halos indicate the distinct clusters. Colours indicate the
anatomic location of sampling; pink: cervical samples (n=149), cyan: urethral samples (n=116), orange:
vaginal samples (n=51), blue: anorectal samples (n=101), and yellow: pharyngeal samples (n=17).

In addition, no significant differences could be observed when comparing the
proportion of concordant and discordant infections between all clusters and the
residual group (Figure 4; Table 4).

Discussion
In this study, we observed that anorectal C. trachomatis infections in women were
caused by different strains than anorectal C. trachomatis infections in MSM. We
eliminated the discrepancy in anatomical sample site and still observed largely
distinct C. trachomatis strains infecting MSM and women. We found that C.
trachomatis infections circulating among women belonged to 3 heterogeneous
clusters of various sizes, whereas the majority of infections found among MSM
belonged to 3 homogeneous clusters.
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194
40
33
13
28
7

110
11

Anatomic location of infection
Cervical
Urethral
Vaginal
Anorectal
Pharyngeal

Discordant multiple infectionsa
No
Yes
(90.9%)
(9.1%)

(33.1%)
(27.3%)
(10.7%)
(23.1%)
(5.8%)

(0.0%)
(0.0%)
(100.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)

(0.0%)
(0.0%)
(100.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)
(0.0%)

51
9

(85.0%)
(15.0%)

21
(35.0%)
17
(28.3%)
8 (13.3%)
13
(21.7%)
1
(1.7%)

0
0
60
0
0
0
0
0
0

Cluster II
n=60
(%)

87
12

37
25
9
24
4

0
19
0
74
0
0
0
6
0

(87.9%)
(12.1%)

(37.4%)
(25.3%)
(9.1%)
(24.2%)
(4.0%)

(0.0%)
(19.2%)
(0.0%)
(74.7%)
(0.0%)
(0.0%)
(0.0%)
(6.1%)
(0.0%)

Cluster III
n=99
(%)
(0.0%)
(4.3%)
(2.2%)
(0.0%)
(0.0%)
(0.0%)
(73.9%)
(19.6%)
(0.0%)

40
6

(87.0%)
(13.0%)

13
(28.3%)
13
(28.3%)
8 (17.4%)
12
(26.1%)
0
(0.0%)

0
2
1
0
0
0
34
9
0

Cluster IV
n=46
(%)

Abbreviations: P, P-value
*
GEE is used.
a
Discordant multiple infections defined as: having > 2 paired samples with sequence types that belonged to different clusters.

0
0
121
0
0
0
0
0
0

Cluster I
n=121
(%)

ompA genovar
B
D
E
F
G
H
I
J
K

Variable

(3.7%)
(16.7%)
(19.4%)
(9.3%)
(22.2%)
(8.3%)
(2.8%)
(11.1%)
(6.5%)

88
20

(81.5%)
(18.5%)

38
(35.2%)
28
(25.9%)
13 (12.0%)
24
(22.2%)
5
(4.6%)

4
18
21
10
24
9
3
12
7

Residual
n=108
(%)

0.330*

0.968

-

P

Table 4. Characteristics of Chlamydia trachomatis infections among women with concurrent infections at multiple anatomic locations, by Chlamydia trachomatis MLST cluster.
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Figure 4: Minimum spanning tree showing the MLST pattern of 434 Chlamydia trachomatis positive
samples from 206 women with concurrent infections at multiple anatomic locations. Each circle
represents one MLST type. Size of the circles is proportional to the number of identical STs. Bold lines
connect types that differ for one single locus. Halos indicate the distinct clusters. White indicates concordant
samples (maximum 1 locus difference in MLST profile between infections) within one woman. Colours
indicate discordant samples, with a unique color for each of the 27 women. Discordant is more than 1 locus
difference in MLST profile between infections.

We did not include C. trachomatis strains from male urethra since this is a common
factor in the transmission among both MSM and heterosexual women. As a result,
this would not add discriminative data to a possible tissue related role in the
distribution of strains between the 2 populations. Previous studies hypothesized
that pathogen-related factors such as tissue tropism could explain the distinct
distribution of C. trachomatis strains circulating among MSM and heterosexual
populations, but lacked data to test this hypothesis [7,15]. We now tested this
hypothesis and compared identical anatomical sites between MSM and women,
but observed hardly any overlap of strains circulating among MSM and women was
observed, suggesting that the distinct distribution of C. trachomatis strains among
MSM and heterosexuals is not caused by tissue tropism. Therefore, we hypothesize
that the distinct distributions of C. trachomatis strains among MSM and women is
caused by network factors, and that limited transmission of C. trachomatis strains
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occurs between MSM and heterosexual networks. Moreover, sexual behaviour
may also influence the distinct distributions of C. trachomatis strains among MSM
and women as we observed differences in demographic and sexual risk behaviour
characteristics between MSM and women: MSM were significantly older and had
had more sexual partners in the previous 6 months. We observed no differences in
demographic, , or sexual behaviour characteristics between clusters consisting of
samples derived from women.
We focused on tissue tropism in cervical, urethral, vaginal, anorectal and pharyngeal
infections that are primarily caused by the anogenital genovars D to K, and the LGV
genovars L1 to L3. Recent studies reported on several pathogen and host genes
related to disease severity and tissue tropism [5,21-24], but these studies focused
primarily on the molecular basis underlying the disparities between ocular,
genital, and LGV associated genovars. Although we did not find any indication
for tissue tropism within the urogenital strains, the possible role of tissue tropism
on the prevalence of anorectal LGV infections could not be determined, as our
study did not include urogenital samples from MSM. However, recent studies and
case reports have described urethral and pharyngeal LGV infections in MSM, and
urogenital and cervical infections among women [20,25-27], suggesting at least
no specific preference of LGV-inducing strains to solely infect anorectal tissue.
Since anorectal LGV infections primarily occur in a subpopulation of HIV infected
MSM with high risk sexual behaviour and high numbers of sexual partners, it is
possible that this is also due to differences in host immunity, sexual behaviour
and network associated factors. The lack of knowledge on the pathogenicity and
transmission of LGV-inducing strains indicates the need for further research to
clarify the predominant occurrence of anorectal LGV infections in comparison to
urogenital or pharyngeal LGV infections.
To further investigate the possible role of tissue tropism in the distribution of C.
trachomatis strains, we compared concurrent C. trachomatis strains detected
in women at multiple anatomic locations. We did not observe any significant
differences in the proportion of urogenital, anorectal or pharyngeal infections
between clusters suggesting that C. trachomatis strains do not preferentially
infect urogenital, anorectal, or pharyngeal tissue. Thus, these findings contradict
previous studies reporting that the prevalence of C. trachomatis genovars varies by
anatomical site and that genovar G is more commonly found in the anorectal tract
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[8,10,12,13]. Our findings suggest that there is no strain that can be specifically
associated with anorectal infections, as the anorectal C. trachomatis infecting strain
is generally identical to strains causing a concurrent pharyngeal or urogenital C.
trachomatis infection. We did identify some discordant infections among women
with concurrent infections at multiple anatomic locations. Although these
discordant infections may best be explained by sexual risk behaviour, causing
women to concurrently get infected with multiple different C. trachomatis
strains, we could not identify any significant difference in sexual risk behaviour
characteristics. The most likely reason for discordant infection remains separate
infections due to different sexual partners, as all women were STI clinic visitors
who are known to be engaged in more risky sexual behaviour.
Some potential limitations of this study should be noted. We excluded a large number
of samples as these were no longer available at the public health laboratory, had
insufficient chlamydial DNA for typing, or could not be fully typed after repeated
testing. Exclusion of these samples resulted in the inclusion of only a limited number
of pharyngeal samples with the potential of a biased population. Another limitation
is the difference in sample collection between high-risk and low-risk visitors of the STI
outpatient clinic. Visitors were allocated to a standard or limited screening protocol
depending on reported sexual behaviour. Criteria for a standard approach were: having
STI related physical complaints; being notified of STI exposure by a sexual partner;
having been paid for sexual contact in the past 6 months and for males, having had
sex with men in the past 6 months [7,16]. In the standard protocol, samples were
taken by a trained nurse, and in the limited protocol these were self-swabs. Although
women were carefully instructed on how to collect self-swabs, careless self-taken
anorectal swabs by low-risk women might have been contaminated by a urogenital C.
trachomatis infection due to the short anogenital distance.

Conclusions
In conclusion, using high-resolution multilocus sequence typing we found
no indication for tissue tropism in urogenital C. trachomatis strains. Combined
with results from previously conducted studies, we hypothesize that MSM and
heterosexuals have different distributions of C. trachomatis strains due to their
separate sexual networks.
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Further research needs to provide more insight in the predominant occurrence of
anorectal LGV infections in comparison to urogenital or pharyngeal LGV infections
and whether or not this can be explained by tissue tropism.
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Abstract
Introduction
Several cell line, animal and tissue models are available to study C. trachomatis
infections, but none fully reflect natural infection in native human tissue. Therefore,
we developed an organotypic reconstructed human urethra (RhU) to study
invasive and non-invasive strains of C. trachomatis.
Methods
Primary urethra cells were used to reconstruct epithelium on a fibroblast populated
collagen-fibrin hydrogel, yielding a RhU. Immunohistochemistry was used to
i) compare RhU with native urethral tissue and ii) to visualize the location of C.
trachomatis bacteria in RhU after 10 day exposure.
Results
RhU closely resembled native urethral tissue with respect to proliferation and
differentiation markers (keratins 6, 10, 13, 17, involucrin, SKALP, vimentin and
CD31). Exposure of RhU to non-invasive and invasive C. trachomatis strains revealed
relevant differences in infection capacity as inclusions (indicating active infection)
were observed in the epithelial layer after 10 day exposure to an invasive strain.
The non-invasive strain remained localized on the surface of the epithelial layer.
Conclusion
Human primary urethral fibroblasts and keratinocytes can be used to construct
RhU that closely resembles native tissue and can be used to investigate active C.
trachomatis infections. RhU provide a promising model to investigate the human
pathogenesis of C. trachomatis.
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Introduction
Chlamydia trachomatis infection is the most common bacterial sexually transmitted
infection worldwide and is capable of infecting various cell types and tissues in the
human body [1]. C. trachomatis strains (genovar D-K) primarily infect the epithelial
cells of the urogenital mucosa [2]. However, in a current epidemic among men
who have sex with men (MSM) specific C. trachomatis strains (genovar L1-L3) are
known to primarily cause rectal infections [3-5]. Moreover, these strains are known
to cause lymphogranuloma venereum (LGV), an invasive infection whereby
bacteria migrate through the epithelial layer to invade the underlying connective
tissue and disseminate to regional lymph nodes causing buboes [3-5].
Most in vitro research on C. trachomatis has been conducted using murine
fibroblast cell lines or the ectocervix derived cervical carcinoma cell line (HeLa).
However, the human urethral mucosa is more complex than murine fibroblast and
HeLa cell lines. The male urethra is composed of different cell layers: the urethral
epithelium containing epithelial cells, the lamina propria containing fibroblasts,
smooth muscle cells and the extra cellular matrix. The urethral epithelial lining
from the male urethra changes from transitional epithelium at the bladder end
to stratified and pseudostratified epithelium through most of the penile urethra,
eventually changing to non-keratinizing stratified squamous epithelium near the
meatus [6].
To better understand the effect and pathogenesis of C. trachomatis on urethral
tissue several alternatives for cell lines have been developed. So far, animal
models, including mouse [7-9], guinea pig [9-11], nonhuman primate [9,12,13], pig
[9,14], rat [9,15], and rabbit [9,16] models have been used to study urogenital C.
trachomatis infections. Unfortunately, due to species specificity, these models do
not fully reflect C. trachomatis infections and their pathophysiology occurring in
native human tissue. Previous studies have attempted to culture a simple human
urogenital epithelial layer, using a microcarrier bead suspension culture system
to grow polarized urogenital cell lines under three-dimensional (3D) conditions
[17-19], but the limitation of a 3D cell line culture model is that it lacks a suitable
extracellular matrix, which is important for proper signaling and epithelial
differentiation. The development of an organotypic tissue-engineered 3D urethral
model would allow for new opportunities to investigate the human pathogenesis
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of urogenital C. trachomatis infections. However, so far no representative model
has been constructed, as most tissue engineered urethral models are composed
of urothelium or oral mucosal cells instead of urethral epithelium which lines the
majority of the urethra [20]. This study aims to overcome the above-mentioned
limitations of previous models, by developing an organotypic tissue-engineered
urethral model, constructed from primary urethral keratinocytes and ﬁbroblasts
derived from human urethra tissue. Moreover, we compared the reconstructed
human urethral model (RhU) to native urethra with regard to tissue architecture and
diﬀerentiation markers. Finally, we exposed RhU to C. trachomatis to demonstrate
that it can be used in studies to investigate the human pathogenesis of urogenital
C. trachomatis infections.

Methods
Human urethral tissue and Chlamydia trachomatis isolates
Healthy human urethral tissue was obtained after informed consent from patients
undergoing gender aﬃrming surgery at the VU University medical Center. The
discarded urethral tissue was used anonymously and in compliance with the ‘Code
for Proper Secondary Use of Human Tissue’as formulated by the Dutch Federation of
Medical Scientiﬁc Societies (www.federa.org) and following procedures approved
by the VU University medical center institutional review board. Collection and
cultivation of C. trachomatis isolates was performed anonymously after patients
provided written informed consent and was approved by the Medical Ethics
Committee of the Academic Medical Center Amsterdam (NL51851.018.15 and
W14.362)
Cell isolation and culture of primary human urethral keratinocytes and fibroblasts
Primary urethral keratinocytes and ﬁbroblasts were isolated from urethral tissue as
previously described for skin [21-23]. In brief, after overnight digestion in dispase
II (Sigma-Aldrich) to separate the epithelial sheet from the lamina propria, urethral
keratinocytes were isolated from the epithelial sheet using a 0.05% trypsin/EDTA
(Gibco, Grand Island, NY, USA) solution. Keratinocytes were cultured in keratinocyte
1 medium consisting of DMEM/Ham’s F12 (3/1) (Gibco), supplemented with, 1%
UltroserG (BioSepra, Cergy-St-Christophe, France), 1% penicillin–streptomycin (P/S;
Gibco), 1 μM hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA), 0.1 μM insulin

(Sigma-Aldrich), 1 μM isoproterenol (Sigma-Aldrich), 2 ng/mL keratinocyte growth
factor (KGF) and 1 ng/mL epidermal growth factor (EGF) (Sigma-Aldrich). Urethral
ﬁbroblasts were isolated from the lamina propria by incubation in a collagenase
type II (Gibco) solution and cultured in ﬁbroblast medium consisting of DMEM,
supplemented with 1% UltroserG (BioSepra), 1% P/S. Keratinocyte and ﬁbroblast
monolayers (80-90% conﬂuent) were detached using 0.05% trypsin/EDTA and
were stored in liquid nitrogen until further use.
Culture of in vitro organotypic reconstructed human urethra
Construction of RhU was achieved by incorporating ﬁbroblasts into collagen-ﬁbrin
gels. Collagen-ﬁbrin hydrogels were prepared using 8 mg/mL collagen in 0.1%
acetic acid isolated from rat tails. The collagen solution was mixed on ice with 2
mg/mL ﬁbrin in a 4:1 ratio after which the ﬁbroblasts were added (1 × 105 cells/mL).
Subsequently, 0.5 U/ml thrombin was added to the mixture and 450 μL of collagenﬁbrin suspension was pipetted into each well of a 12-well transwell insert with
0.4 μm pores (Costar, Corning Incorpo-rated, Corning, NY). Fibroblast populated
hydrogels were cultured for 3 days submerged in keratinocyte 1 medium (as
described above). Keratinocytes (0.125 × 106 cells/mL) were subsequently seeded
on top of the ﬁbroblast populated hydrogel and RhU were cultured submerged
for 3 days in keratinocyte 1 medium containing 1 ng/mL KGF and 1 ng/mL EGF.
To induce epithelial diﬀerentiation, RhU were lifted to air-liquid interface and
cultured for 7 days in keratinocyte 2 medium containing DMEM/Ham’s F12 (3/1)
(Gibco), supplemented with, 1% penicillin–streptomycin, 2 μM hydrocortisone,
0.1 μM insulin, 1 μM isoproterenol, 10 μM carnitine (Sigma-Aldrich), 10 mM L-serine
(Sigma-Aldrich); 50 mg/mL ascorbic acid, 1 mM DL-α-tocopherol and enriched
with a lipid supplement containing 25 mM palmitic acid, 15mM linoleic acid, 7mM
arachidonic acid, and 24 mM bovine serum albumin.
Chlamydia trachomatis cell culture
Clinical C. trachomatis isolates were prospectively collected from patients of the
STI outpatient clinic, and cultured at the Public Health Laboratory of the Public
Health Service Amsterdam, the Netherlands between March 2015 and June
2016. All collected and cultured isolates were stored at -80°C until further use. In
brief, cervical swabs were collected among women who participated in an ongoing study to monitor therapy success of urogenital C. trachomatis infections
(manuscript submitted), whereas invasive strains were obtained by prospectively
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collecting rectal swabs from MSM. Cell culture procedures were adapted from
Isenberg [24]. In short, HeLa 229 cells were cultured in Iscoves Modified Dulbecco’s
Medium (IMDM; Gibco) supplemented with 10% fetal bovine serum (Lonza
Bio Science, Vierviers, Belgium) at 37°C. Next, 300µl of cultured clinical isolate
was inoculated on a HeLa 229 monolayer present on a round coverslip in a flat
bottomed tube with IMDM medium supplemented with 10% fetal bovine serum,
4.5 g/L glucose, 2.5 µg/ml amphotericin B and 10 µg/ml gentamicin (Gibco).
Infection was completed by centrifugation-assisted inoculation at 3400 rpm for 1h
at 34°C, and subsequently cells were incubated at 34°C. The coverslip was analysed
after 72h using a commercial immunofluorescence staining described below. To
ensure that strains were viable and to obtain sufficient chlamydial quantities for
exposure, each strain was freshly cultured prior to each exposure until at least
75% of the HeLa 229 cells showed chlamydial inclusions. Moreover, standard C.
trachomatis cell culture was used as a control to assess viability and growth of the
clinical isolates used for exposure of RhU experiments described below.
Genetic characterization of cultured Chlamydia trachomatis strains
All cultured C. trachomatis strains were genetically characterized using high
resolution multilocus sequence typing (hr-MLST) as described previously to
determine specific C. trachomatis strain types [25-27]. For hr-MLST, DNA extracts
were amplified by a nested PCR and sequenced for the regions ompA, CT046
(hctB), CT058, CT144, CT172, and CT682 (pbpB). Since ompA is part of the hr-MLST
scheme, genovars could subsequently be assigned to all fully typed samples based
on sequence similarity of the ompA variable domains 1 and 2 [25].
RhU exposure to Chlamydia trachomatis
Based on genetic characterization of the strains we aimed to include a noninvasive C. trachomatis strain, for RhU exposure, that has been reported to infect
human populations world wide [28]. In addition, we also aimed to include an
invasive rectal genovar L2b strain (hr-MLST ST58b) for RhU exposure, which is
known to cause the majority of invasive C. trachomatis infections in the recent
LGV epidemic among MSM [3-5]. For RhU exposure to C. trachomatis, nylon gauzes
were impregnated with 100 µl of a fresh cultured clinical isolate and subsequently
placed on top of each RhU. C. trachomatis exposure was assessed after 1, 3, 7 and
10 days of topical RhU exposure at 37°C. In addition, RhU exposed only to nylon
gauze that was impregnated with 100 µl PBS were included as a control for each
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exposure time-point. Successful exposure was deﬁned as a reproductive infection
characterized by the formation of chlamydial inclusion bodies within the RhU.
Histology and immunohistochemistry
Urethral equivalents and clinical urethral specimens were ﬁxed in 4%
paraformaldehyde and processed for paraﬃn embedment. Tissue sections (5 μm)
were cut, deparaﬃnized in xylene, and rehydrated for histological staining with
hematoxylin and eosin (H&E) or processed for immunohistochemistry to study
expression of speciﬁc proteins (Table 1). All sections were incubated for 1 hour
with primary antibodies and were subsequently washed in PBS and incubated
with Envision (Dako) for 30 minutes, except for K13, which was incubated with
PowerVision Poly-HRP (Leica Biosystems) for 1 hour. Finally, the sections were
incubated with AEC substrate for 10 minutes and counterstained with hematoxylin.
The microscopic slides were visualized and recorded with a Nikon Eclipse 80i.
Table 1: Immunohistochemical staining protocols
Target marker

Antibody source

Dilution of
antibody

Keratin 6

Murine monoclonal, clone Ks6.KA12 (Monosan,
Uden, the Netherlands)
Murine monoclonal, clone DE-K10 (Progen,
Heidelberg, Germany)
Murine monoclonal, clone 1C7 (Monosan, Uden, the
Netherlands)
Murine monoclonal, clone Ks17.E3 (Monosan, Uden,
the Netherlands)
Mouse monoclonal, clone SY5 (Novocastra,
Newcastle, U.K.)
Mouse monoclonal, clone TRAB20 (Hycult
Biotechnology, Canton, MA, U.S.A.)
Mouse monoclonal, clone V9 (DakoCytomation,
Glostrup, Denmark)
Mouse monoclonal, clone JC70A (DakoCytomation,
Glostrup, Denmark)

1:150

Supplementary
treatments prior to
anitbody addition
A

1:200

B, C

1:10

A

1:40

A

Keratin 10
Keratin 13
Keratin 17
Involucrin
SKALP
Vimentin
CD31

1:1000
1:400

D

1:200

A

1:40

E

SKALP, skin-derived antileucoproteinase.
Supplementary treatments prior to primary antibody incubation included A, heat-induced antigen retrieval
with 0 01 mol L 1 citrate buﬀer pH 6.0; B, 15 min incubation with pepsin; C, 15 min preincubation with goat
serum; D, blocking of endogenous peroxidase by 20 min incubation in a 0.3% H2O2 in methanol solution; E,
heat-induced antigen retrieval with 0 01 mol L 1 Tris-EDTA buﬀer pH 9.0
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Chlamydia trachomatis immunofluorescence staining
In order to select strains which are suitable for RhU exposure, coverslips used for
C. trachomatis cell culture of clinical isolates were stained using a commercial C.
trachomatis monoclonal antibody kit containing a ﬂuorescein isothiocyanate (FITC)
conjugated, mouse anti-chlamydia monoclonal antibody targeting the chlamydial
lipopolysaccharide antigen and an Evansblue counterstaining targeting the
cell wall of all background cells. (OXOID Limited, Hampshire, United Kingdom),
according to the manufacturer’s instructions.
The eﬀect of Chlamydia trachomatis exposure on RhU was assessed using the
same commercial monoclonal antibody kit. Tissue sections (5 μm) were cut,
deparaﬃnized in xylene, and rehydrated before staining with the FITC conjugated,
mouse anti-chlamydia monoclonal antibody for 30 minutes at at 37°C in the dark
for 30 minutes. The microscopic slides were visualized and recorded with a Nikon
Eclipse 80i.

Results
The reconstructed human urethra model resembles native urethral tissue
Histological analysis demonstrated that RhU resembled the morphological
characteristics of healthy native human urethra. Native urethra consisted of a
multilayered epithelium (3-6 keratinocyte layers) on a vimentin-positive ﬁbroblast
populated lamina propria. The RhU had a similar epithelium on a vimentin-positive
ﬁbroblast populated hydrogel (Figure 1). Nonetheless, the native urethra also
contained CD31-positive endothelial cells, which were absent in the RhU. The
same applies to resident leucocytes.
Next, the expression of epithelial diﬀerentiation markers was determined (Figure
2). Keratin 13 and involucrin were expressed in the more diﬀerentiated suprabasal
layers of both native urethra and RhU whereas keratins 6 and 17 were absent in
both native urethra and RhU. Native urethra showed no expression of keratin 10 or
SKALP, but RhU showed a strong suprabasal expression of keratin 10 and a slight
intermittent SKALP expression. Overall, these ﬁndings indicate that RhU closely
resemble native urethra, since RhU retained many characteristics of the native
urethral tissue from which it was derived.
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Figure 1. RhU were constructed form primary human urethral keratinocytes and fibroblast as described in
the Methods section. Figures are representative of three independent experiments. Each experiment used a
different urethra donor. Paraffin tissue sections (5 µm) were stained with hematoxylin and eosin (HE) to
visualize histology or immunohistochemically processed with vimentin to visualize fibroblasts and CD31 to
visualize endothelial cells. Scale bars represent 100 µm.
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Figure 2. Immunohistochemistry of native urethra biopsies and RhU showing in red the expression of
epithelial biomarkers (K6, K10, K13, K18, involucrin and SKALP). Figures are representative of three
independent experiments, each performed with a different urethra donor. Scale bars represent 100 µm.
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Chlamydia trachomatis exposure
For RhU exposure, a cultured non-invasive urogenital genovar D strain (hr-MLST
ST20a) was selected, which closely resembled the C. trachomatis D/UW3/CX
reference strain that is widely used for C. trachomatis research (data not shown). In
addition, an invasive rectal genovar L2b strain (hr-MLST ST58b) was selected (data
not shown). We next examined whether RhU exposed to C. trachomatis would
result in a reproductive infection characterized by the formation of chlamydial
inclusion bodies within the RhU epithelium. Exposure of RhU to the non-invasive
and invasive C. trachomatis strains was assessed 1, 3, 7 and 10 days after incubation
and revealed differences in their capacity to form chlamydial inclusions (Figure 3).
Invasive genovar L2b exposure was already visible 1 day post exposure at the site
of infection, whereas non-invasive genovar D exposure did not become visible
until 3 days post exposure. An increase in Chlamydia particles could be observed
on each following exposure time-point for both the invasive and non-invasive C.
trachomatis strain. Moreover, invasive genovar L2b exposure resulted in an active
replicating C. trachomatis infection, as could be observed by the formation of
inclusion bodies at 10 days post exposure. In contrast, no chlamydial inclusions
were observed after exposure to the non-invasive genovar D strain, possibly due
to limited exposure times. Overall, these results demonstrate that a reproductive
infection can be induced in RhU following exposure to C. trachomatis.

Discussion
In this study, we present the first 3D tissue-engineered human urethral model that
is composed of primary human urethral cells and that light microscopically, and
immuno-histochemically resembles the tissue from which it was originally derived.
Moreover, this is the first organotypic model that has successfully been exposed
to and infected with C. trachomatis. Using this RhU model, C. trachomatis hostpathogen interactions could be studied in vitro. The model will be of great value for
future chlamydia studies, as it can resolve questions regarding disease progression
and persistence and can be used to test novel therapeutics in a reproducible and
controllable environment. The standardized methods used to construct RhU mean
that scalable batches of approximately thirty RhU can be derived from one sample
derived from gender affirming surgery.
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Figure 3. RhU exposed to non-invasive (genovar D) and invasive (genovar L2b) C. trachomatis strains. Paraffin tissue sections (5 µm) were stained with hematoxilin and eosin
(HE) to visualize histology or stained with a genus specific anti-chlamydial monoclonal targeting the chlamydial lipopolysaccharide antigen. Chlamydial particles (green
staining; arrow) were visualized against all cells (red staining) present in RhU. Figures are representative of two independent experiments, each performed with a different
urethra donor.
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This is the first urethral model that is actually composed of human urethral epithelial
cells. Previous attempts to construct urethral models used urothelium or oral
mucosal cells [20]. Characterization of the human urethral tissue and comparison
to RhU revealed that our RhU closely resembled the native tissue. Many of the
morphological and immunohistochemical characteristics observed in native
human urethra were also observed in the urethral equivalents. We only observed
differences for Keratin 10 and SKALP expression, both of which were expressed
in the RhU epithelial layer, while expression was absent in native tissue. K10 is a
suprabasal epithelial differentiation marker and is expressed in the proximal areas
of the male urethra close to the prostate. In addition, Keratin 10 is also known to
be expressed in the entire male urethra during early urethral development and
differentiation in a neonatal stage [29]. The process of constructing and culturing
RhU mimics early urethral development and dedifferentiation and could therefore
explain the strong Keratin 10 expression which we observed. Similarly, SKALP
expression was absent in urethra biopsies but showed a limited intermittent
expression in the developing RhU.
Immunofluorescent staining confirmed the presence of C. trachomatis bacteria
on top of RhU and the presence of genovar L2b chlamydial inclusion bodies. In
line with our current findings, previous research also demonstrated that invasive
LGV genovar L (L1-L3) grew significantly faster than non-invasive C. trachomatis
strains [30]. While genovar L2b strains are known to migrate through the
epithelial layer into the underlying connective tissue [3-5], exposure of our RhU
revealed that LGV genovar L2b inclusions were confined to the epithelial layer.
It is possible that experiments with even more prolonged exposure times may
visualize inclusion bodies in the hydrogel connective tissue layer. It is also likely
that immune presentation (Langerhans) cells play a role in the trans-epithelial
migration of C. trachomatis into the connective tissue layer. In that case, RhU
lacking an immunological component will not show connective tissue invasion
of C. trachomatis.
In addition, it is possible that experiments with more prolonged exposure times to
non-invasive c. trachomatis strains would also reveal chlamydial inclusions. There
are some major differences between standard C. trachomatis culture in HeLa cells
and RhU exposure. For instance, RhU could only be exposed to low volumes of
C. trachomatis bacteria, which were also distributed over a larger surface of cells
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compared to standard C. trachomatis culture in HeLa cells. In addition, C. trachomatis
culture in HeLa cells is performed using centrifuge-assisted inoculation [24], and
this is not possible for RhU. These differences likely slow down the C. trachomatis
infection process in RhU compared to using HeLa cells. Therefore, future studies
should consider prolonged RhU exposure times to investigate C. trachomatis
infections, especially since RhU form a reproducible and controllable environment
that resembles human native tissue. Compared to HeLa cells, RhU are therefore a
better model to investigate C. trachomatis infection.
We show that our RhU is a promising model to study human C. trachomatis
infections and pathogenesis. RhU facilitate possibilities to study C. trachomatis hostpathogen interactions, under conditions which mimic human infection. These
studies can help to resolve host and bacterial genetic questions on the influence
of specific genes involved in niche-specific adaption or host infections, such as
genes encoding the polymorphic outer membrane proteins, and genes encoding
type 3 secretion systems that are expected to play an important role in tissue
specific infections [31-33]. Moreover, the use of these RhU could provide novel
insights into why certain strains predominate globally in space and time, since
genetic and epidemiological studies have been unable to resolve this question
[28]. Finally, these RhU could be used to develop better diagnostic, treatment and
prevention strategies that can help to reduce C. trachomatis infections.
In conclusion, we demonstrated that native human urethral tissue can be used to
construct RhU that closely resemble native human tissue. These models could be
successfully infected with C. trachomatis, as we show by the formation of inclusion
bodies already 10 days after inoculation with invasive LGV strains. Overall, these
organotypic RhU provides a promising and valuable tool to investigate the human
pathogenesis of C. trachomatis and possibly other human pathogens.
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Chlamydia trachomatis remains the most common bacterial sexually transmitted
infection (STI), in spite of huge public health efforts, such as treatment, partner
notification, and counselling to reduce its prevalence [1,2]. The majority of these
infections remain mostly asymptomatic (up to 80%) and therefore unnoticed,
constituting a large reservoir for continued sexual transmission of C. trachomatis
[3]. Moreover, if not properly treated, infection with C. trachomatis may result in
significant morbidity including epididymitis and pelvic inflammatory disease,
leading to infertility in women and possibly also in men [2,4,5].
In this thesis, genetic, epidemiological, and in-vitro studies were combined to
gain a more comprehensive understanding of C. trachomatis infections. The
performed studies were described in four parts. Part 1 focussed on the genetics of
C. trachomatis infections, part 2 on the molecular epidemiology of C. trachomatis
infections, part 3 on diagnostics and effective treatment of C. trachomatis infections
and part 4 on C. trachomatis host-pathogen interactions.
Genetics of Chlamydia trachomatis infections
Various host genetics have been associated with disease severity of C. trachomatis
infection [6-16]. However, successful infection, disease severity and continuous
transmission cannot be solely attributed to host genetics, since C. trachomatis
strains must also successfully evolve in order to survive within the human host
[13,15-17]. Therefore, it is important to understand the genetic diversity of C.
trachomatis and to identify different strains circulating within a population.
Several methods can be used to investigate the genetic variation of C. trachomatis
strains. Whole genome sequencing (WGS) achieves maximum resolution to
investigate all genetic variation present within C. trachomatis strains. However,
as described in the introduction (Chapter 1) of this thesis, it remains technically
challenging to perform WGS directly on clinical specimens, mainly due to the
complex intracellular lifecycle and the fact that WGS of C. trachomatis to date
requires DNA quantities only obtained after cultivation. Since many molecular
diagnostics often include sample collection tubes containing lysis buffer, the use
of cell culture is prohibited [18]. Moreover, the C. trachomatis genome is highly
conserved (>98% similarity), and therefore genetic variation is often restricted
to specific polymorphic genes [13,16,19]. Since WGS is not (yet) feasible, other
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genetic typing methods, such as MLST, are still needed to better understand the
genetic variation of C. trachomatis and discriminate between strains that circulate
within a population.
In Chapter 2, we compared two multilocus sequence typing (MLST) schemes
that can be used to asses the genetic diversity of C. trachomatis. We found
that no distinct transmission of C. trachomatis could be observed in MSM and
heterosexuals using an MLST scheme based on 7 housekeeping genes (MLST-7).
In contrast, a high-resolution MLST scheme based on 6 highly polymorphic genes
(hr-MLST) did show sufficient discrimination of strains allowing epidemiological
analysis. Moreover, we demonstrated that typing using the hr-MLST-6 scheme is
able to identify genetically related clusters of C. trachomatis strains within each of
the clusters that were also identified by using the MLST-7 scheme.
The original MLST principle aims to index genetic diversity using conserved
housekeeping genes [20-22]. However, housekeeping genes are presumed to be
under neutral or nearly neutral selection pressure making them stable over time
within a species [20]. The use of a typing method that includes housekeeping
genes is therefore very suitable to answer evolutionary questions within a genus
and to investigate the genetic differences in C. trachomatis strains over a longer
time-frame. The hr-MLST scheme was designed to be highly discriminating using
non-housekeeping genes that are under immune pressure or have variable repeat
regions [23,24]. The genetic variation in these highly polymorphic genes allow
the identification of detailed genetic differences between C. trachomatis strains
in a short time-frame of only a few years. The use of MLST schemes to investigate
genetic variation among different C. trachomatis strains has also resulted in some
discussion. A study by Harris et al. was the first to study a large set (52) full genome
sequences and revealed the whole genome phylogeny of C. trachomatis [19]. They
subsequently reported that multilocus sequencing techniques that are based on
housekeeping loci show greater congruency with whole genome phylogeny [19].
In chapter 3, we demonstrated that phylogenetic analysis of the hr-MLST targets is
also in agreement with whole genome phylogeny. Although any scheme based on
a small number of loci lacks resolution compared to whole genome sequencing,
hr-MLST may still be used to facilitate phylogenetic studies. Moreover, MLST is a
relatively fast method that can be performed on direct patient samples. Recently,
a very comprehensive analysis has been performed including 563 C. trachomatis
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genomes to reveal the evolutionary history of C. trachomatis strains [25]. This study
demonstrated that the history of C. trachomatis species comprises two phases,
namely deep variation and contemporary mixing. Whole genome phylogenetic
analysis of these 563 genomes revealed four deeply divergent lineages (two
urogenital, one ocular and one LGV lineage) that are in agreement with the
phylogenetic clusters that were previously identified by others [19,25]. Since the
whole genome phylogeny is in agreement with hr-MLST phylogeny, phylogenetic
analysis of the hr-MLST targets likely provide a robust estimate of the true whole
genome phylogeny. One should however keep in mind that variation that occurs
in the remaining genes due to recombination will be missed, potentially resulting
in a confounded tree topology [19]. The genetic typing method of choice should
therefore be determined on a case-by-case basis, depending on the research
question and resolution that is required, which is indeed performed in the
Netherlands.
Besides facilitating phylogenetic studies, adequate tools for genetic typing are
also important to understand the population structure of C. trachomatis infections.
Typing is especially helpful since genetic variation within C. trachomatis strains
may result in biological advantages, such as increased virulence, tissue tropism,
antibiotic or diagnostic resistance or accelerated proliferation of strains. An example
of this is the hypervirulent L2C strain, which was identified to be a recombination
of a genovar L2 and a genovar D strain. This was suggested to be hypervirulent in
terms of clinical signs and symptoms, as it produced severe hemorrhagic proctitis
[26]. Moreover, genetic variation can eventually lead to the emergence of strains
that are not detected by current diagnostics as was the case for the new Swedish
variant. This new variant harboured a 377 bp deletion in the pgp7 plasmid gene
that prevented detection of infections using plasmid based (commercial) PCR
diagnostics that targeted the pgp7 gene [27,28]. These studies indicate the need
to actively monitor genetic variation among different C. trachomatis strains.
Since its development in 2007, hr-MLST has been performed on many clinical
specimens, including urogenital [23,24,29-36], LGV [33,37], and trachoma [38]
samples. Genetic typing information from all specimens included in these studies
is stored in a public database (http://mlstdb.bmc.uu.se/). In Chapter 3, we studied
415 unique sequence types (STs) obtained from 2089 specimens present in the
public database at that time (2014) [39]. The specimens were generated from 13
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studies and represented 16 countries on different continents. Today it constitutes
by far the largest genetic typing dataset for Chlamydia trachomatis strains. Analysis
of this dataset revealed that 8 STs are predominant in all countries. Of these 8
STs, four were mostly present among men who have sex with men (MSM) and
4 were mostly present among heterosexuals. Although these predominating STs
might suggest that these strains have biological advantages, in silico analysis of 12
publicly available full genomes did not reveal a specific (set of ) gene(s) that could
be linked to transmission efficiency of certain STs. Transmission efficiency might of
course also be host related, or could perhaps even be the result of more efficient
host-pathogen interactions due to niche specific (e.g. tissue tropism) adaption of
C. trachomatis strains [13-17]. In any case, genetic analyses of the pathogen alone
are insufficient to reveal why some STs prevail in space and time.
More refined population-based WGS studies may help to better understand the
genetic population structure of C. trachomatis and its entire genetic variation.
These studies are becoming more feasible since new improved methods that allow
C. trachomatis whole genome sequencing (WGS) on direct (non-cultured) clinical
specimens are rapidly being developed [40-43]. One of these new methods involves
the use of MOMP specific antibodies that are attached to magnetic beads. These
beads can be used to separate C. trachomatis infected cells from the remaining
native clinical samples [40,41]. However, this method cannot be performed on
those clinical samples collected for test platforms that utilize lysis buffer, since
these disrupt the MOMP structure preventing any antibody binding. Another
culture-independent WGS assay uses PCR enrichment technology to amplify a 100
kb region of the C. trachomatis genome with 1.1–1.3 kb overlapping amplicons
resulting in enrichment of the entire C. trachomatis genome [18]. The advantage
of this method is that it can also be used on clinical samples that are collected in
lysis buffer. Moreover, by estimating the number of SNPs and comparing it to a
database of known SNPs from existing genome sequences, it can help to identify
mixed infections [18]. To deal with the growing collection of full genomes, new
promising tools such as the bacterial isolate genomics database (BIGSdb) were
developed to catalogue bacterial diversity and to rapidly identify bacterial species,
virulence factors, and outbreaks [22,44,45].
In Chapter 4, we used BIGSdb and applied a gene-by-gene approach to study
the relationship between the C. trachomatis genome, plasmid types and infection
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pathology. Various studies have implicated that C. trachomatis plasmids function
as an important virulence factor contributing to infectivity and pathogenicity,
but limited data is available on its genetic diversity and whether distinct plasmid
types are associated with different tissue tropism and pathologies. In Chapter 4,
we analysed 157 isolates available in the Chlamydiales pubMLST database (http://
pubMLST.org/chlamydiales/). Analysis of the core genome of these isolates
revealed four phylogenetic clusters that are in concordance with the whole
genome phylogeny as described by Harris et al [19]. Analysis of the plasmid
sequences revealed six plasmid clusters that showed a strong association with
their C. trachomatis core genome and their plasmid sequences suggesting coevolution of C. trachomatis plasmids and their chromosome [19,46]. These core
genome and plasmid clusters were in turn linked to ompA genovars and disease
phenotype showing exceptional horizontal genetic exchange of three urogenital
isolates that obtained ocular plasmids.
The pgp3 and pgp4 genes are specific plasmid genes that have been associated
with chlamydial virulence [47-50]. In Chapter 4, we also showed that of all plasmid
genes, pgp3 is the most polymorphic gene. The pgp3 gene is secreted into the
host cell cytosol and more variation could be observed among the pgp3 gene due
to immune selection [46]. In contrast, pgp4 encodes a transcriptional regulator
acting on pgp3 and chromosomal genes and was identified as the most conserved
gene. This suggests that pgp4 might be an indispensable factor for chlamydial
virulence and infection, although previous studies have demonstrated that pgp4 is
dispensable for in vitro growth of C. trachomatis [50,51]. Therefore, it is more likely
that variation of the pgp4 gene is limited due to its function (i.e. interaction with
a specific nucleotide sequence and RNA polymerase). Although we were able to
define the population structure, future research should apply the gene-by-gene
approach on a well-defined population with known epidemiological and clinical
data, as this will help to improve our understanding of chlamydial transmission
and disease.
Molecular epidemiology of Chlamydia trachomatis infection
Besides only looking at genetic variation to understand chlamydia diversity, this
information can also be linked to epidemiological and clinical data to facilitate
molecular epidemiological studies [52]. Most C. trachomatis infections occur within
sexual transmission networks, and its study is complicated by the disclosure of the
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number and nature of sexual partners of each index patient [53]. Genetic typing
methods can help to better understand how these strains are transmitted within
networks and to detect specific modes of transmission and populations at risk,
without the need for possibly biased information from the patient [24,35,54].
Previous studies found conflicting results regarding associations between specific
urogenital C. trachomatis strain types and ethnicity or symptomatology using only
ompA based genotyping, what could be explained by a lack of resolution [5561]. In Chapter 5, we used hr-MLST, to assess the relation between urogenital C.
trachomatis strain types and ethnicity or symptoms in a young screening population.
We found no association between strain type and self-reported symptoms.
However, we did find an association between urogenital C. trachomatis strain
types and ethnicity, as some strains were over-represented in participants of nonDutch ethnicity, of whom the majority were from Surinamese/Antillean ethnicity,
whereas other strains were over-represented by participants with Dutch ethnicity.
This association with ethnicity likely reflects differences in socio-economic status,
sexual risk behaviour, and relative scarcity of mixing of sexual partners between
various ethnic groups [31,61-64]. Several previous studies reported that high-risk
sexual behaviour is more common among people with Antillean and Surinamese
ethnicity, as they more often have multiple partners in the preceding 6 months,
have their first sexual experience at a younger age, and are less likely to use a
condom [31,61,64]. However, it has also been reported that this higher prevalence
is likely not due to increased risk behaviour. In stead, it is suggested that the higher
C. trachomatis prevalence found among Surinamese/Antilleans results from lower
health-seeking behaviour or lower access to healthcare, as the higher prevalence
reflects their lower educational level and neighbourhood, which are two markers
of lower socio-economic status [63].
The lack of an association between strain types and self-reported symptoms is in
concordance with previous studies [32,34]. This could be the result of using hrMLST as this method is limited by the small fraction of the genome (6 genes) that is
included. WGS, also covering the virulence associated extrachromosomal plasmid,
might provide more insight into the possible association between C. trachomatis
strain types or genes and urogenital symptoms. However, it is also possible that
symptoms are associated with host immune factors, e.g. activation by previous
and re-occurring infections [65-67]. Therefore, possibly a relation between the
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genomes of C. trachomatis strains and reported symptoms does not exist. Instead,
the interaction between C. trachomatis infections and their subsequent effects on
the human host should be carefully monitored and examined to identify any gene
or set of genes that might contribute to a more severe course of disease.
Although molecular epidemiological data of C. trachomatis infections are
sufficiently available for European countries, these data are still lacking for South
Africa. In Chapter 6, we used hr-MLST to investigate the molecular epidemiology
of urogenital C. trachomatis strains circulating among women in the Mopani
District, South Africa, and compared those to strains circulating among women
in Amsterdam, the Netherlands. We observed heterogeneous clusters with strains
shared between Mopani district and Amsterdam, but also novel STs and a cluster
that were unique to Mopani district. In addition, we observed two identical STs
that were present in both geographical locations. The occurrence of identical
STs in these geographically distant locations is likely explained by the genomic
stability of some C. trachomatis strains over a long period of time, since these STs
were also identified to predominate in heterosexual populations, as was discussed
in Chapter 3. Similar findings were also reported for strains circulating in Nanjing,
China, in comparison to Amsterdam [29], and for strains circulating in Sfax, Tunisia,
in comparison to Amsterdam [68].
Diagnostics and effective treatment of Chlamydia trachomatis infections.
Concerns have been raised over potential C. trachomatis treatment failure
and persistent infections [69-72]. Therefore, a test of cure (TOC) is based on a
second nucleic acid amplification test (NAAT) test performed after treatment is
recommended in some situations [73,74]. Although modern NAAT diagnostics are
highly sensitive and specific, they fail to differentiate between viable bacteria and
non-viable molecular remnants [73,74,76]. Recently, a study demonstrated that
NAAT used as TOC intermittently detected C. trachomatis nucleic acids (DNA and
RNA) in up to 42% , and up to 51 days after treatment [75]. Likely these NAAT results
were partly false positive, and based on nucleic acid remnants after successfully
cleared infections. In contrast to NAAT, cell culture remains the most specific
method available to discriminate a persistent viable C. trachomatis infection from
a cleared infection with nucleic acid remnants and may therefore help to interpret
the value of a positive NAAT after treatment. Recently a viability PCR was developed
which relies on the use of membrane impermeable DNA intercalating dyes as a
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pre-treatment step before conducting a molecular assay [76]. A disadvantage of
this method is that it also detects dead chlamydial cells that still contain an intact
cell membrane. Moreover, like cell culture the use of this viability PCR still requires
special logistics as this assay cannot be performed on most present day clinical
samples since these often utilize lysis buffer in sample collection tubes, which
destroys the C. trachomatis membrane and also disintegrates all other molecular
structures.
NAAT has replaced culture as the standard method for C. trachomatis diagnostics
because of its superiority in specificity and sensitivity [74], C. trachomatis culture
to date is only sporadically performed and only a few laboratories still have the
means, expertise and logistics for it. In Chapter 7, we used cell culture to assess the
use of a DNA and RNA based NAAT platform (resp. Cobas 4800 CT/NG and Aptima
combo) as TOC and their capacity to differentiate truly persisting infections after
treatment from successfully treated infections with nucleic acid remnants causing
false positive NAAT results. We observed that DNA and RNA-positive results at 7, 21
and 49 days post treatment cannot be confirmed by a positive culture suggesting
that these observations might be due to nucleic acid remnants. However, it cannot
be excluded that chlamydia persisted in a metabolically inert yet viable form after
treatment. C. trachomatis gastrointestinal infections have been demonstrated in
humans in the absence of clinical disease[77-79]. This could also explain urogenital
re-infections or persisting infections among women, via autoinoculation from
the rectal site [77,80]. Many women acquire rectal chlamydia infection without
anal sex, and therefore autoinoculation could be a potential explanation for the
high co-occurrence of anorectal and urogenital infections that are often reported
[81]. Therefore, it is well possible that these C. trachomatis infections constitute a
reservoir for persisting infections.
Current guidelines recommend that patients should be advised to abstain
from sexual contact for seven days after treatment [74,82-84]. However, in a
minority of three patients that were included in our study in Chapter 7, viable C.
trachomatis was found in cultures 7 days after treatment. These findings suggest
that abstinence from sexual contact for 7 days after treatment may not always
be sufficient to prevent ongoing transmission. However, culture positive results
in these three persons could also be explained by C. trachomatis reticulate bodies
that have reversibly transitioned from their normal developmental cycle into a

230

General Discussion

state of persistence [85,86], which has also been described in the introduction of
this thesis (Chapter 1). During this persistent stage, Chlamydia inclusions present
as morphologically enlarged and non-dividing RBs, which cannot differentiate
into EBs preventing completion of the developmental cycle [85]. This persistent
state is often induced by exposure to antibiotics or the result of nutrient deficiency
and can be reversed by removal of the particular inducer [86]. Therefore, it could
be that these RBs persisted 7 days after treatment, and induced a new infection
after the antibiotic had left the body.
Besides diagnostics and treatment of C. trachomatis infections among
heterosexuals, there is also a need to evaluate the current diagnostic practice of
C. trachomatis infections among MSM. In the current LGV epidemic among MSM,
LGV-inducing strains predominantly cause ano-rectal infections [87,88]. The male
urethra is likely the most common factor in the transmission of LGV-inducing
strains among MSM. However, most guidelines do not recommend routine testing
for urethral LGV [89-91], raising the question whether many urethral LGV-infections
remain underdiagnosed and subsequently contribute to the on-going LGV
epidemic. In Chapter 8, we observed an LGV positivity rate in male urine samples
of only 0.06% (7/12,174 positivity). This was 15 times lower compared to the anorectal LGV infections (0.9%, 109/12,174) in the same time period. This discrepancy
in positivity suggests that other modes of transmission might drive the current
LGV epidemic. Moreover, the discrepancy cannot be explained by tissue tropism
of C. trachomatis strains with a preference for anorectal tissue circulating among
MSM [92-94]. The lack of knowledge on the pathogenicity and transmission of LGV
infections indicates the need for further research to clarify the discrepancy found
in the rate of ano-rectal and urethral LGV infections.
Chlamydia trachomatis host-pathogen interaction
The use of molecular epidemiology has helped to reveal several host factors
that affect C. trachomatis infection. For instance, several polymorphisms within
cytokines, interleukins and HLA DQ have been associated with the risk of
C. trachomatis induced tubal factor infertility and disease severity [6-12,77].
Moreover, the development of an active C. trachomatis infection has recently been
associated with cervicovaginal microbiota of the human host that is dominated
by Lactobacillus iners or by diverse anaerobic bacteria instead of by Lactobacills
crispatus [95]. In addition, previous studies have suggested that there is directional
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evolution of C. trachomatis toward niche-specific adaptation contributing to a
more effective host pathogen interaction [13-17]. Some positively selected genes
and codons were identified that were hypothetically involved in specialisation
towards different human cell types (e.g. columnar epithelial cells of ocular or genital
mucosae and mononuclear phagocytes) [15]. These studies indicate the need to
better understand C. trachomatis host-pathogen interactions as this knowledge
can help to develop better diagnostic, treatment and prevention strategies to
reduce C. trachomatis infections.
Several studies demonstrated distinct transmission networks among MSM and
in heterosexuals [24,33]. However, in most studies samples from MSM were
primarily obtained from the ano-rectal tract whereas samples from heterosexuals
were obtained from the urogenital tract. Therefore, this difference in transmission
networks could be the result of C. trachomatis strains adapting to specific niches
and developing tissue tropism due to a preference and specialisation to infect
specific human anatomic tissue [13-17]. In Chapter 9, we investigated whether the
occurrence of these distinct transmission networks in MSM and heterosexuals can be
explained by tissue tropism. We compared C. trachomatis strains found in anorectal
samples among MSM and women, and we compared C. trachomatis strains found
in concurrent anorectal, urogenital and/or, pharyngeal infections in women. The
results of our study showed that ano-rectal C. trachomatis infections in women were
caused by different strains than ano-rectal infections in MSM, suggesting that tissue
tropism is not the most likely explanation for the observed separate transmission
networks. These findings suggest an absence of sexual mixing between the
groups. Moreover, we have observed that MSM associated strains formed less
diverse and more clonal clusters, whereas heterosexual strains are more diverse
and heterogeneous. This could also be explained by the differences in sexual host
behaviour with separate sexual contacts. MSM more often mix with sexual partners
that differ in age, ethnicity, nationality and lifestyle which eventually leads to a large
international transmission network [96]. In contrast, the heterogeneous clusters
among heterosexuals indicate the existence of local transmission networks. Finally,
we observed that C. trachomatis strains do not preferentially infect urogenital, anorectal, or pharyngeal tissue, as we did not observe differences in strains causing
concurrent urogenital, rectal and/or pharyngeal infections in women. This suggests
that C. trachomatis pathogens that reside in specific different niches within the
human body do not specialise towards these niches.
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Genetics and molecular epidemiology alone are not sufficient to better understand
C. trachomatis infections and their effect on the human host in terms of
symptomology, biological advantages and prevalence, mainly because most effects
following C. trachomatis infections are likely the result of host-pathogen interaction.
Molecular epidemiology offers some insight in the interaction between chlamydia
genetics and the human host, but these studies have their limitations since they
lack information on invasion, infection and tissue damage caused by C. trachomatis
in patients. In fact, many of these mechanisms behind invasion, infection and tissue
damage caused by C. trachomatis still need to be elucidated and this remains
difficult due to the absence of appropriate research models and tools. To overcome
these limitations, there is a need for novel tools to combine the study of genetics
and molecular epidemiology with in-vitro culture models that accurately reflect C.
trachomatis infections as they occur in the human host.
In Chapter 10, we developed a 3D organotypic reconstructed human urethra
(RhU), constructed from primary urethral keratinocytes and fibroblasts derived
from human donor tissues that could be used to study C. trachomatis infection.
Primary urethra cells were used to reconstruct epithelium on a fibroblast populated
collagen-fibrin hydrogel. RhU and native urethral tissue were characterized and
compared by immunohistochemical staining for proliferation and epithelial
differentiation to demonstrate that RhUs closely resemble native urethral donor
tissue, which they did. The next step was to expose these RhUs to genetically defined
C. trachomatis strains. After exposure for 1, 3, 7 and 10 days using invasive (genovar
L2b) and non-invasive (genovar D) C. trachomatis strains, differences in growth and
differences in infection capacity were observed. Only the invasive (genovar L2b)
strain was able to form inclusions bodies within the epithelial layer of the RhU,
indicating an active and replicating chlamydial infection. The absence of inclusion
bodies for RhUs exposed to non-invasive (genovar D) C. trachomatis strains was
likely the result of the length of the exposure times that were used. There are some
differences in exposure of RhUs compared to standard 2D cell culture, for instance
lower volumes of cultivated C. trachomatis bacteria were used for exposure of 3D
RhUs and these were also distributed over a larger surface. Moreover, standard cell
culture is completed by centrifuge-assisted inoculation [73], which is not possible
for RhUs and this likely slowed down the infection process. Therefore, prolonged
exposure times could result in an active non-invasive C. trachomatis infection and
formation of inclusion bodies.
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There have also been recent advances in the development of organoid models [97].
These models are constructed by providing and maintaining the correct signaling to
adult stem cells of the human mucosa, which gives rise to differentiated organoids
containing ciliated and secretory cells [97]. The use of organotypic models or
organoids might help to better understand chlamydial infections. These models
are indispensable for chlamydia research as they help to study the interaction
between C. trachomatis and the human host and allow to accurately assess and
follow C. trachomatis infections over time. These models can therefore help to study
chlamydia genetics in relation to infection of the human host, possibly providing
more insight in why certain strains are predominating in space and time as was
described in Chapter 3. Moreover, these models can help to translate WGS data with
the occurrence of tissue damage and potential symptoms providing more insight
into chlamydial virulence. Lastly, these models can provide new opportunities to
study the effect of antibiotic treatment on C. trachomatis infections.
Concluding remarks
Although huge public health efforts, such as treatment, partner notification, and
counselling have not been able to reduce C. trachomatis prevalence, these are
still of critical importance to prevent sequelae that may arise due to C. trachomatis
infection. This failure to reduce C. trachomatis prevalence indicates the need for
more basic research to gain a better understanding of chlamydia. Over the last
decades much progress has been made in the diagnostics and treatment of C.
trachomatis infections. Moreover, new research tools have been developed and
used to investigate chlamydial genetics, molecular epidemiology, diagnostics and
treatment, and these will be helpful to increase our knowledge and understanding
of C. trachomatis infections today. However, previous research and the results of
studies in this thesis have also addressed knowledge gaps that cannot be resolved by
separately investigating chlamydial genetics, molecular epidemiology, diagnostics
or treatment. We need an integrated model to get a full picture of the nature of
C. trachomatis infections, including their host-pathogen interactions. Therefore,
future research should combine the use of research methods to study C. trachomatis
infections in relation to host-pathogen interactions. The use of novel culture models
such as 3D tissue engineered anatomical equivalents, and organoids are a promising
tool to conduct these studies. Although organoids that are constructed by providing
appropriate signaling to stem cells to stimulate these cells to differentiate into
specific tissue are perhaps the brighter future for chlamydial research.
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Chlamydia trachomatis: insights on genetics, molecular
epidemiology, diagnostics and treatment, and hostpathogen interactions.
Chapter 1 provides a brief introduction to the chapters described in this thesis.
The first part of the introduction provides an overview on Chlamydia trachomatis
history, epidemiology, pathogenesis, diagnostics and treatment. The second part
of the introduction provides an overview on molecular epidemiology, tissue
tropism and infection models of C. trachomatis.
Genetics of Chlamydia trachomatis infections
Since whole genome sequencing (WGS) is not yet feasible for large scale C.
trachomatis population studies, several multilocus sequence typing (MLST) schemes
have been used to gain more insight into the epidemiology and transmission of
C. trachomatis. Previous studies using a high-resolution MLST scheme based on
6 polymorphic genes (hr-MLST-6) showed distinct transmission patterns of C.
trachomatis strains for men who have sex with men (MSM) and heterosexuals. In
Chapter 2 we investigated specimens from MSM and heterosexuals using an MLST
scheme based on 7 housekeeping genes (MLST-7) adapted for clinical specimens
and the hr-MLST-6 scheme. We examined the genetic clustering of MLST-7 data,
but in contrast to hr-MLST-6 no distinct distribution of strains between MSM and
heterosexual hosts was observed. The hr-MLST-6 is therefore more suitable to
study transmission chains and detailed genetic differences between C. trachomatis
strains over a short time-frame, while the MLST-7 scheme is more useful for
evolutionary studies due to use of genetically conserved housekeeping genes.
Since its development the hr-MLST scheme was used in many different population
studies in 16 countries worldwide. In total, hr-MLST data from 2089 specimens
included in these studies were stored in a public database (http://mlstdb.bmc.
uu.se/). In Chapter 3 we performed a global overall analysis of these specimens
and corresponding sequence types (STs) present in the database, and evaluated
the phylogenetic capability of the hr-MLST scheme. There were 609 samples
from MSM with 4 predominating STs detected in this group, comprising 63% of
all MSM cases. Four other STs predominated among 1383 heterosexual cases,
comprising 31% of this group. These predominating STs were also identified in 12
publicly available C. trachomatis full genomes that were subsequently compared
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to 22 other (non-predominating) C. trachomatis genomes. Comparison of these
genomes revealed no specific gene(s) that could be linked to successful spread
of these predominating STs. Phylogenetic analysis showed that the hr-MLST
scheme provides a tree similar to trees based on full genome analysis. Overall, we
demonstrated that the hr-MLST system provides a useful tool for epidemiological
and phylogenetic analyses.
Besides the chlamydial genome, C. trachomatis also harbours a small (7.5kb)
extra-chromosomal plasmid that has been shown to encode genes essential
for infection. In Chapter 4, we applied a gene-by-gene principle to 157 full
genomes deposited in the Chlamydiales pubMLST database (http://pubMLST.org/
chlamydiales/) to evaluate the population structure of C. trachomatis, in particular
the relationship between the C. trachomatis genome, plasmid and infection
pathology. We observed a strong association between C. trachomatis genomes
and plasmids. In addition, horizontal genetic exchange of plasmids was identified,
as three urogenital isolates possessed plasmids that are usually only found in ocular
isolates. These findings are consistent with other studies that suggest co-evolution
of C. trachomatis plasmids and their genomes. Finally, we demonstrated that the
genetic variation of the plasmid genes could be linked to infection pathology.
Some genetic variation among the plasmid genes was specific for known infection
pathology, in particular distinct gene variants were observed among LGV isolates.
As C. trachomatis harbours multiple plasmid copies, this knowledge may be useful
to design plasmid assays which can distinguish clinically relevant C. trachomatis
strain types.
Molecular epidemiology of Chlamydia trachomatis infections.
Besides looking basically at only genetic variation to understand chlamydia
diversity, this information can also be linked to epidemiological and clinical data to
facilitate molecular epidemiological studies. Previous studies using serotyping or
ompA genotyping reported inconclusive results regarding variations in ethnicity
and clinical manifestations by C. trachomatis sero- or genovars. However, hrMLST has a higher discriminatory capacity than serotyping or ompA genotyping.
In Chapter 5, we therefore applied hr-MLST on 439 samples of individuals from
a selected young urban screening population to assess the relationship of C.
trachomatis strain types with ethnicity and self-reported urogenital symptoms.
We found an association between urogenital C. trachomatis clusters and ethnicity
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among young screening participants in Amsterdam, the Netherlands, since in
one cluster participants of non-Dutch ethnicity were over-represented, of whom
the majority were from Surinamese/Antillean ethnicity, and another cluster in
which participants with Dutch ethnicity were over-represented. However, we
could not identify any C. trachomatis strains that are specific to symptomatic or to
asymptomatic urogenital infections.
Previously, a high prevalence (16%) of urogenital C. trachomatis infections was
reported among women in a rural setting in South Africa. Molecular epidemiological
studies on C. trachomatis infections could provide insights into the characteristics
of this epidemic, but such data are not available for South Africa. In Chapter 6,
we used hr-MLST to investigate the molecular epidemiology of urogenital C.
trachomatis strains circulating among women in the Mopani District, South
Africa, and compared those to strains circulating among women in Amsterdam,
the Netherlands. Hr-MLST data revealed a diverse molecular epidemiology with
novel STs and specific clusters for the Mopani district. We also observed STs that
were shared between many other geographical locations world wide, which are
presumed to be genetically stable over a long period of time.
Diagnostics and effective treatment of Chlamydia trachomatis infections.
The use of a nucleic acid amplification test (NAAT) as a test of cure after treatment
is subject to discussion, as the presence of C. trachomatis nucleic acids after
treatment may be prolonged and intermittent without the presence of infectious
bacteria. To date, cell culture remains the most reliable method to identify viable
C. trachomatis bacteria. In Chapter 7, we used cell culture to assess if a positive
RNA- or DNA-based NAAT result after treatment indicates the presence of viable
C. trachomatis bacteria. We tested women prior to routine treatment, and during
three follow-up visits at 7, 21 and 49 days after treatment. We found that 94.8%
cleared their infection as evidenced by a negative culture prior at the second
study visit at 7 days post treatment. Three women remained culture-positive 7
days post-treatment suggesting that these women still remained infectious. All
women had become culture negative at their second follow-up visit at 21 days
post-treatment. Overall, we observed that most DNA and RNA-positive results at
7, 21 and 49 days post-treatment were not co-ocurring with a positive culture,
suggesting that these results may be due to molecular remnants instead of viable
bacteria. Alternatively, the inferior (or: much lower) sensitivity of culture versus
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NAAT could result in missed infections by culture in case of (very) low loads of still
viable C. trachomatis bacteria after treatment.
Besides evaluating diagnostics and treatment of C. trachomatis infections, there
is also a need to evaluate the current diagnostic practice of C. trachomatis
infections among MSM to see whether these should be improved to reduce the
prevalence of anorectal lymphogranuloma venereum (LGV). The male urethra
is likely the common factor in the transmission of LGV-inducing strains among
MSM. However, current guidelines do not recommend routine screening for
urethral LGV among MSM, raising the question whether many urethral LGVinfections remain undiagnosed and subsequently contribute to the ongoing LGV
epidemic. In Chapter 8, we prospectively collected all urethral C. trachomatispositive samples from MSM visiting the Amsterdam STI clinic. All samples were
typed using an in-house pmpH qPCR to differentiate between LGV and non-LGV
infections. We observed an LGV positivity rate in male urine samples of only 0.06%
(7/12,174 positivity), which was 15 times lower compared to the ano-rectal LGV
infections (0.9%, 109/12,174) in the same time period. Therefore, it is unlikely that
urethral LGV infections are responsible for all anorectal LGV transmissions. The low
urethral prevalence also does not justify routine screening for urethral LGV, nor
does it clarify the current observed discrepancy in prevalence between anorectal
and urethral infections.
Chlamydia trachomatis host-pathogen interactions.
Previous studies showed that C. trachomatis strains found in MSM are different
from those in heterosexuals. The different distributions of C. trachomatis strains
may be a reflection of differences in sexual behaviour of MSM and heterosexuals.
However, in these previous studies, samples from MSM were primarily obtained
from the anorectal tract whereas samples from heterosexuals were obtained
from the urogenital tract. Therefore, another explanation might be tissue tropism,
causing specific C. trachomatis strains to be preferentially associated with either
the urogenital or the anorectal tract. In Chapter 9, we used hr-MLST to compare
C. trachomatis strains found in anorectal samples among MSM and women, and
we compared C. trachomatis strains found in concurrent anorectal, urogenital and/
or, pharyngeal infections in women. We found that at the same anatomic location
(anorectum), infections among MSM and women were caused by different C.
trachomatis strains. In addition, we observed that specific C. trachomatis strains
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do not preferentially infect urogenital, anorectal, or pharyngeal tissue, as we did
not observe differences in strains causing concurrent urogenital, rectal and/
or pharyngeal infections in women. The different distributions of C. trachomatis
strains circulating among MSM and heterosexuals are therefore indeed likely to
reflect differences in sexual behaviour of MSM and heterosexuals.
Since C. trachomatis is an intracellular bacterium, most infections are dependent
on effective host-pathogen interactions. Genetics and molecular epidemiology
alone are therefore not sufficient to better understand C. trachomatis infections
or potential tissue tropism. In Chapter 10 we developed an organotypic
reconstructed human urethra (RhU) from human keratinocytes and fibroblasts
to study C. trachomatis infection. Immunohistochemical stainings were used
to compare differentiation markers among RhUs and native urethral tissue. In
addition, these RhUs were exposed to a non-invasive (genovar D) and invasive
(genovar L2b) C. trachomatis strain for 1, 3, 7 and 10 days. We demonstrated that
RhUs closely resemble native urethral tissue with respect to immunohistochemical
differentiation markers (keratins 6, 10, 13, 17, involucrin, SKALP, vimentin and
CD31). Moreover, we demonstrated that these RhUs can be successfully exposed
to C. trachomatis bacteria resulting in an active infection as determined by the
formation of inclusion bodies. These RhUs therefore provide a promising model to
investigate the human pathogenesis of C. trachomatis.
Chapter 11 provides an overview of the findings presented in this thesis, as well
as future research options. The added value of these findings is discussed with
respect to recent literature. Based on the results of this thesis we recommend that
future studies use reproducible and controllable models that resemble the human
host to get a full picture of the nature of C. trachomatis infections, including their
host-pathogen interactions. The use of novel culture models such as 3D tissue
engineered anatomical equivalents, and organoids are a promising tool to conduct
these studies.
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Chlamydia trachomatis: inzichten in genetica, moleculaire
epidemiologie, diagnostiek en behandeling, en gastheerpathogeen interacties
Hoofdstuk 1 geeft een introductie van de hoofdstukken die zijn beschreven
in dit proefschrift. Het eerste deel van de introductie beschrijft de historie,
de epidemiologie, pathogenese, diagnostiek en behandeling van Chlamydia
trachomatis. Het tweede deel van de introductie beschrijft de moleculaire
epidemiologie, weefsel tropisme en infectie modellen voor C. trachomatis.
Genetica van Chlamydia trachomatis infecties
Aangezien het sequencen van het volledige genoom nog niet goed uitvoerbaar is
voor grootschalige C. trachomatis populatie studies, worden er diverse multilocus
sequence typing (MLST) schema’s gebruikt om meer inzicht te krijgen in de
epidemiologie en transmissie van C. trachomatis. Eerdere studies hebben met
behulp van een hoog-resolutie MLST schema gebaseerd op 6 polymorfe genen
(hr-MLST-6) gescheiden transmissie patronen aangetoond voor C. trachomatis
infecties die circuleren onder mannen die seks hebben met mannen (MSM) en
heteroseksuelen. In Hoofdstuk 2 hebben we klinische materialen van MSM en
heteroseksuelen onderzocht met behulp van een MLST schema gebaseerd op
7 huishoudgenen (MLST-7) en het hr-MLST-6 schema. Het MLST-7 schema was
vooraf aangepast zodat deze toepasbaar was op klinische materialen. We hebben
de genetische clustering van de MLST-7 data onderzocht, maar in tegenstelling
tot het hr-MLST-6 schema kon er geen gescheiden clusters te zien voor MSM en
heteroseksuelen. Het hr-MLST-6 schema is daarom geschikter om transmissie
ketens en gedetailleerde genetische verschillen te onderzoeken over een zeer kort
tijdsbestek, terwijl het MLST-7 schema meer geschikt is voor evolutionaire studies
door het gebruik van genetisch geconserveerde huishoudgenen.
Sinds de ontwikkeling van het hr-MLST schema is deze gebruikt in veel
verschillende populatie studies in 16 landen. In totaal zijn er 2089 monsters
geïncludeerd in deze studies en de hr-MLST data van deze monsters zijn
opgeslagen in een publieke database (http://mlstdb.bmc.uu.se/). In Hoofdstuk 3
hebben we een globale analyse uitgevoerd van deze monsters en de daarmee
corresponderende sequentie types (STs) die waren opgeslagen in de database.
Daaropvolgend hebben we de fylogenetische capaciteit van het hr-MLST schema
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geëvalueerd. Er waren 609 monsters van MSM waarin 4 dominante STs werden
gedetecteerd. Deze 4 dominante types omvatten 63% van alle MSM monsters. Vier
andere STs kwamen veel voor onder 1383 heteroseksuele monsters; deze 4 types
omvatten 31% van alle heteroseksuele monsters. De dominante STs warden ook
geïdentificeerd in 12 publiekelijk beschikbare volledige C. trachomatis genoom
sequenties. Deze 12 sequenties zijn vergeleken met 22 andere (niet dominante)
C. trachomatis genomen. Het vergelijken van deze genoom sequenties heeft
geen specifieke genen onthuld die kunnen worden gelinkt aan het succesvol
verspreiden van deze predominante STs. Fylogenetische analyse toegepast op
de hr-MLST data resulteerde in een fylogenetische boom die vergelijkbaar is
met bomen gebaseerd op volledige genoom analyse van C. trachomatis. In het
algemeen hebben we aangetoond dat het hr-MLST schema een nuttig instrument
is voor epidemiologische en fylogenetische analyses.
Naast het circulair chromosomale genoom beschikt C. trachomatis ook over een
klein (7,5 kb) extra-chromosomaal plasmide, waarvan bekend is dat dit codeert voor
genen die essentieel zijn voor infectie. In Hoofdstuk 4 passen we het gen-na-gen
principe toe op 157 volledige genomen die zijn gedeponeerd in de Chlamydiales
pubMLST database (http://pubMLST.org/chlamydiales/) om de populatie
structuur van C. trachomatis te bestuderen. In het bijzonder bestudeerden we de
relatie tussen het C. trachomatis genoom, plasmide en de infectie pathologie. We
zagen een sterke associatie tussen het C. trachomatis genoom en zijn plasmide.
Daarnaast hebben we horizontale genetische uitwisseling van plasmiden
waargenomen. Drie urogenitale isolaten beschikten over een plasmiden dat
normaal gesproken alleen in oculaire isolaten werd gevonden. Deze bevindingen
waren consistent met eerdere studies die suggereerden dat er sprake is van coevolutie van C. trachomatis plasmide en genoom. Tot slot hebben we aangetoond
dat de genetische variatie van de plasmide genen kon worden gekoppeld aan
infectie pathologie: sommige genetische variatie in de plasmide genen was
specifiek voor bepaalde infectie pathologie. Verschillende genetische varianten
van de plasmide genen werden vooral gezien voor de LGV isolaten. Aangezien C.
trachomatis meerdere kopieën heeft van het plasmide zou deze kennis kunnen
worden gebruikt om plasmide assays te ontwikkelen die onderscheid kunnen
maken tussen klinische relevante C. trachomatis stammen.
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Moleculaire epidemiologie van Chlamydia trachomatis infecties.
Naast het bestuderen van de genetische variatie om de diversiteit van chlamydia
te begrijpen kan deze informatie ook worden gekoppeld aan epidemiologische en
klinische data, om zo moleculair-epidemiologische studies te faciliteren. Voorgaande
studies met serotypering of ompA genotypering hebben tegenstrijdige resultaten
gevonden wat betreft associaties tussen urogenitale C. trachomatis en etniciteit
of urogenitale symptomen. Hr-MLST heeft echter een hogere discriminatoire
capaciteit dan serotypering of ompA genotypering. In Hoofdstuk 5 hebben we
daarom de hr-MLST typering toegepast op 439 monsters van individuen uit een
geselecteerde, jonge, stedelijke screening populatie, om de relatie tussen C.
trachomatis stammen met etniciteit en met zelf gerapporteerde symptomen te
onderzoeken. We vonden een associatie tussen urogenitale C. trachomatis clusters
en etniciteit onder jonge screening deelnemers in Amsterdam. In één cluster waren
deelnemers met een niet-Nederlandse etniciteit oververtegenwoordigd, van wie
de meerderheid een Surinaams/Antilliaanse etniciteit hadden. In aen ander cluster
waren juist deelnemers met een Nederlandse etniciteit oververtegenwoordigd.
We vonden echter geen associatie tussen C. trachomatis en zelf-gerapporteerde
urogenitale symptomen.
Voorheen is een hoge prevalentie beschreven (16%) van urogenitale C.
trachomatis infecties bij vrouwen in een landelijk gebied in Zuid-Afrika. Moleculairepidemiologisch onderzoek zou meer inzicht kunnen geven in de karakteristieken
van deze C. trachomatis epidemie, maar zulke gegevens zijn tot op heden niet
beschikbaar voor Zuid-Afrika. In Hoofdstuk 6 hebben we hr-MLST gebruikt
om de moleculaire epidemiologie van urogenitale C. trachomatis stammen te
onderzoeken die circuleren onder vrouwen in Mopani District, Zuid-Afrika. Deze
stammen hebben we vergeleken met stammen die circuleren onder vrouwen
in Amsterdam. Hr-MLST gegevens laten een diverse moleculaire epidemiologie
van C. trachomatis infecties zien met nieuwe STs en een specifiek cluster voor het
Mopani District. Daarnaast zijn er C. trachomatis STs gevonden die ook wereldwijd
werden gedetecteerd, die vermoedelijk genetisch stabiel zijn over een lange
periode.
Diagnostiek en effectieve behandeling van Chlamydia trachomatis infecties.
Het gebruik van een nucleïnezuur amplificatie test (NAAT) als 'test of cure' na
behandeling staat ter discussie, aangezien nucleïnezuren na behandeling langdurig
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en afwisselend wel-en-niet aanwezig kunnen zijn zonder de aanwezigheid van
infectieuze bacteriën. Tot op heden blijft celkweek de meest betrouwbare methode
om levensvatbare C. trachomatis bacteriën te identificeren. In Hoofdstuk 7 hebben
we celkweek gebruikt om na te gaan of een positieve RNA- en DNA-gebaseerde
NAAT na behandeling indicatief is voor de aanwezigheid van levensvatbare C.
trachomatis bacteriën. We hebben vrouwen getest voordat deze routinematig
werden behandeld met azitromycine en gedurende drie vervolgbezoeken op 7, 21
en 49 dagen na behandeling. We vonden dat 94,8% van de vrouwen hun infectie
klaarden, zoals bleek uit een negatieve kweek bij het tweede studiebezoek, 7
dagen na behandeling. Drie vrouwen waren 7 dagen na behandeling nog kweekpositief, hetgeen suggereert dat deze vrouwen nog steeds infectieus zouden
kunnen zijn. Alle vrouwen waren op hun tweede vervolgbezoek, 21 dagen na
behandeling, uiteindelijk kweek-negatief geworden. Over het algemeen vonden
we dat de overgrote meerderheid van de DNA- en RNA-positieve resultaten op
7, 21 en 49 dagen na behandeling niet samengingen met een positieve kweek.
Dit suggereert dat de positieve DNA en RNA-resultaten na behandeling wellicht
worden veroorzaakt door de aanwezigheid van moleculaire restanten in plaats van
levensvatbare infecties. Een alternatief zou kunnen zijn dat de inferieure (of veel
lagere) sensitiviteit van celkweek ten opzichte van NAAT kan resulteren in (lage
aantallen) levensvatbare infecties die worden gemist in celkweek na behandeling.
Naast het evalueren van de diagnostiek en behandeling van C. trachomatis infecties
is er ook een noodzaak om de huidige diagnostische praktijk van C. trachomatis
infecties onder MSM te evalueren. Het aanpassen van de huidige diagnostiek zou
mogelijk kunnen leiden tot een afname van de anorectale lymphogranuloma
venereum (LGV) prevalentie onder MSM. De mannelijke urethra is waarschijnlijke
de gemeenschappelijke factor in de transmissie van LGV-inducerende stammen
onder MSM. Echter, huidige richtlijnen raden niet aan om routinematig te screenen
op de aanwezigheid van urethrale LGV onder MSM. Dit roept de vraag op of veel
urethrale LGV-infecties ongediagnosticeerd blijven en zo bijdragen aan de huidige
voortgaande LGV-epidemie. In Hoofdstuk 8 hebben we prospectief alle urethrale
monsters die C. trachomatis-positief waren verzameld van MSM die de Amsterdamse
soapolikliniek bezochten. Al deze monsters werden vervolgens getypeerde met
behulp van een ‘in-house’ pmpH qPCR om onderscheid te maken tussen LGV en
niet-LGV-infecties. We vonden dat slechts 0,06% (7/12.174) van de mannelijke
urinemonsters LGV positief waren. Dit percentage was 15 keer lager vergeleken
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met het aantal anorectale LGV-infecties (0,9%, 109/12.174) in dezelfde periode. Het
is daarom onwaarschijnlijk dat urethrale LGV-infecties verantwoordelijk zijn voor
alle anorectale LGV-transmissies. De lage urethrale prevalentie rechtvaardigt ook
niet om routinematig te screenen op de aanwezigheid van urethrale LGV. Deze
lage urethrale prevalentie kan ook niet verklaren waarom er vaker anorectale
infecties worden waargenomen.
Chlamydia trachomatis gastheer-pathogeen interacties.
Voorgaande studies hebben aangetoond dat er verschillende C. trachomatis
stammen circuleren onder MSM en heteroseksuelen. Deze verschillende
distributies van C. trachomatis stammen kunnen een reflectie zijn van de
verschillen in seksueel gedrag van MSM en heteroseksuelen. Echter, in deze
voorgaande studies waren vaak anorectale monsters verzameld bij MSM en
urogenitale monsters bij heteroseksuelen. Het verschil in stammen die circuleren
onder MSM en hetero’s zou daarom mogelijk ook kunnen worden verklaard
door weefseltropisme, waarbij specifieke C. trachomatis stammen een voorkeur
zouden hebben voor het infecteren van urogenitaal dan wel anorectaal weefsel.
In Hoofdstuk 9 hebben we hr-MLST gebruikt om C. trachomatis stammen te
vergelijken die zijn gevonden in anorectale monsters van MSM en vrouwen.
Daarnaast hebben we stammen vergeleken die zijn gevonden in gelijktijdige
anorectale, urogenitale en/of faryngeale infecties in vrouwen. Hoewel we dezelfde
anatomische locatie (anorectum) vergeleken, vonden we dat infecties onder MSM
en vrouwen veroorzaakt werden door verschillende C. trachomatis stammen, zoals
dat ook bij urogenitale infecties gebeurd. Daarnaast vonden we dat C. trachomatis
stammen geen voorkeur hadden voor urogenitaal, anorectaal of faryngeaal
weefsel, aangezien we geen verschillen vonden in de stammen die gelijktijdige
urogenitale, anorectale of faryngeale infecties veroorzaakten in vrouwen. De
verschillende distributies van C. trachomatis stammen die circuleren in MSM en
hetero’s zijn daarom waarschijnlijk een reflectie van de verschillen in seksueel
gedrag tussen MSM en heteroseksuelen.
Aangezien C. trachomatis een intracellulaire bacterie is, zijn infecties met C.
trachomatis sterk afhankelijk van een effectieve gastheer-pathogeen interactie.
Genetische of de moleculair epidemiologische studies zijn daarom mogelijk
afdoende om een C. trachomatis infectie of om potentieel weefseltropisme goed
te begrijpen. In Hoofdstuk 10 hebben we een organotypische humane urethra
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gereconstrueerd (RhU) ontwikkeld om C. trachomatis infecties te bestuderen. Deze
RhU’s zijn geconstrueerd uit humane keratinocyten en fibroblasten. Met behulp
van immunohistochemische kleuringen zijn verschillende differentiatie markers
vergeleken tussen de RhU’s en humaan urethraal weefsel. Daarnaast zijn deze
RhU’s gedurende 1, 3, 7 en 10 dagen blootgesteld aan een niet-invasieve (genovar
D) en een invasieve (genovar L2b) C. trachomatis stam. We hebben aangetoond
dat RhU’s sterk overeenkomen met humaan urethraal weefsel met betrekking tot
de immunohistochemische differentiatie markers (keratins 6, 10, 13, 17, involucrin,
SKALP, vimentin and CD31). Daarnaast hebben we aangetoond dat deze RhU’s met
succes kunnen worden blootgesteld aan C. trachomatis bacteriën. Blootstelling
aan C. trachomatis resulteerde in een actieve infectie die wordt gekarakteriseerd
door het vormen van inclusie lichaampjes kenmerkend voor een C. trachomatis
infectie. Deze RhU’s vormen daarom een veelbelovend model om de humane
pathogenese van C. trachomatis te onderzoeken.
Hoofdstuk 11 geeft een overzicht van alle bevindingen in dit proefschrift als ook
enkele toekomstige onderzoeksmogelijkheden. De toegevoegde waarde van
deze bevindingen wordt bediscussieerd met betrekking tot recente literatuur.
Gebaseerd op de resultaten in dit proefschrift raden wij aan dat toekomstige
studies gebruik maken van reproduceerbare en controleerbare modellen die sterk
lijken op de weefsels van de humane gastvrouw/gastheer. Op deze manier kan
een volledig beeld worden verkregen van de aard van C. trachomatis infecties en
hun gastheer-pathogeen interacties. Het gebruik van nieuwe kweek modellen
zoals 3D weefsel modellen en organoiden zijn een veelbelovend instrument om
deze studies uit te voeren.
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Een proefschrift is niet compleet zonder een dankwoord. Dit proefschrift
was immers nooit tot stand gekomen zonder de directe of indirecte hulp
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het bijzonder noemen.
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feedback op e-mails, vragen en manuscripten en voor alle kansen die jullie me
hebben geboden om mijzelf als wetenschapper te ontwikkelen.
Dear members of the doctoral committee, thank you very much for being prepared
to critically assess my thesis on its scientific value.
Mijn dank aan alle coauteurs en de vele samenwerkingen. Sue, bedankt voor
de gastvrijheid, je kennis, inzichten en betrokkenheid bij het opzetten van het
urethrale kweek model. Lenie, zonder jouw was dit urethrale kweek model geen
hoofdstuk geworden in mijn proefschrift. Bedankt dat je mij wegwijs hebt gemaakt
in het weefselkweken en je begeleiding bij project. Natuurlijk wil ik ook de rest van
de medewerkers van het dermatologie lab van de VU bedanken. Arie en Yvonne,
bedankt voor de gastvrijheid op het AMC en de fijne samenwerking. Hier zijn twee
mooie hoofdstukken voor mijn proefschrift uit voortgekomen. Servaas, Remco
en Jan-Henk, bedankt dat jullie de verzamelde samples uit Zuid-Afrika wilden
delen. Odile, Martin, Keith, many thanks for your hospitality while having me over
in Oxford to work with the pubMLST database. I’m glad that it has resulted in a
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chapter of my thesis. Björn and Jenny, thank you for your collaboration on the hrMLST data as well as your hospitality during my short visit to Uppsala.
Alle collega’s van het streeklaboratorium van de GGD Amsterdam, bedankt voor jullie
inzet, gezelligheid, uitjes, de borrels, uitgebreide kerstdiners en de vele traktaties.
Sommige mensen wil ik ook hier in het bijzonder benoemen. Wilma, bedankt dat
je mij wegwijs hebt gemaakt in de Chlamydia kweken. Alje en Maarten, bedankt
voor jullie input en samenwerking met betrekking tot de ‘CT-TOC’ studie. Karin en
Ineke bedankt voor input en discussies tijdens de verschillende presentaties van
het streeklaboratorium. Paul en Caspar, ontzettend bedankt voor al jullie hulp en
inzet voor het streeklaboratorium.
Helene, Juul en Hugo, ik hoop dat jullie van je stagetijd bij de GGD hebben genoten.
Bedankt voor de gezelligheid op de kamer en jullie interesse in mijn onderzoek!
Natuurlijk de alle collega’s van de afdeling moleculair. Michelle, Nadia, Akke, Raissa,
Sahare, Meriem, Mirjam en Darsha, bedankt voor alle gezellige lunches en voor
jullie inzet en hulp bij mijn studies. Michelle, als analist ben jij echt onmisbaar
geweest voor mijn promotieonderzoek. Zonder jouw hulp hadden alle studies
een stuk langer geduurd en was het op en neer reizen tussen locaties een stuk
stressvoller geweest. Ontzettend bedankt voor al je hulp en ik vind het bijzonder
leuk dat jij mijn paranimf wilt zijn.

Collega’s van de afdeling infectieziekten en tevens co-auteurs, Martijn, Titia,
Nynke en Jannie. Bedankt voor de fijne samenwerking en jullie bijdrage aan
mijn proefschrift. Martijn, tevens bedankt voor het aanleveren van grote
hoeveelheid data en de wekelijkse gezelligheid op de kamer. Natuurlijk wil
ik ook alle andere senioren, onderzoekers en stagiaires bedanken voor hun
bijdrage aan de wekelijkse onderwijs momenten en bovenal voor de leuke
congres tripjes naar Wenen, San Francisco, Brisbane, Oxford en Rio de Janeiro.
Mijn kamergenoten, Douwe en Charlotte bedankt voor alle gezelligheid de
afgelopen jaren. Het is altijd een plezier geweest om met jullie op één kamer
te zitten. Douwe de snelheid waarmee jij sommige dingen geregeld krijgt
binnen de GGD is geweldig!
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Ik kan jullie onmogelijk allemaal bij naam en toenaam noemen, maar natuurlijk wil
ik ook mijn vrienden en (schoon)familie bedanken voor alle interesse en afleiding
in de vorm van etentjes, vakanties, uitjes en borrels. Iedereen heeft op zijn of
haar eigen manier bijgedragen aan dit proefschrift en daarvoor ben ik jullie erg
dankbaar.
Erik, Karin, Suzie, Marye, Maartje en Mariska. Wat begon met gezellige colleges en
avondjes stappen tijdens onze Masterperiode heeft zich gelukkig voortgezet in
ontspannende avondjes en etentjes. Bedankt voor alle gezelligheid en discussies.
Roel en Jozien, bedankt voor jullie interesse in mijn onderzoek en andere
bezigheden. De afstand en ons werk maakte het soms lastig om etentjes, borrels
en andere gezelligheden te plannen, toch helpen ze enorm om de dagelijkse
hectiek even te vergeten. Roel, bedankt dat jij als paranimf wederom een belangrijk
onderdeel wil zijn van mijn volgende mijlpaal. Ik waardeer dit enorm!
Lieve schoonouders, Hans en Koosje, de tripjes naar Enkhuizen waren en zijn voor
mij altijd een fijne bron van ontspanning. Het is een ontzettend fijne gedachte dat
bij jullie de koffie altijd klaar staat. Bedankt voor alle goede zorgen die ik over de
jaren heen van jullie heb mogen ontvangen.
Lieve ouders, zonder de basis die jullie mij hebben meegegeven had dit proefschrift
er nooit gelegen. Bedankt voor jullie onvoorwaardelijke steun, vertrouwen en de
vrijheid die jullie mij hebben gegeven om mijn eigen keuzes te maken en mijn
eigen weg te gaan. Jullie staan altijd voor mij klaar en hebben mij altijd gemotiveerd
en gesteund in alles wat ik doe. Ik kan jullie hier niet genoeg voor bedanken.
Tot slot, wil ik mijn vrouw bedanken. Lieve Anja, wat een avontuur is dit geweest.
Samen promoveren is de afgelopen jaren niet altijd makkelijk geweest, maar het
is ons beide gelukt. Het is dan ook bijzonder dat wij deze mijlpaal slechts een
dag na elkaar mogen behalen. Anja, bedankt dat je er altijd voor me bent. Jouw
onvoorwaardelijk liefde, steun en geduld zijn voor mij van onschatbare waarde.
Ik kijk enorm uit naar ons volgende avontuur in Londen en alle andere die nog
mogen volgen!

284

